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Professor Frederick Carrick 

Professor Frederick Carrick is considered the founder of Functional 
Neurology. lie has established a worldwide reputation for the successful 
treatment of neurological disorders that have been refractory to other 
treatments. His professional life has been one of sharing; a career in the 
selVice of others. I lis clinical skills are complemented by his ability to 
explain the complexities of clinical neurology in a fashion that promotes 
mastery. lie is the recipient of a multitude of professional. governmental 
and societal awards. but in spite of the miracles associated with his service 
and the praise of patients and colleagues he remains a humble servant of 
humankind. Ilis dedication to the improvement of the quality of life of all 
patients has been key in his ability 10 inspire others to embrace a journey 
of similar dedication.llle neurological system of humankind is complex. 
Professor Carrick's life work has enabled an infinite number of clinicians 
and patients to understand it better and to utilize applications which 
can and do make a difference in our global socielY. 111is work has been 
inspired by him. 
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x 

Dr Randy Beck has answered the need for a text specific to Functional Neurology. 
Clinicians worldwide have been searching for a body of knowledge specific to the breadth, 

depth and applications necessary for procedures that do not involve drugs or surgery 
and his is a textbook that takes the reader on a journey through the nervous system of 

humankind. It is practical in its approach to function and addresses how the nervous 
system works to a greater degree than a typical exploration of neuropathology. Beck 

promotes a clinical understanding of a complex and challenging subject in an 

easy-to-read format. 
'11is is not a book to be used to review the differential diagnosis of neurological 

disease. Dr Beck addresses function rather than pathology, allowing the reader to gain an 

understanding of the neurological processes in health and disease. The work stands alone 

and is unique in its approach. It is current, well referenced and is sure to become 
a compulsory text in programs specific to neurological approaches to health. Dr Beck also 

includes a substantial contribution to manipulation techniques that are linked to 
a neurologically functional model. "l11e techniques are well illustrated and serve the 

learning needs of both students and field practitioners. 
\( has been a great pleasure to read this text and a greater pleasure to recommend it. 

Professor Frederick Carrick 

Carrick 'nsliwle for Gmt/llflfe Studies 
Cape O'''"l'eml, Florida 
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'nle concepts covered in this textbook are by their very nature rapidly changing. 
I have tried to use the most up-to-date information available and present it in a unique 
fashion that relates the science to the clinical application. I have chosen the content 
of the textbook based on the suggestions that I have received from countless students 
and practitioners about the diversity and difficulty of the subject matter and the need 
for multiple textbooks to gain a basic understanding of the subject. This textbook will 
hopefully reduce the number of textbooks needed to gain an overview of the subject. 
In-depth study of the topic will undoubtedly require the mastery of many other texts in 
detail that was not possible in this edition. It is important to understand that this 
textbook was not written to be the end of the learning process but the beginning of a 
wonderful life-long journey of learning. Many of the concepts and clinical applications 
in this text have not yet withstood the rigorous scrutiny of scielHific investigation, but 
have been included on the basis of the clinical results that have been observed on patiel1ls 

by myself and several thousand clinicians around the world over for the past twenty or 
so years. I have attempted to include abundant references when discussing controversial 
concepts and direct the reader to the original articles whenever possible. 

The manipulation sea ion is not intended as an encyclopaedic collection of 
manipulations but as an introduction and guide to those practitioners and/or students 
who wish to learn a general approach to manipulation as an afferent stimulation 
technique as well as a motion restoration tool. I have included a quite detailed historical 
overview of the concepts relating to the development of emotions because I have found 
that far tOO often the connection between clinical sciences and the esoteric workings of 
the mind become mutually exclusive in approaches to understanding how thoughts can 
innuence all aspects of our functionality as humans. 'ne original concept for this text 
developed out of several requests from students and practitioners of various specialties 
that became intrigued with the concepts of functional neurolob'Y only to be frustrated and 
discouraged by the sheer volume of material that seemed to be exponentially multiplying 
>'carly. The concept was born in discussions with two exceptionally talellled and bright 
funaional neurologists, Dr Kelly Iiolt of New Zealand and Dr Stephen Sexton of Australia, 
following a neurology conference weekend in Auckland, New Zealand in 2004. Further 
discussions with Professor Frederick Carrick of the United States developed the text into a 
working overview, which was submitted to Elsevier and accepted for publication. 

I thank Drs Sexton and Iiolt for their inspiration and many suggestions concerning 
coment, and their contribution of charts and diagrams that demonstrate complicated 
concepts in a clear and effective manner. I thank Claire Bonnett and Sarena Wolfaard, 
my editors at Elsevier, who believed in the project and continually supported me 
through the trials and tribulations that always arise when a project of this magnitude 
is undertaken. I thank the many students and practitioners who read drafts and made 
suggestions for the order, content, and clarity of the text. I thank my wife, Marianne, for 
her encouragement, love, and uncanny ability to type extremely fast, raise the children, 
and take care of me at the same time. Finally, I thank Professor Frederick Carrick for 
writing the Foreword and for his unwavering support and wisdom throughout the past 
several }'ears. Ted, YOll are a tme friend. 

xi 
Copyrighted Material



xii 

This book has been written in an order that allows the reader to firmly grasp the concepts 

necessary for the understanding of functional neurology. However, the chapters will also 
stand alone as review or first-time introduction. 

'Ibe dinical cases are designed to be read and answered before starting the chapter to 

allow the reader to gauge their current state of knowledge. 'Ibey can then be revisited at 
various times during the passage through each chapter to apply the principles learned 

thus far and to solidify the anatomy, functional circuits and concepts. Only after the entire 

chapter has been read and the case studies attempted should the answers to the case 

studies at the end of each chapter be consulted. 
A special feature called Quick Facts is induded in the body of the text and this will 

introduce new but related information or review information already presented in the 

text, in a brief and succinct manner. 1bis feature will facilitate quick review of the material 
for examinations or periodic review. 

A wide range of additional case studies are also induded. 'nle reader should read the 
case: history and attempt to devise a differential diagnosis list and treatment approach 
to the patient themselves before continuing into the diagnosis and treatment sections of 
the case in the text. 'This will give the reader an idea of their level of understanding of the 
concepts and infonnation that have been presented. 

We are always interested in improving the presentation and effectiveness of the text 
material and welcome any suggestions or comments in this regard. 
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Fundamental Concepts in Functional 
Neurology 

Introduction 

Much afme understanding that we have today of how human neurons function was 
based on the 'integrate and fire' concept formed by Eccles in the 19505 which was 
developed based on studies of spinal motor neurons (Brock e:l al 1952). In this model, 
spinal motor neurons integrate synaptic activity. and when a threshold is reached. they fire 
an aClion potential. The: firing of this aaion potential is followed by a period of 
hyperpolarization or refraction 10 funher stimulus in the neuron. This early integrate and 
fire model was then extrapolated to other areas af the nervous system including the canex 
and central nervous system which strongly influenced the development of theories relating 
to neuron and nervous system function (Ecdes 1951). 

Early in the 19705, studies that revealed the existence of neurons thal operated under 
much more complex intrinsic firing propenies staned to emerge. The functional output of 
these neurons and neuron systems could not be explained by the existing model of the 
integrate and fire hypothesis (Connor & Stevens 1971). 

Since the discoveries of these complex firing panerns many other forms of neural 
interaction and modulation have also been discovered. It is now known that in addition 
to complex firing panerns neurons also interact via a variety of fonns of chemical synaptic 
transmission. electrical coupling through gap junctions. and interactions through electric 
and magnetic fields, and can be modulated by neurohormones and neuromodulators 
such as dopamine and serotonin. 

With this fundamental change in the understanding of neuron function came new 
understanding of the functional interconnectivity of neuron systems. new methods of 
investigation, and new functional approaches to treatment of nervous system dysfunction. 

With the emergence of any clinical science it is essential that the fundamental concepts 
and definitions are clearly understood. 'Ibroughout the textbook the following concepts and 
terms will be referred to and discussed frequenlly so it is essential that a good understanding 
of these concepts be established in the reader's mind before moving on to the rest of the text. 

This chapter will constitute an introduction to the concepts below, which will be 
covered in more elaborate detail later in the text. 

Central Integrative State (CIS) of a Neuron 

The central integrative state (CIS) of a neuron is the total integrated input received by the 
neuron at any given moment and the probability that the neuron will produce an action 
potential based on the state of polarization and the firing requirements of the neuron to 
produce an action potential at one or more of its axons. 

The physical stale of polarization existing in the cell at any given moment is 
determined by the temporal and spatial summation of all the excitatory and inhibitory 
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stimuli it has processed at lhal moment The complexity of this process can be PUL into 
perspective when you consider lhat a pyramidal neuron in the aduh visual cortex may 
have up to 12,000 synaptic connections, and certain neurons in the prefrontal cortex 
can have up to 80,000 different synapses firing at any given moment (Cragg 1975; 
l I uttenlocher 1994). 

111e firing requirements of the neuron are usually genetically determined but 
environmentally established and can demand the occurrence of complex arrays of 
stimulatory patterns before a neuron will discharge an aoion potential. Some examples of 
different stimulus paucrns that exist in neurons include the 'and/or' gated neurons located 
in the association mOlor areas of conex and the complex rebound burst pallerns observed 
in thalamic relay cells. 

'And' pallern neurons only fire an action potential if twO or marc specific conditions 
are met. 'Or' pallern neurons only fire an action potential only when one or the other 
specific conditions are present (Brooks 1984). 

The thalamic relay cells exhibit complex firing patlerns. They relay information to the 
cortex in the usual integrate and fire pattern unless they have recently undergone a period 
of inhibition. Following a period of inhibition stimulus, in certain circumstances, they can 
produce bursts of low-threshold spike action potentials referred to as post-inhibitory 
rebound bursts. This aaivity seems to be generated endogenously and may be responsible 
for production of a portion of the activation of the thalamocortical loop pathways 
thought to be detected in encephalographic recordings of cortical activity captured by 
elecLToencephalograms (EEC) (Destexhe & Sejnowski 2003). 

The neuron may be in a Slale of relative depolarization, which implies the membrane 
potential of the cell has shifted towards the firing threshold of the neuron. This generally 
implies that the neuron has become more positive on the inside and the potential 
difference across the membrane has become smaller. Alternatively, the neuron may be in a 
state of relative hyperpolarization, which implies the membrane potential of the cell has 
moved away from the firing threshold. This implies that the inside ohhe cell has become 
more negative in relation to the outside environment and the potential difference across 
the membrane has become greater (Ganong 1983) (Fig. I. I ). 

The membrane potential is established and maintained across lhe membrane of the 
neuron by lhe flux of ions; usually sodium (Na), potassium (K), and chloride (el) ions 
are lhe most involved although other ions such as calcium can be involved with 

Inside 

Kf- K+ 
K' 

t een membrane I I OutSide + Na' 
K' 

Na· Nat 

Depolarization 

+6

0

0 � 
� � � 0 1,,------
E E Hyperpolanzallon 

-70 

Fig 1.1 The effects of ionic movement across the neuron cell membrane.The left Side of the diagram Illustrates 
the depolarizmg effect of sodium !On movement Into the cell The nght Side of the diagram Illustrates the 
hyperpolariZing effect of potassium movement out of the cell The graphs Illustrate the change In potential voltage 
mside the cell relative to outsIde the cell as the respective Ions move across the membrane Note the eqUlhbnum 
potentials for sodium and potaSSium, +60 and -70mV. respectively, are reached when the chemICal and electncal 
forces for each Ion become equal In magnitude. 
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Dendrite 

Myelin sheath 

Axon hillock 

Myelinated axon 

Unmyelinated axon 

Node of Ranvier 

Presynaptic 
inhiMion 

Synaptic area 

Colaleral axon 

Fig 1 2 Anatomical characteristics of a healthy neuron. The central nucleus IS mamtamed by mICrotubule and mlCrofllament production, which reqUIres 
active protem synthe51s The myelin sheath IS composed of ollgodendrogliocytes In the central nervous system and Schwann cells In the peripheral nervous 
system, Note the different types of synaptic contacts Illustrated from left to right. axodendnt!C, axosomatJe, dendrodendfltlc, axohilionlc. axoaxonlc 
(presynaptK) 

modulation of pemleability. The movement of these ions across the neuron membrane is 
determined by changes in the permeability or ease at which each ion can move through 
selective channels in the membrane. 

When Na ions move across the neuron membrane into the neuron, the potential across 
the membrane decreases or depolarizes due to the positive nature of the Na ions, which 
increases the relative positive charge inside the neuron compared to outside the neuron. 
When CI ions move into the neuron, the neuron the membrane potential becomes greater 
or hyperpolarizes due to the negative nature of the CI ions, which increase the relative 
negative charge inside the neuron compared to outside the neuron. The same is true when 
K ions move out of the neuron due to the relative loss of positive charge that the K ions 
possess. 

111e firing threshold of the neuron is the membrane potential that triggers the 
activation of specialized voltage gated channels, usually concentrated in the area of the 
neuron known as the axon hillock or activation zone, that allow the rapid influx of Na 
into the axon hillock area, resulting in the generation of an action potential in the axon 
(Slevens 1979) (Fig. 1.2). 

Central Integrative State of a Functional 
Unit of Neurons 

The concept of the CIS described above in relation to a single neuron can be loosely 
extrapolated to a functional group of neurons. 'nms, the central integrative state of a 
functional unit or group of neurons can be defined as the total integrated input received 
by the group of neurons at any given moment and the probability that the group of 
neurons will produce action potential output based on the state of polarization and the 
firing requirements of the group. 

The concept of the central integrative state can be used to estimate the status of a 
variety of variables concerning the neuron or neuron system such as: 

• 'l11e probability that any given stimulus to a neuron or neuron system will result in 
the activation of the neuron, or neuron system; 

'l11e state of prooncogene activation and protein production in the system; and 

• l"e rate and duration that the system will respond to an appropriate stimulus. 

3 
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I 
I 

Transneural Degeneration 

TIle (emfal integrative state of a neuron or neuron system is modulated by three basic 
fundamental activities present and necessary in all neurons. 

'nese activities include: 

1. Adequate gaseous exchange. namely oxygen and carbon dioxide exchange-this 
includes blood flow and anoxic and ischaemic conditions that may arise from 
inadequate blood supply; 

2. Adequate nutritional supply including glucose and a variety of necessary cofactors 
and essential compounds; and 

3. Adequate and appropriate stimulation in the form of neurological communication, 
including both inhibition and activation of nellrons via synaptic activation-synaptic 
activation of a neuron results in the stimulation and production of immediate early 
genes and second messengers within the neuron that stimulate DNA transcription of 
appropriate genes and the eventual production of necessary cellular components such 
as proteins and neurotransmitters. 

Although other activities of neuron function require certain components of oxygen 
or nutritional supplies, the major necessity of adequate gaseous exchange and adequate 
nutritional intake into the neuron is to supply the mitochondrial production of adenosine 
triphosphate (ATP). 

The mitochondria utilize a process called chemiosmotic coupling, (0 harness energy 
from the food obtained from the environment, for use in metabolic and cellular 
processes. The energy obtained from the tightly controlled slow chemical oxidation of 
food is used to membrane-bound proton pumps in the mitochondrial membrane that 
transfer II ions from one side to the other, creating an electrochemical proton gradient 
across the membrane. A variety of enzymes utilize this proton gradient to power their 
aClivities including the enzyme ATPase that utilizes the potential electrochemic..11 energy 
created by the proton gradient to drive the production of ATP via the phosphorylation of 
adenosine diphosphate (ADP) (Alberts et al 1994). Other proteins produced in the 
mitochondria utilize the proton gradient to couple transport metabolites in, out of, and 
around the mitochondria (Fig. 1.3). 

The proteins required to support neuron function, including the proteins necessary for 
mitochondrial function and thus ATP production described above, are produced in 
response to environmental signals that reach the neuron via receptor and hormonal 
stimulation that it receives. Thus, the types and amounts of protein present in the neuron 
at any given moment are determined by the amounts of oxygen and nutrients available 
and the amount and type of stimulation it has most recently received. 

The mechanisms by which extracellular signals communicate their message across the 
neuron membrane to alter the protein production are discussed in Chapter 3. Here it will 
suffice to say that special transmission proteins called immediate early genes (lEG) are 
aClivated by a variety of second messenger systems in the neuron in response to membrane 
stimulus (Mitchell & ljian 1989). "lyPe 1 lEG responses are specific for the genes in the 
nucleus of the neuron and type 21EG responses are specific for mitodlondrial DNA (Fig. 1.4). 

Proteins have a multitude of functions in the neuron, some of which include 
cytoskeletal stnlcture formation of microtubules and microfilaments, neurotransmitter 
production, intracellular signalling. formation of membrane receptors, formation of 
membrane channels, structural support of membranes, and enzyme production. 

Needless to say, if the cell does not produce enough protein the cell cannot perform 
the necessary funClions to the extent required for optimal performance and/or to sustain 
its very life. 

In situations where the neuron has not had adequate supplies of oxygen, nutrients, or 
stimulus, the manufacturing of protein is down·regulated. This process of degeneration of 
function is referred to as transneural degeneration. 

Initially the neuron response to this down-regulation is to increase its sensitivity to 
stimulus so that less stimulus is required to stimulate protein production. lois essentially 
means that the neuron alters its membrane potential so that it is closer to its threshold 
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Fig 1.3 Enzymes of OXidatIVe phosphorylation. Electrons (e-) enter the mitochondrial electron transport chain from 
donors such as reduced nicotinamide adenine dlnucteotlde (NADH) and reduced flavm adenine dinucleotide 
(FADH). The eleCiron donors leave as their oXidiZed forms. NAD- and FAD- Electrons move from complex I (I), 
complex II (II), and other donors to coenzyme Q,e (0). Coenzyme Q,o transfers electrons to complex III (III) 
Cytochrome c (c) transfers electrons from comple)( III to complex IV (IV). Complexes I, III, and IV use the energy 
from electron transfer to pump protons (H") out of the mllcchondnal matm:, creating a chemlCal and electrical (6W) 
gradient across the mllochondnal lnner membrane Complex V M uses this gradient 10 add a phosphate (P,) to 
adenosine diphosphate (ADP), making adenoSIne triphosphate (AlP). Adenosine nucleotide transferase (ANT) 
moves ATP out of the matrix From D_ Wolf. with permission 

"' .. 

-=--,-.. --�� 
Fig I 4 Immediate early genes responses type I and type II FollOWing receptor activation the entry of calcium 
(Ca") ions Into the neuron activate both type I and type II response cascades. The type I cascade Involves the 
activatIOn of thlrd-order messengers that modulate the actIVatIon or Inhibition of DNA In the nucleus of the 
neuron The type II cascade Involves the actlVal!On of thlrd-order messengers that modulate activatIon or InhlblllOn 
of the mltochondnal DNA of the neuron 

potential; in other words, it becomes more depolarized and becomes more irritable to any 
stimulus it may receive. 

After a period of time if the neuron does nOt receive the deficient component in 
sufficient amounts, it can no longer sustain its state of depolarization and stans to 
drastically downgrade the produClion of protein as a last ditch effon to conserve energy 
and survival. At this stage, the neuron will still respond to stimulus but only for shon 
periods as it consumes its available protein and ATP stores very quickly. In this state the 
neuron is vulnerable to overstimulation that may funher exhaust and damage the neuron 
(Fig. 1.5). 

The process of transneural degeneration may be one approach that determines the 
survival or death of neurons during embryological development where it has become 
quite dear that neurons that do nOt receive adequate stimulus do not usually survive 
(see Chapter 2). 

The concept of transneural degeneration can also apply to systems or groups of 
neurons that will respond in a similar pattern to that described above when they do not 
receive the appropriate stimulus or nutrients that they require. 

5 
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Fig 1.5 The progression of transneural degeneration In a neuron. (Top) A normal healthy neuron with a normal 
dlstrrbutlon of sodium (Na') and potassium (K') Ions across Its membrane. resulting In a normal resting membrane 
potential Note the central nucleus. (Middle) The early stages of transneural degeneratIOn In thiS stage. the Na' 
Ion concentration In the cell Increases because of loss of Na'/K' pump activity and alterations In membrane 
permeability, resulting In a membrane potential more positive and closer to the threshold of flrmg of the neuron 
A neuron In thiS state WIll fire action potentials when normally madequate stimuli IS received ThiS Inappropnate 
firing IS called ph}'Slologlcallrrltabihty The neuron Will only be able to maintain the frequency of firing for short 
penods be<:ause of the lack of suffiCient enzymes and AlP supplies before It fatigues and falls to produce actIOn 
potentials. (Boltom) The neuron In the late stages of transneural degeneratlOrl_ Note the eccentriC nucleus, which 
can no longer be maintained by the degraded state of the m,crof,laments and ml(rotubules. The membrane has 
lost Its ability to segregate Ions, and calCium Ions have entered the neuron In high concentrations, which will 
eventually result 10 cell death. The restmg membrane potential has shifted away from firing threshold. resulting In 
the neuron requlnng excessIVe stimulus m order to fire an action potential 

Frequency of Firing of a Neuron or Neuron System 

'111e frequency of firing (FOF) of a neuron is quite simply the number of action potentials 
that it generates over a defined period time. As a rule, the FOF is an important indicator of the 
central integrative state of a neuron. Neurons with high and regular FOF usually maintain 
high levels of energy and protein production that maintains the neuron in a good state of 
'health'. One exception to this rule is a neuron that is in the early stages oflransneural 
degeneration, in which case it will produce high rOF but only for short durations. 

Time to Activation of a Neuron or Neuron System 

The time to activation (TTA) of a neuron is a measure of the lime from which the neuron 
receives a stimulus to the time that an activation response can be detected. Obviously, in 
clinical practice the response of individual neurons cannot be measured but the response 
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of neuron systems such as the pupil response to light can be. As a rule. the Tli\ will be less 
in situations were the neuron system has maintained a high level of integration and activity 
and grealer in situations were the neuron has nOI maintained a high level of integration 
and activity or is in the late stages of trans neural degeneration. Again an exception to this 
nile can occur in situations were the neuron system is in the early stages of Lransneural 
degeneration and is irritable to stimulus and responds quickly. -J1lis response will be of 
shon duration and cannol be maintained for more than a short period of lime. 

Time to Fatigue in a Neuron or Neuron System 

"111(': Lime to fatigue (Tn:,) in a neuron is the length of time thin a response can be 
maintained during a continuous stimulus to the neuron. The Tn= effectively measures the 
ability of the neuron 10 sustain activation under continuous stimuli, which is a good 
indicator of the ATP and protein stores contained in the neuron. -nlis in turn is a good 
indication of the state of health of the neuron. The lTF will be longer in neurons that 
have maintained high levels of integration and stimulus and shorter in neurons that have 
not. TI"F can be very useful in determining whether a f/lst time to response nTR) is due to 
a highly illtegrated neuron system or a neuron system that is in the early stages of 
transneural degeneration. 

For example. in clinical practice we can compare the individual responses of two pupils 
to light. If both pupils respond very quickly to light stimulus (fast lTR), and they both 
maintain pupil contraction for 3-4 seconds (long Tn:) this is a good indication that both 
neuronal circuits are in a good state of health. If, however, both p upils respond quickly 
(fast Tnt) but Ihe right pupil immediately dilates despite the continued presence of the 
light stimulus (short 'rTF) ,  this may be an indication that the right neuronal system 
involved in pupil constriction may be in an early state of transneural degeneration and 
more detailed examination is necessary. 

Diaschisis 

Diaschisis refers to the process of degeneration of a downstream neuronal system in 
response 10 a decrease in stimulus from an upstream neuronal system. 

111is reemphasizes Ihe point thai neuronal systems do nOI exist ill isolalion but are 
involved in highly complicated and interactive networks. I nterference or disruption in one 
part of the network can impact other parts of the network. 

For example, injury or disease affecting the cerebellum invariably also affects the 
activity of the contralateral thalamus and COrtex. 

Constant and Non-Constant Neural Pathways 

All Illultimodal integrated neuronal systems need to receive input from a constant 
stimulus pathway as well as appropriate oxygen and nutrient supply in order 10 Illaintain 
a healthy CIS. 

Constant stimulus pathways are neural receptive systems that supply constant input 
inlO the neuraxis thai are illlegrated throughout all multimodal systems 10 provide the 
stimulus necessary for the development and maintenance of the systems. Examples of 
constant stimulus pathways include receptors that detect the effects of gravity or constant 
motion, namely the joint and muscle position receptors of joint capsules and muscle 
spindles of the midline or axial structures including the ribs and spinal column. Certain 
aspects of the vestibulocerebellar system receive constant input and are constantly aClive. 
Several neural systems contain groups of neurons that exhibit innate pacemaker 
depolarization mechanisms such as cardiac pacemaker cells, cenain thalamic neurons, 
and selective neurons oCthe basal ganglia. 
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All other receptor systems are non-constant in nature, which means they are activated 
in bursts of activity that are not constantly maintained. 

A few examples should illustrate this concept. One would think that the constant 
stimulus input to the cortical cells of vision would be the optic radiations from the lateral 
geniculate nucleus of the thalamus, which transmits the visual information received by 
the retinal cells to the cortex. Although it is true that most ofthe time these neurons are 
aoive when your eyes are open, these paLhways are not active for large periods at a time. 
specifically about 7-8 hours per day while you sleep. ll1ese neurons aTe maintained in a 
healthy CIS by the activity generated in constant activation circuits of multimodal systems 
that include input via the thalamus from midline structures such as the vertebral and 
costal joint and muscle receptors. 

Conical neurons involved in memory may experience long periods of inactivity and 
only be activated to threshold when needed to supply appropriate memory information. 
These neurons are maintained in a high CIS by subthreshold activation supplied by 
complex multimodal neuron systems. 

Finally, ventral horn neurons of small inactive muscles are only brought to activation 
occaSionally when their motor units are called to action. These neurons are maintained in 
a high CIS by subthreshold stimulus from spinal and supraspinal multimodal neuron 
systems as well. 

Neural Plasticity 

Neural plasticity results when changes in the physiological function of the neuraxis occur 
in response to changes in the internal or external milieu (Jacobson 1991). In other words 
the development of synapses in the nervous system is very dependent on the activation 
stimulus that those synapses receive. 'Ille synapses that receive adequate stimulation will 
strengthen and those that do not receive adequate stimulation will weaken and eventually 
be eliminated (see Chapter 2). 

The organization of the synaptic structure in the neuraxis largely determines the 
stimulus patterns of the nervous system and hence the way in which the neuraxis 
functions. 

Neural plasticity refers to the way in which the nervous system can respond to exLernal 
stimuli and adjust future responses based on the outcome of the previously initiated 
responses. In essence, the ability of the nervous system to learn is dependent on neural 
plasticity. 

Cerebral Asymmetry (Hemisphericity) 

The study of brain asymmetry or hemisphericity has a long history in the behavioral and 
biomedical sciences but is probably one of the most controversial concepts in functional 
neurology today. 

The fact that the human brain is asymmetric has been fairly well established in 
the literature (Geschwind & Levitsky 1968; LeMay & Culebras 1972; Galaburda et al 
1978; Falk et a] 1991; Steinmetz el al 1991). The exact relationship between this 
asymmetric design and the functional control exerted by each hemisphere remains 
controversial. 

The concept of hemispheric asymmetry or lateralization involves the assumption thaL 
the two hemispheres of the brain conLIol different asymmetric aspects of a diverse array 
of functions and that the hemispheres can function at two different levels of activation. 

The level at which each hemisphere functions is dependent on the central integrative 
state of each hemisphere, which is determined to a large extent by the afferent 
stimulation it receives from the periphery as well as nutrient and oxygen supply. 
Afferent stimulation is gated through the brainstem and thalamus, both of which are 
asymmetric structures themselves, and indirectly modulated by their respective ipsilateral 
conices (Savic et a1 1994). 
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Traditionally the concepts of hemisphericity were only applied to the processing of 
language and ViSlIQSpaliai stimuli. Today, the concept of hemisphericity has developed 
inlO a more elaborate theory that involves cortical asymmetric modulation of such diverse 
constructs as approach versus wiLhdrawal behaviour, maimenance versus interruption of 
ongoing activity, tonic versus phasic aspects of behaviour, positive versus negative 
emotional valence, asymmetric comrol of the autonomic nervous system, and asymmetric 
modulation of sensol)' perception, as well as cognitive, attemional, learning, and 
emotional processes (Davidson & J-Iugdahl 1995) . 

The cortical hemispheres are not the only righl. and left-sided structures. The thalamus, 
amygdala, hippocampus, caudate, basal ganglia, substantia nigra, red nucleus, cerebellum, 
brainstem nuclei. and peripheral nervous system all exist as bilateral structures with the 
pOlential for asymmetric function. 

Hemisphericity can result in dysfunction of major systems of the body including the 
spine. Some spinal signs of hemisphericity include: 

• Subluxation; 

• Spinal stiffness-increased extensor tone; 

• Spondylosis; 

• Intrinsic spinal weakness-decreased postural tOile; 

• Decreased A-P curves in cervical and lumbar spine; 

• Increased A-P curves in thoracic spine; 

• Increased postural sway in sagittal or coronal planes; and 

• Pelvic noor weakness. 

Embryological Homological Relationships 

In the application of functional neurology the concept of embryological homological 
relationships between neurons born at the same time frequently needs to be taken into 
consideration. 

The term embryological homologues is used to describe the functional relationships 
that exist between neurons born at the same time in the cell proliferation phase of 
developmenl. lllese cells born at the same time along the length of neuraxial ventricular 
area develop and retain synaptic contact with each other, many of which remain in the 
mature functional state. This cohon of cells that remain functionally connected after 
migration results in groups of neurons that may be unrelated in cell type or location but 
fire as a functional group when brought to threshold. Dorsal root ganglion cells detecting 
joint motion and muscle contraction and postsynaptic neurons in the sympathetic 
ganglia controlling blood flow to the joints and muscles illustrate the concept. Another 
example includes the motor column of the cranial nerves III. IV, VI. and XII in the 
brainstem which act functionally as a homologous column. This concept also applies to 
functional areas of the neuraxis that developed from the same embryological lissues. 
Neuron systems that have developed from the same embryological tissues usually 
maintain reciprocal connections throughout their life span. For example, in the 
mesencephalon thai is an area of the neuraxis that develops in an undifferentiated 
fashion, all of the functional structures would be considered embryological homologues 
and as such be expected to maintain reciprocal connections throughout life. This would 
imply that the structures in the mesencephalon such as the red nucleus, the substantia 
nigra, the oculomotor nucleus, the Edinger-Westphal nucleus, and the reticular neurons 
all maintain close functional relationships. This is in fact the case. Another spin-off from 
this concept is that all neuron systems developing from the same tissue remain in close 
reciprocal contact even after further differentiation; for example, the conex and the 
thalamus, which develop from prosencephalon but fun her differentiate to telencephalon 
and diencephalon respectively, would still be considered embryological homologues. 
These two structures do indeed retain reciprocal connectivity throughout life. Other 
examples include the structures that have developed from the rhombencephalon: the 
cerebellum, pons, and brainstem. 
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Neurophysiological Excitation and Inhibition in 
Neural Systems 

Excitation of a neuron moves the neuron membrane potential closer to threshold so Ihat 
the probability of generaling an action potential increases. 

Inhibition of a neuron moves the membrane potential oCthe neuron away from its 
threshold potential and decreases the probability that the neuron will produce an .1C1ion 
potential. lnese same concepts apply to neuron systems; however. in .1 ncuron 'i)"'iICI11 
several components are integrated to arrive at the fin,,\ system output 

Components of a neuron system usually involve an input stimulus, a series of 
integration steps, and an output (Williams &1 War\\lick 1980) 

The input stimulus or output, as well as any sleps in the ilHegration portion, may be 
either excilalOI)' or inhibiLOry in nature (Fig. I.G). 

Virtually all input from the primary afferent neurons of the peripher.t1 nervou\ syMt'm 
and 1110st conic,,1 output is excitaLOry in nature. In ordl'r LO modul;'ttc both the inpUl lo 
the inlegraLOr (central nervous system) and the output from the integrator the nervous 
system utilizes a complex array of interneuronal inhibilOl)' strategies 

Some examples of these inhibitory strategies utilized by the nervous system include 
direct inhibition, feed·forward inhibition, feedback inhibition. disinhibition, fcedl);'tck 
disinhibition, lateral inhibition, and surround inhibition 

Direct inhibition involves a hyperpolarizing stimulus to the target neuron, which 
results in a decreased probability that the target neuron will be brought to threshold 
potential and fire and action potential per unit stimulus (Fig. 1,7). 

feed-forward inhibition involves the linking of an inhibilOry interneuron into a 
pathway that causes relative hyperpolarization of the next neuron in the p,llhway, 
resulting in a decreased probability of output activation of that pathway (I 'ig. 1.8). 

Input 

Primary afferent 
neurons 

Integrator 

Central nervous 
system 

Oulpul 

Efferent output 

Fig 1 6 The 'Integrate and fire' model of the nervous s}'Slem. The pnmary afferent neurons supply the sen50lY 
Input to the system, The Input IS then Integrated and modulated by the neurons of the central nervous system, 
which then produce the appropnate efferent or motor actIVatIOn In response to the origmal inpul recel'ved 

Net resull 

01-------<- < Oc----t-« j 

Fig 17 Direct mhlbltlon. The process of direct inhibition Involves the inhibitIOn of the downstream neuron by a 
neuron directly upstream. W1th no Interneuron Involvement 
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? �'O---r-« jthen-

Fig 1.8 Feedforward rnhlbltlon The process of feedforward InhibitIOn 
Involves the Simultaneous activation of the target neuron and an 
inhibitory Interneuron, whICh In turn rnhlblts the target neuron 

Net result 

Fig 1.9 Feedback inhibitIOn. Feedback Inhibition Involves the 
simultaneous stimulation of a downstream neuron and an inhibitory 
Interneuron that In turn Inhibits the onglnal stimulating neuron 

--.:::----1'-« t 

Fig 1 10 DISinhibition. DI$lrlhlbltlOn Involves the mhlbltlon of an 
mhlbltory Interneuron. The result of this process IS a decrease Inhibition 
of the target neuron or Increased probability of firing In the target 
neuron 

Fig 1 , 1 1  Feedback dlsmhlbltlon Feedback diSinhibition Involves the 
stlmulaIJon of an Inhibitory Interneuron that In turn synapses on a primary 
inhibitory neuron of the target neuron. This system tends to result In a 
positive feedback stimulus of the target neuron and IS rare In humans 

Feedback inhibition involves an inhibitory interneuron that receives stimulus from the 
neuron that it projects to and thus also inhibits (Fig. 1.9). 

Disinhibition (inhibition of inhibition) involves two inhibitory interneurons 
linked in series with each other so that stimulation of the first neuron results in 
inhibition of the second neuron, which in turn results in decreased inhibitory output 
of the second interneuron to the target. The overall effect of disinhibition is an 
increased probability that the effector will reach threshold potential per unit stimulus 
(Fig. 1.10). 

Feedback disinhibition involves a series of inhibitory interneurons that receive their 
original stimulus frol11 the neuron that they project to; however, in this case the net result 
is an increase in the probability that the target neuron will reach threshold per unit 
stimulus (Fig. t. t I). 

To illustrate these concepts the corticostriate·basal ganglio-thalamoconical neuron 
projection system in the neuraxis will be examined (see Chapter 11 for more detailed 
descriptions). 

Selective pyramidal output neurons, in wide areas of cortex, project to the neostriatum 
(caudate and putamen) via the corticoslriatal project.ion system. The conical neurons are 
excitatory in nature to the neurons in the caudate and putamen. 'Ille neurons of the 
caudate and putamen project to neurons in both regions of the globus pallidus, the globus 
pallidus pars interna and globus pallidus pars extema, and are inhibitory in nature. For the 
purposes of this example we will only consider the projections to the globus pallidus pars 
internfl. "llis nucleus comprises the final output nucleus of the basal ganglia, to the 
thalamus. (For a more complete description see Chapter 11.) 

Neurons in the globus pallidus pars interna project to neurons in the thalamus and are 
inhibilOry in nature. 

The neurons in the thalamus project back to neurons in the cortex and are excitatory in 
nature to the conical neurons. 

Following the flow of stimulus through the system (Fig. 1.12) it can be noted thallhe 
end resull is a disinhibition of the thalamus and an increased likelihood of conical 
activation by thalamic neurons. 

, , 
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Fig. 1.12 The direct and Indirect functional pathways of the basal ganglia The Input to the basal ganglia occurs V1a 
the neostriatum from the cortex The output of the neostriatum prOjects to both areas of the globus palhdus. the 
globus palhdus pars Internus (GPl) and externus (GPe). The stimulus rKelVed from the neostnatum IS Inhibitory on 
both the GPI and the GPe The direct pathway Involves the prOJections from the neostnatum to GP,. the projectJQflS 
from the GPl to the thalamus, and the prOjectIOns from the thalamus to the cortex The dttect pathway results In 
InhlbltlOfl of the Inhibitory output of the GPJ on the thalamus (InhibitIOn of InhibitiOn). thiS results In a gating 
pattern of dlslnhlbltJOn, or Increased probability of firing of the thalamIC neurons. The dlsmhlbltlon of the thalamus 
results m Increased activation of the cortical neurons. The mdlre<t pathway Involves the prOjectIOns from the 
neostnatum to the GPe. the projections from the GPe to the subthalamiC nuclei, the projections from the 
subthalamIC nuclei to the GP!. the projectIOns from the GPI to the thalamus. and the prOjectIOns from the thalamus 
to the cortex The prOjections from the neocortex to the GPe are mhlbltory to the GPe The prOjections from the 
GPe to the subthalamiC nuclet are Inhibitory to the subthalamIC nuclei PrOjectionS from the subthalamiC nucleus to 
the GPI are exCitatory and the projectIOns from the GP! to the thalamus are inhibitory. The end result of stimulation 
of the Indirect pathway is a gating mechanism that Increases the Inhibition on the thalamic neuroos. which In turn 
results m decreased activation input 'rom the thalamiC neurons to the cortex To summarize, stimulus of the direct 
pathway results In tncreased cortical stImulation and stimulus of the tndlrect pathway results In decreased cortical 
stimulation. The phYSiological Impact of these pathways Will be discussed In more detail In follOWIng chapters 

, 

Neurological 'Wind-Up' in a System 

Occasionally a system will experience 'wind-up', which results in the development of a 
hyperexcited state of activity. This is usually not ideal since the output from the system 
will be inappropriate per unit input. Chronic wind-up can also result in damage to 
individual neurons or the whole system in the following ways: 

I. Overactivation of glutamate N-methyl-D-aspartate (NMDA) receptOrs can result in 
excitotoxicity in neurons because of increased illlracellular ea·' ion concentrations. 

2. Free radical formation due to anaerobic energy production pathways may lead to 
damage to membrane and membrane receptor structures, or to mutations in DNA. 

3. Transneural degeneration may result when intracellular protein and energy stores 
become inadequate to support the increased demands of hyperexcitability. 

Wind-up usually occurs when either the neuron or system receives too much excitatory 
stimulus or normal levels of tonic inhibition malfunction. The following example will 
illustrate the concept. 
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The thalamus cOlllains nellrons that tonically generate innate excitatory potentials 
that projecl LO the conex and result in excitation of cortical neurons. Under normal 
conditions, modulation of this Ionic excitalion occurs via the inhibitory output of the 
globus pallidus pars interna (CPi) of the basal ganglionic circuits. I lowever, in certain 
circumstances, such as an increased output of the neostriatum, which can occur with 
loss of inhibition from the substantia nigra pars compacta, the globus pallidus receives 
an increased inhibitory input from the neostriatum. This increased inhibition to the CPi 
reduces the inhibition received by the thalamus from the GPi. This resuhs in an increase 
in the innate Ionic excitation to the cortex from the thalamus, which in turn results in a 
hyperexcitation or wind.up of cortical neurons. This example demonstrates how 
inhibition of inhibition can result in hyperexcitation of a neuron system. '1le concept of 
inhibition of inhibition is very important clinically in understanding the symptoms 
produced in multimodal integrative systems and is encountered frequently in clinical 
practice. 

Ablative and Physiological Dysfunctional lesions 

Ablative lesions are lesions lhat result in the death or destruction of neural tissues. '111 is 
type of lesion commonly occurs as the result of a vascular stroke when tissues experience 
critical levels of hypoxia or anoxia and die as a result. Direct or indirect trauma as in lhe 
'coup counter coup' injuries in whiplash or head trauma can also resull in ablution of 
tissues or function. Replacement of the damaged tissue is usually very slow, if it occurs at 
all, and restoration of function depends on the rerouting of nerve pathways or regrowth of 
new synaptic connections. 

Physiological lesions are fUllctional lesions that result from overstimulation, excessive 
inhibition, excessive disinhibition, or understimulation of a neuronal system. Correction 
of these functional lesions is dependent on restoring normal levels of activation to the 
involved systems. The results are usually tlpparent relatively quickly tlnd can occur almosl 
immediately in some cases. 

Often the symptom presemalion of these twO types of lesions can be very similar so the 
possibility of an ablative lesion must be ruled out before the diagnosis of a physiological 
lesion is made. 

For example, in I IWllingloll's disetlse (II D) the neurons in the neostriatum degenerate. 
l11e degeneration appears to be more pronounced in the output neostriatal neurons of the 
indirect pathway. This resulls in the disinhibition of the globus pallidus pars extern a 
(CPe), which in turn results in an overinhibition of the subthalamic nucleus. 11le 
functional overinhibition of the subthalamic nucleus results in a situation that resembles 
an ablative lesion to the subthalamic nucleus and results in a hyperkinetic movement 
disorder. In this case the lesion is not purely physiological in nature because the 
neostriatal neurons have actually degenerated but the result is the physiological fundional 
state of overinhibition of a neuron sYSlem. 

Fundamental Functional Projection Systems 

In order to apply the neurophysiological concepts discussed thus far in a clinical setting 
an understanding of some of the basic fundamental functional projection systems 
utilized by the cortex to modulate activity in wide·ranging areas of the neuraxis must be 
gained. 

About 90% of Ihe output axons of the COrtex are involved in modulation of the 
neuraxis. Abollt 10% of the cortical output axons of the cortex are involved in motor 
control and form the corticospinal tracts. 

Of the 90% output dedicated to neuraxis modulation about 10% projects bilaterally to 
the reticular formation of the mesencephalon (MRF) and 90% projects ipsilaterally 1O the 
reticular formation of the pons and medulla or p011l0medullal)' reticular formation 
(PMRF). The cortical projections to both the MRF and the PMRF are excilatOI)' in nature. 
The neurons in the MRF and some of those in the PMRF projed bilaterally to excite 
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Medullary reticulospinal fibres 

VIII 

XI 

Pontine reticulospinal fibres 

Fig. 1 . 13  The relative distribution of neuron ceil bodies and projectIon fibre tracts of the pontomedullary 
retlculOsplnal lracts (PMRF). Although both the neurons and the prOjection fibres occur bilaterally. the majority of 
neurons and prOjections are Ipsilateral In nature. 

neurons in the intermediolateral ( IML) cell columns located between T I  and L2 spinal 
cord levels in the grey matter of the spinal cord; however, the majority of the PMRF 
remain ipsilateral ( Fig. 1. 13) (Nyberg-Hansen 1965). 'nH!Se neurons in the IML form the 
presynaptic Olltput neurons of the sympathetic nervous system. and projeci Lo inhibit 
neurons in the sacral spinal cord regions that fonn the output neurons of the 
parasympathetic nervous system. 

Following the stimulus flow through the functional system it can be seen that high 
cortical output results in high PMRF output, which results in strong inhibition of the IML, 
which in turn results in disinhibition of the sacral parasympathetic output. 111e bilateral 
excitatory output of the MRF is overshadowed by the powerful stimulus from the cortex to 
the PMRF (Fig. 1 . 14) .  

To further illustrate the impact that an asymmelric cortical output (hemisphericity) 
could potentially have clinically, consider the affecls of an asymmetric cortical output on 
the activity levels of the sympathetic and parasympathetic systems on each side of the 
body. Autonomic asymmetries are an important indicator of cortical asymmetry as this 
reflects on fuel delivery to the brain (sympathetic system) and the integrity of excitatory 
and inhibitory influences on sympathetic and parasympathetic function throughout the 
rest of the body. 

lhe PMRF has other modulatory effecLS in addition to modulation of the IML neurons. 
All of the modulatory interaClions of the PMRF have clinical relevance and include: 

1. Inhibition of pain ipsilaterally; 

2. Inhibition of the inhibitory intemeurons which project to ventral horn cells (VHCs) 
ipsilaterally which acts to facilitate muscle tone-this is another example of 
inhibition of inhibition in the neuraxis as discussed above; and 

3. Inhibition of the ipsilateral anterior muscles above '1'6 and the posterior muscles 
belowTG. 
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Fig. I 14 A simplified schematic of the cortICal projectIOn system to the sympathetIC (SNS) and parasympathetIC 
nelVOUs systems (PNSl. All outputs of the cortex In thrs system are eXClt3tOfY to both the mesencephalon (MES) and 
the pootomedullary retICular formatIOn (PMRF); however. 90% of the cortical prOjectIOns are to the PMRF and 
10% to the MES Bilateral, eXCItatory prOjectloos from the MES to the intermediolateral (lMl) cell (olumn neurons 
result In activation of the sympathetIC preganglionic neurons Ipsilateral Inhibitory projections from the PMRF to the 
IML result In Inhibition of the sympathetIC preganglionic neurons Because of the dlstnbutlOn of prOjection fibres. 
cortical activation will result In an Ipsilateral Inhibition of the IMl or SNS and an Ipsilateral actIVation of the PNS. 

These functIOnal loops will be discussed In much more deuI11 later In the text 

A sense of the clinical impact that asymmetric stimulation of the PMRF can produce 
symptomatically in the patient becomes apparent when it is considered thaI all of the 
following can result: 

Increased blood pressure systemically or ipsilaterally to the side of decreased PMRF 
stimulation, which results in differences in blood pressure between right and left 
sides of the body; 

• Increased vein-to-artery ratio, which is most apparent on examination of the retina; 

Increased swealing globally or ipsilaterally to the side of decreased PMRF stimulation; 

• Decreased skin temperature globally or ipsilaterally to the side of decreased PMRF 
stimulation; 

• Arrhythmia if decreased lert PMRF stimulation occurs or tachycardia if decreased 
right l>MRF slimulation occurs; 

• Large pupil (also due to decreased mesencephalic integration) to the side of 
decreased PMRF stimulation; 

• Ipsilateral pain syndromes lO the side of decreased PMRF stimulation; 

• Global decrease in muscle tOile ipsilaterally to the side of decreased PMRF stimulation; 
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• Flexor angulation of the upper limb ipsilaterally to the side of decreased PMRF 
stimulation; and 

• Extensor angulation of the lower limb ipsilaterally La the side of decreased PMRF 
stimulation. 

Clinical presentation of ipsilateral nexor angulation of the upper limb and extensor 
anguhnion of the lower limb is known as pyramidal paresis, and is an important clinical 
finding in many patients with asymmetric cortical function. 

1'1£ fundamental projeCiion systems (Fig. I .  J 4) presented above are simplified for the 
purposes of introduction and will be discussed more thoroughly throughout the rest of 
the text. 

longitudinal level of a lesion in the Neuraxis 

Lesions may occur at one or more points along a nerve pathway. Identifying the level at 
which the lesion has occurred is usually accomplished by taking a thorough histo!), and 
performing a thorough physical examination of the patient. A nerve pathway may become 
dysfunctional at one or more of the following: 

• 'l1u,: receptor level; 

• 'I"e effector organ level; 

• In the efferent and afferent nerve axons of the peripheral nerve; 

• 'me spinal cord level; 

• The brainstem and cerebellar level; 

• -n,e thalamus/basal ganglionic level; or 

• The level of the conex. 

Lesions at the receptor level may be ablative, may be caused by states of habiluation, 
or may be due to a decreased environmental stimulus. Often the sensitivity of a receptor is 
conically mediated and cortical hyper- or hyposensitivity states may be confused with a 
receptor lesion. The level of response of a receptor is often measured through the response 
of an effector organ and this may also result in confusion between a receptor lesion and 
an effector dysfunction. 

Effector or end organ lesions may be hyper- or hypofunctional in n<lture. In skelet<ll 
muscle hypofunctional disorders can be caused by myopathies, neurotransmitter or 
neuroreceptor dysfunction, oxidative phosphorylation disorders, or lack of use. 
I lyperfunctional disorders can be caused by metabolic and ionic imbalances. Often, 
disinhibition of V I ICs can result in a hyperfullctional state, such as rigidity and spasms of 
the end organ.1"is is actually a spinal cord (corticospinal tract lesion) or supraspinal 
(upper motor neuron) level of involvement which could be confused with an end organ 
dysfunction. 

Peripheral nerve lesions usually involve both motor and sensory functional 
disturbances. 'l1,e distributions of the peripheral nerves have been anatomically and 
functionally mapped fairly accurately and these distributions can be used to identify the 
location of a specific peripheral nerve dysfunction. Often the end organs such a muscle 
will show specific forms of activity (flaccid paralysis) or neurologically induced "trophy 
(muscle wasting) when a peripheral nerve is involved. 

Spinal cord lesions may exhibit disassociation of sensory and motor symptoms 
depending on the specific areas of involvement of the spinal cord. Specific tract lesions 
may demonstrate classical symptoms (dorsal column lesions and loss of proprioception) 
and when specific areas of the cord are involved the patient may exhibit classical 
symptoms of a well-defined syndrome (posterior lateral medullary infarcts and symptoms 
of Wallenberg's syndrome). 

Lesions of the brainstem and cerebellum often result in widespread seemingly 
unrelated symptoms (cerebellar degeneration and changes in cognitive function, or 
dysautonomia with brainstem dysfunction). These can be one of the most challenging 
levels of lesion to treat, due to the involvement of both upstream and downstream 
neuronal systems which experience altered function concomitantly. 
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Basal ganglionic and thalamic levels usually result in movement disorders and 
disorders of sensory reception including pain disorders. Basal ganglionic disorders have 
also been implicated in a variety of cognitive function disorders as well. 

Lesions (u the cortical level can manifest as dysfunction at any other level in the 
neuraxis and as such are often very difficult lO pinpoinL. Many of the conical functions, 
if nOI all cortical fUllctions, are highly inlegraled over diffuse areas of cortex, which once 
again makes targcting specific neuron circuits diffirult. 

The Concepts of Direct Linearity and Singularity 

The neuraxis utilizes a number of types of synaptic connections induding monosynaptic 
and polysynaptic relays. 

Monosynaptic connections between two stntctures suggest an important runctional 
relationship between the two structures in question. Polysynaptic connections may be 
important as well but are not as well understOod. For example, the existence or 
monosynaptic connections between the hypolh<tlamus <tnd the preganglionic sympalhetic 
neurons in the iML suggests an important runctional relationship between the output or 
the sympathetic nervous system and the CIS or the hYPolhalamus. 

An area or singularity is a neuronal circuit or system lhal has one or vel)' few input 
pathways that C<tn modulate its activities. For example the globus pallidus is a vel)' 
difficuh area of tile neuraxis to influence clinically because the area can only be accessed 
via projections from neurons in the neostriatum, whereas ventral horn neurons in the 
spinal cord can be influenced by modulaling a mullitude of different palhways. 

The Physiological 'Blind Spot' as a Measure of 
Cortical Activation 

A visual image inverts and reverses as it passes through the lens of the eye and forms an 
image on the retina. Image from the upper visual field is projected on the lower retina 
and from the lower visual field on the upper retina. The left visual field is projected to 
the right hemiretina of each eye in such a fashion that the right nasal hemiretina of the 
left eye and the temporal hemiretina of the right eye receive the image. The central 
image or focal point of the visual field falls on the fovea of the retina. which is the 
portion of the retina with the highest density of retinal cells and as such produces the 
highest visual acuity. The fovea receives the corresponding image or the central JO-2° 
of the total visual field but represents about 50% of the axons in the optic nerve and 
projects to about 50% of the neurons in the visual cortex. The macula comprises the 
space surrounding the rovea and also has a relatively high visual acuity. The optic disc 
is located about 1 5° medially or towards the nose on each retina and is the 
convergence point for the axons of retinal cells as they leave the retina and form the 
optic nerve. This area although functionally important has no photoreceptors. This 
creates a blind spot in each eye about 1 5° temporally from a cel1lral fixation point. 
When both eyes are functioning, open. and focused on a central fixation point, the 
blind spots do not overlap so all of lhe visual field is represented in the cortex and one 
is not aware of the blind spot in one's visual experience. The area of the visual striate 
cortex which is the primuy visual area of the occipital lobe. representing the blind spot 
and the monocular crescent which are bOlh in the temporal field. does not contain 
alternating independent ocular dominance columns. This means that these areas only 
receive informalion from one eye. Jf you close lhat eye. the area representing the blind 
spot of the eye that remains open will nOt be activated due to the lack of receptor 
activation at the retina. 

\{ would be expected that when one eye is closed the visual field should now have an 
area not represented by visual input and one should be aware of lhe absence of vision 
over the area of the blind spot. I lowever, this does not occur. '111e cortical neurons 
responsible for the area of the blind spot must receive stimulus from other neurons lhat 
create the illusion lhat the blind spot is not lhere. '''is is indeed the case and is 
accomplished by a series of horizontal projection neurons located in the visual striate 
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cortex thal allow for neighbouring hypercolumns to activate one anoLher. The horizontal 
connections between these hypercolumns allow for perceptual completion or 'fill in' to 
occur (Gilbert & Wiesel 1 989; McGuire et al 199 1 ) .  

111e blind spot i s  therefore not strictly monocular, but i t  is dependent on the FOF of 
horizontal connections from neighbouring neurons. These may be activated via receptors 
and pathways from either eye. 

Perceptual completion refers LO the process whereby the brain fills in the region of the 
visual field that corresponds to a lack of visual receptors. This explains why one generally 
is not aware of the blind spot in everyday experience. The size and shape orme blind spots 
can be mapped utilizing simple procedures as outlined in Chapter 4. 

The size and shape of the blind spots is dependent to some extent on the CIS 
of the horizontal neurons of the cortex that supply the stimulus for the act of 
completion to occur. The integrative state of the horizontal neurons is determined to 
some extent by the activity levels of the neurons in the striate cortex in general. 
Several factors can contribute to the CIS of striate cortical neurons; however, a major 
source of stimulus results from thalamocortical activation via the reciprocal 
thalamocortical optic radiation pathways involving the lateral geniculate nucleus 
(LeN) of the thalamus. Only 10-20% of the projections arriving in the LeN nucleus 
are derived directly from the retina. The remaining projections arise from the 
brainstem reticular formation, the pulvinar, and reciprocal projections from the striate 
cortex. 

It is dear from the above that the majority of the projection fibres reaching the LeN are 
not fTom retinal cells. This strongly suggests that the LCN acts as a multi modal sensory 
integration convergence point that in turn activates neurons in the striate cortex 
appropriately. The level of activation of the LCN is temporally and spatially dependent on 
the activity levels of all  the multi modal projections that it receives. 

In 1997, Professor Frederick Carrick discovered thaI asymmetrically altering the afferem 
input to the thalamus resulted in an asymmetrical effect on the size of the blind spot in 
each eye. lhe blind spot was found to decrease on the side of increased afferem stimulus. 
This was attributed to an increase in brain function on the contralateral side due to 
dlanges i n  thalamocortical activation that occurred because of multimodal sensory 
integration in the thalamus. 

The stimulus uLilized by Professor Carrick in his study was a manipulation of the 
upper cervical spine which is known to increase the FOF of multimodal neurons in 
areas of the thalamus and brainstem that project to the visual striate cortex. These 
reciprocal connections lower the threshold for activation of neurons i n  the visual cortex. 
By decreasing the threshold for firing of neurons i n  the visual cortex the blind SpOt 
became smaller because the area surrounding the permanent geometric blind spot zone 
is more likely to reach threshold and respond to the receptor activation that 'Occurs 
immediately adjacent to the optic disc on the contralateral side. The size and shape of 
the blind spot will also be associated with the degree of activation of neurons associated 
with receptors adjacent to the optic disc. "f11e receptors surrounding the optic disc 
underlie the neurons that form the optic nerve exiting by way of the optic disc. The 
amplitude of receptor potentials adjacent to the optic disc may therefore also be 
decreased due LO i nterference of l ight transmission through the overlying fibres even 
though they should have lost their myelin coating during development; otherwise, 
i nterference would be even greater. This i nterference results i n  a decreased receptor 
amplitude, which i n  turn results i n  decreased For of the corresponding primary afferent 
nerve. This may result in a blind spot physiologically larger than the true anatomical 
size of the blind spot. 

lnis lead lO the understanding that the size and shape of the blind spots could be used 
as a measure of the CIS of areas of the thalamus and cortex due to the fact that the 
amplitude of somatosensory receplOr potentials received by the thalamus will innuence 
the FOF of cerebellothalamocortical loops that have been shown to maintain a CIS of the 
cortex. 

Therefore, muscle stretch and joint mechanoreceptor potentials will alter the FOF of 
primary afferents Lhat may have an effect on visual neurons associated with the cortical 
receptive field of the blind spot when visual afferents are in a steady state of firing. 
Professor Carrick proposed that 'A change in the frequency of firing of one receptor.based 
neural system should effect the central integration of neurons that share synaptic 
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relationships between other environmental modalities, resulting in an increase or 
decrease of conical neuronal expression that is generally associated with a single 
modalily' (Carrick 1997). 

Care should be taken not to base too much clinical significance on the blind SpOt sizes 
until any pathological or other underlying cause that may have resulted in the changes in 
blind SPOt size are ruled oUl. lne blind spOt has been found 10 increase in size due 10 the 
following conditions: 

• Multiple evanescent white dOl syndrome; 

• Acute macular neuroretinopathy; 

• Acute idiopathic blind spOt enlargement (AIBSE) syndrome; 

• Multifocal choroiditis; 

• Pseudo presumed ocular histoplasmosis; 

• Peripapillary retinal dysfunction; and 

• Systemic vascular disease. 

An ophthalmoscopical examination is therefore an important component of the 
functional neurological examination. 'In ere are several other valuable ophthalmoscopic 
findings discussed in Chapter 4 that can assist with estimating the CIS of various neuronal 
pools. 

Upper and lower Motor Neurons 

The concept of a group of upper motor neuron pools versus groups of lower motor 
neuron pools can be of great value when localizing lesions in the neuraxis in the clinical 
setting. Upper motor neurons are considered all of the neuron pools which project 
directly or indirectly to the final common path motor neurons. Lower motor neurons are 
the neurons that supply the final common projection to the skeletal muscles. Some 
examples will illustrate the concepts. 

The pyramidal neurons in the motor cortex project via the corticospinal tT3cts to the 
ventral grey area oCthe spinal cord where they synapse on the VHCs. The ventral horn 
neurons are the final common pathway to the skeletal muscles and as sllch are considered 
lower mowr neurons. The cortical neurons and their projections in the corticospinal tracts 
are considered the upper motor neurons. 

The same concept applies to the cortiml neurons that modulate the motor OlUput of 
cranial nerves. The cortical neurons in the motor strip that project their axons via the 
corticobulbar tracts to the motor nuclei of the cranial nerves in the brainslem are considered 
upper motor neurons. The cranial nerve motor neurons in the brain stem are considered the 
final common pathway to the muscles that they supply and are considered the lower motor 
neurons of this system. 

The functional effects of upper and lower motor neuron dysfunction are distinct and 
important clinically. 

Lower motor neuron lesions will produce flaccid muscle weakness, Illuscular atrophy, 
fasciculations, and hyporeflexia. Upper motor neuron lesions will produce spastic muscle 
weakness, and hyperreflexia. Uppe.r motor neuron dysfunction involving the corticospinal 
tracts usually produces a classic reflex sign referred to as Babinski's sign or reflex. Under 
normal conditions stroking the plantar aspect of the foot will produce a reflex flexion of 
the toes. 1 n cases of corticospinal tract dysfunction stroking the plantar surface of the fOOL 
produces an 'up-going' or extended big toe and fanning action of the rest of the toes. 'Inis 
is referred to as a positive or present Babinski sign or up-going plantar renex. Other reflex 
signs of upper motor neuron dysfunction will be discussed in Chapter 4. Initially, in the 
acute stages, lhe signs of upper motor neuron dysfunction may mimic lower motor 
neuron dysfunction exhibiting flaccid muscle weakness and hyporeflexia. "l1lese signs 
change progressively over hours or days to the true signs of upper motor neuron 
dysfunction. In the case of long-standing upper mawr neuron dysfunction the involved 
muscles may atrophy due to disuse and give the appearance of a lower motor neuron 
involvement. 
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Early Developmental Events 

I ntrod uction 

Clinicians and researchers concerned with the fundion of the nervous system are focusing 
increasing aHention on brain and nervous system development as a window of insight into 
both brain functionality and new ueaunent possibilities directed at nervous system 
dysfunction. Dysfunctions thai may be associated with developmental abnormalities of the 
brain range from a mild reduction of con.ical function to severe psychiatric disorders. such as 
infantile autism and schizophrenia. In man, the brain and nervous system are the mOst 
complex pan. In the time span of a few months from conception, a microscopic speck of 
embryonic neuroblaslS will have expanded into an intrialte neural network with a few billion 
interconnections. Perhaps even more amazing is the fad that the enure mass of this fragile 
structure will fit very nicely into the palm of one's hand! By five years of age the human brain 
has reached 90% of its adult weight and in the conex. the maximum density of synaptic 
connections will have already maximized and staned to decline. Although there has been in 
the past few years an explosion in the knowledge and understanding of some of the 
mechanisms involved in neural development the story of how these extraordinary events 
unfold is one of the great mysteries of mankind. It is imponant to recognize that the 
deve:lopmem of the brain and nervous system is influenced by the interaction of bo1h 
endogenous and exogenous mechanisms. Endogenous mechanisms include innate pre
programmed genes and chemical morphogens. Exogenous mechanisms involve the 
interacdon of the developing nervous system with its environment. 
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Development of the Nervous System 

The location of the cells destined to develop into the neuraxis (nervous system) is 
probably already defined in the late gastrula slage of the embryo, at about 18 
poslovulatory days. At this point the embryo is aboul I.S mm in length (Huttenlocher 
2002). 

The development proper of the nervous system can first be identified at approximately 
3 weeks (21 days) after conception, with the appearance of the neural plate. Originally the 
neural plate is roughly the shape of a Ping-Pong paddle. but soon develops a distinct 
neural groove, nanked by neural folds (Fig. 2.1). This fold is eventually drawn together by 
comractile tissue deep to the neural groove which pulls the folds together. Initially while 
the tube is closing. its walls consist of a single layer of neuroepithelial cells. Each of these 
cells contacts bom the internal (luminal) and external (basal) limiting membranes. l11is 
fold fuses by the end of the third week to the early fourth week, generally in what will 
eventually become the cervical region of the spinal cord and then extends zipper.like. 
rostrally forming me brain proper and caudally forming the thoracic, lumbar, sacral, and 
coccygeal regions of the spinal cord (Fig. 2.2). 

The neural tube is originally open to the amniotic cavity by virtue of the neuropores 
located both rostJally and caudally, but by the end of me fourth week the neural tube 
closes at bom ends with the closure of the neuropores. At the rostral end of the neural 
tube the primitive forebrain divides into two cerebral hemispheres and forms the two 
lateral ventricles and the third ventricle. 'l11e emb!)'o is about 7 mm long at this point (day 
32) in development (Behrman & Vaughan 1987). Once the neural tube has dosed, the 
ectoderm forming me lips of the neural fold separates and forms the neural crest tissue 
(Fig. 2.3). 

The neural crest cells give rise to several components of me peripheral nervous system. 
as well as a number of non· neural tissues. Tissues eventually formed by the neural crest 
cells include pigment cells of me skin; medulla!), cells of me adrenal gland; calcitonin· 
secreting cells of the thyroid gland; neurons of the paravertebral ganglia; many of the 

Neural fold 

vi edge of amnion 

Neural plate 

Neural groove -1\--\,\-1 
Som�e 

Primitive node 

Neural fold 

Pericardicr 
peritoneal canal 

Otic capsule 

Somite 

---- CuI edge of amnion 

r---+--/f-Primilive slreek:--\'r\-, 
22 days 

t9 days 
20 days 

Fig 2 1 Dorsal aspect of a human embryo at day 19 (left) and day 20 
(right), Note the rapid progresSIOn of somite formation. the 
appearance of the neural fold. and the deepening of the neural 
groove from day 19 to day 20 In development. 

Fig 22 Dorsal aspect of a human embryo at day 22 
Note the Initial closure of the neural fold forming the 

neural tube. whICh will progress both caudally and 
dorsally Unlil complete closure. The appearance of the 
bilateral forked primitive ventricles caudally and the 
bilateral otiC placodes should also be noted 

22 
Copyrighted Material



Early Developmental Events I Chapter 2 

Intermediate zone 

c Neural lube 

Fig 2 3 CfOS� !.eCtlOnal progreSSion of the formation of the neural tube and the migration of the neural crest 
(Mue (A) The formation 01 the neural fold and differentiation of the neural crest II,>sue (6) The neural fold 
d(>(>pen� to form the neural groove. and the neural crest tissues enlargps and apprQ)umates (() Closure of the 
neural groove forrm the neural tube. The nt'ural (rest tissue separates 'rom the neural tube and IS enveloped by 
surface ectodermal \Issue The neural Cfest tissue IS Initially connected by an Intermediate zone, which Will In turn 
separate as development progresses. Note Ih£' presence of the notochord throughout the sequence which IS 
de\(lned to 101m thE' nucleus pu1posus of the Intervertebral diSC 

�=�f -< Neural cre'ltlssue >- ����� 
tile head / / \ � gland 

Pigment cells Dorsal root Paravertebral Galcltonm secreting 
01 skin ganglion cells ganglion cells cells of the 

IhyrO<d gland 
Fig 24 The varl� structures that anse from the neural erE:.I IISwe The dorsal root ganglion cells form the ba:>is 
of dl! sensation re<elVt'd �tow the head and neck. The paravertebral ganglion cells WIll form the majOrity of the 

post-ganglionic cdtacholammerglc (noradrenalme) output cells of the sympathetIC nervous system The adrenal 
medulla cells Will form the major catdcholamlnergl( (adrenahne) output of the hypothalamIC-pituitary-adrenal a)(15 
Cakltonln IS a hormone Ihal lowers the blood caloum concentration In the blood As we Will discover calCium IS a 

meljor second messenger Signalling molecule In neurons Alterations In mel.uonm dlstnbutlon and formation can 
SIgnal underlymg neurological conditIOns �uch as neurofibromatOSIs. 

neurons in the ganglia of the cranial nerves V, VII, VIII, IX, and X; and neurons of the 
dorsal rOOI ganglia (Lei kola 1976) (Fig. 2.4). The cells orthe neural crest disperse by 

migrating along well-defined pathways to their destinations. The phenotype of each cell 
seems to be largely determined by the position that they eventually occupy (le Douarin 
1 982). For example. cells destined to migrate to the adenyl medulla (norepinephrine

secreting cells) have been experimentally transplanted to sites that give rise to cholinergic 
(acetylcholine-secreting) cells. TIle transplanted cells convened to cholinergic-secreting 
neurons (Cowan 1992). 

111e continued growth and expansion of the neural tube leads to the stimulation of 
overlying ectodermal tissues at various sites called ectodermal placodes. -Illese ectodermal 
placodes lead to the development and formation of the sensory epithelia and cranial 
nerve ganglia_ The various placodal development sites include the olfactory placode. the 
trigeminal placode. the auditory/vestibular placode. the facial placode, the vagal placode, 

and the glossopharyngeal placode. 
These early stages of development are largely dependent on the processes of primary 

embryonic induction, which is largely under genetic control (Williams & Warwick 1980). 

Gross Morphological Development 

Shortly after the closure of the neural tube. a series of three vesicle-like swellings appear at 
the rostral apex of the lube. 111ese swellings will eventually form the three primary brain 
vesicles: the prosencephalic (forebrain), the mesencephalic (midbrain), and the 
rhombencephalic (hindbrain) areas. Through various folding patterns the three primary 

vesicles ultimately give rise to the mature brain structures. The development of the three 
primary vesicles into their represemative mature structures results in the following 
progression: the prosencephalic region develops into the telencephalon and the 

diencephalon; the mesencephalon remains undifferentiated, giving rise to the mature 
mesencephalon; and the rhombencephalon develops into the myelencephalon and 
metencephalon. Each of these secondary brain vesicles further develops into the 

recognized mature divisions of the human brain (Figs 2.5 and 2.6). 
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Embryological Development of the Primary Vesicles of the Neuraxis 

Forebrain···········Prosencephalon············ Telencephalon 

Diencephalon 

Midbrain------------Mesencephalon-------------Mesencephalon 

Hindbrain-----------Rhombencephalon···------MyelencephaIon 

Metencephalon 

Embryological Development of the Secondary Vesicles of the Neuraxis 

Telencephalon ---------Cerebral cortex 

Basal ganglia 

Diencephalon ----------Pituitary gland 

Thalamus 

Hypothalamus 

Mesencephalon ----A-A-Corpora quadrigemina 

Red nucleus 

Substantia nigra 

Metencephalon-------·-Cerebel1um 

Pons 

Myelencephalon-------Medulla oblongata 

Fig 2 S This figure demonstrates the developmenl of primary and secondary brain vesICles 

Telencephalon 

Diencephalon 
Prosencephalon 

Mesencephalon 
Mesencephalon 

Metencephalon 

Myelencephalon 

Spinal cord 

Fig. 2.6 Development of the secondary vesicles from the precursor primary vesicles The prosencephalon 
differentiates Into the telencephalon and the diencephalon. The mesencephalon remains undifferentiated as the 
mesencephalon. The rhombencephalon differentiates mto the myelencephalon and the metencephalon 
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Primary Developmental Processes 

'11e development of the mature nervous system is brought about by a series of steps that 
include processes bOlh progressive and regressive (Cowan 1978). These steps indude cell 
proliferation, neuronal migration. selective cell aggregation, cytodifferentiation, axonal 
outgrowth, and synapse formation. The first regressive events occur about the lime that 
neurons in each population begin to form connections within their prospective projection 
fields. '111 is phase is marked by the selective death ora substantial proportion (50%) of 
the initial population of prospective neuron cells. Many connections that were initially 
famled are eliminated and certain axon terminals are withdrawn. A large number of axon 
collaterals are also removed at this stage (Cowan et al 1985). Each phase is considered in 
detail below. 

, 
Why Study the Development of Neural Structures? QUICK FACTS 1 

1.  How do neurons ari�e? 

2. How do neuron� know where to �end their axons? 

3. How are neural pools connected? 

4. What are the functional relation�hips between neuron pools? 

Can we u�e our knowledge of embryological and fetal development to better 

understand and treat developmental and other functional pathology? 

Cell Proliferative Phase 

rhe wall of the neural tube is formed initially by pseudostratified columnar epithelium 
that rests on the external basement membrane. E.1ch cell sends a peripheral process to 
both the external (basal) lamina and the neural tube internal (luminal) surface. At the 
luminal surface a complex of junaional connections allows communication with Other 
cells. '111e nuclei are found at different levels within the neuroepithelium, except those in 
the later stages of mitosis which are constantly found at the luminal aspect (Cowan 1981). 
n,e young neurons constantly migrate from the internal or IUlllinal lamina to the external 
or basal lamina in a process called illlerkineric nuclear migration. l1uoughoul this process 
the neurons must continually retract and reform their peripheral processes. At this stage of 
developmelll the neurnl tube consists of two histological areas of tissues, the ependymal 
or germinal cell layer found on the luminal aspect of the tube and the ventricular zone or 
matrix layer which spans the remainder of the tube and is in contact with the basal 
membrane. Continued cell division leads to growth and expansion of the neural lube in 
three ways: general expansion of the neural tube surface epithelium, rapid growth of the 
brain and spinal cord, and differentiation of the differemlineages of cell types including 
glial cells and neurons. 'n,is differentiation phase is marked by a migration of some of the 
cells from the ventricular zone to the newly emerging intermediate or mantle wne, away 
from the luminal surface. "l"11e neurons in the intermediate zone send processes outward 
towards the basal membrane which eventually develops into the marginal zone. To 
summarize, at this point (4 weeks or 28 days) the development of the neural tube consists 
of four histologically identifiable layers: the ependymal or germinal layer, from which all 
the cells of the central nervous system will develop; the ventricular or matrix layer, which 
consists of newly formed cells undergoing interkinetic nuclear migration and mitosis; the 
intermediate or mantle zone, which consislS of cells migrating from the intermediate 
zone; and the marginal zone, which consists of the elongated cytoplasmic processes of the 
cells in the intermediate zone. Interposed throughout these layers are developing glial 
cells including the radial glial cells which seem to act as guide cells for the migrating 
neurons (Fig. 2.7). 
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FIg 27 ThIs fIgure Illustrates the migration of neurons from the ventricular surface toward the pilat surface of the 
neural tube_ ThIs migration takes part along hIghly speclalrzed cells called neural ghal celis Note that neural 
migration appears to occur In cohorts, WIth neural cells born at or near the same lime migrating at the same 
lime 

Each population of neurons is generated during a distinct period of embryonic or 
foetal life. This period is usually quite short, ranging from a (eo. .... days to a week. Cells born 
of the same cohon can be classified as embryological hornologues. The relationships that 
each cohon of neurons forms with other neurons of the same cohon become very 
important as the system matures. These relationships can be used clinically to gain insight 
into the function of other related homologous systems by stimulating one system of 
neurons and measuring the response of a homologous system through a variety of clinical 
testing procedures (see Embryological Homologous Relationships later in this chapter). 
'me sequence at whidl the cells withdraw from the proliferative pool is well defined. For 
example, in the retina the ganglion cells farthest from the original lurninal zone are 
generated first, followed by the inner nuclear layer, which are in turned followed by the 
pholoreceptors. 'Ilte actual sequence may vary somewhat from region to region; for 
example, the situation in the motor cortex is completely reversed with the deepest cells 
forming first (Fig. 2.8). 

""e process of neurogenesis seems to be highly programmed in both space and time. 
111e process seems 10 progress largely in a vel1lral lO dorsal, and ceIVical to sacral gradient 
(above. down, inside. out). In keeping with this strategy. the malar �J'Slems arising from 
the basal plate located ventrally are generally generated before the sensory systems arising 
from the alar plate. which is located dorsally (Figs 2.9A and 2.98). 

It is now apparent that neurons and glial cells are generated simultaneously. and nOt in 
isolation as was once thought. Glial cells. however, tend to develop and proliferate long 
after neurons have been generated. ,."is is evident in the formation of myelinated axons 
by the proliferation of glial cells subsequent to axon formation. 

In a vast majority of cases the larger neurons of a system are generated before the 
smaller neurons of the same general type in the system. A notable exception La this occurs 
in the mOlor cortex where the smaller stellate cells of the cortex develop prior to the large 
pyramidal cells. The extent to which genetic determination plays a role in the fate of 
individual cells is unknown in mammals but thought likely (0 play a role. 
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Neuronal Migration 

Peripheral Nervous System 
Neural crest and placodal precursor cells migrate along predetennined. but as yet 
molecularly undefined pathways to their various locations in the cranial. spinal, and 
autonomic ganglia. These cells undergo the majority of their proliferation once they reach 
their definitive destinations. There is good evidence to suggest that the nellral phenotype 
of mOSI neural crest cells is largely determined by the regions through which they migrate 
and the location in which they ultimately setde (Sidman & Rakic 1974). 
Neuropathologies can develop when cells migrate: 100 rar or in the wrong direction. 111is 
situation results in the condition referred to as neuronal e:oopias. 

Central Nervous System 
In the cemral nervous system the situation is quite different from the peripheral nervous 
system in that all cells must undergo at least one migratory phase as a rudimentary neuron 
or glial cell before locating to their final destination. The cells of the peripheral nervous 
system are stem cells or immature neurons when they start their migration. "111e 
rudimentary cells have a primitive form of differentiation that identifies the cell as either a 
neuron or a glial cell when they start their migration out of the nuclear zone. The final 
differemiation of the cell occurs throughout its migratory process through interactions 
with the various other cells along its determined pathway and is completed when it 
reacllE�s its final destination through associations with other cells also located there. 

Several aspects oCthe cemral nervous system migratory process are understood. The 
initial impetus for the migration of a ventricular zone neuron occurs when it withdraws 
itself from the cell cycle. The reasons for the withdrawal from the cell cycle are not 
understood. It appears that by the lime a cell withdraws from the cell cycle it has acquired 
a distinct address for its final destination of both cell body and axonal outgrmvths. The 
ceJl moves to its final location via ameboid motion guided by a substratum of radial glial 
cells that extend lengthy processes both the length and depth of the neural tube. It is 
important to note that some cells migrate in non-radial patterns, which are not consistent 
with the radial processes oCthe glial celis, and some neurons migrate beyond the presence 
of the radial glial cell processes. Clearly other as yet to be identified mechanisms are also 
involved. Neuronal ectopias can also develop in the central nervous system for the same 
reasons as previously listed for the peripheral nervous system. 

Neuronal Cytodifferentiation 

Cells of the potential neuraxis that initiate their migration out of the ventricular or 
subventricular zones have achieved a rudimentary form of differentiation in that they are 
destined to become either neurons or glial cells. In the majority of cases, it is only after 
they have migrated to their desired destination and associated with other cells at their 
destination that they undergo their major transformation into neurons or glial cells. 

Once started. the process of neuronal differentiation proceeds through three major 
classes of events, including morphological. physiological, and molecular differentiation. 

Morphological Differentiation 
This process involves the development of a number of different outgrowth processes from 
the neuron cell body that will eventually become the dendrites and axons of the neuron. 
111e process usually begins with the development of a single axon and one or more 
dendritic processes. Initially the outgrowths all look remarkably similar and contain the 
same organelles, including ribosomes that will disappear in the axon processes but remain 
in the dendritic processes as both structures mature. At this point in their development 

they are referred to as neuritcs.lne establishment of the dominate axon seems to be 
dependent on a predetermined polarity thought to be produced by chemical morphogenic 
gradients produced by guide cells and locator cells in the region of the final destination of 
the neuron. These morphogenic gradients may act to induce a certain family of genes 
responsible for the production of growth-associated proteins (GAP). TIlese GAPs are 
involved with the rapid elongation of the axon at a highly specialized structure referred to 
as the growth cone of the axon. Growth occurs through continuous addition of 
cytoplasmic and membrane components supplied by the neuron cell body via 
anterograde axonal transport to the growth cone. ll1is axonal transport can reach velocities 
of up to 200 mm/day. nle axon itself can reach growth velocities of up to 5 mm/day 
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(Cowan 1992). Some axons, such as those of the giant pyramidal cells of BelZ, can grow 10 
over a metre in length! In such cases it could potentially take proteins and transmitter 
substance S-G days to reach the axon terminal. 

'11(� formation of dendrites also occurs at a specialized growth cone structure. 
A general genetic plan for the development of the initial dendritic tree seems to 

determine the original dendritic layout. I lowever, the development and maintenance of 
dendrites in the neuron seems to maintain plasticity and is quite variable throughout life 
with a strong dependence on environmental stimulation determining the dendritic layout 
at any given slage in time. 

Physiological and MoleClllar Differentiation 
'nle cell membrane components necessary for the development of membrane and action 
potential production, including enzymes, transmembrane proteins, gap junctions, and 
specific receptors, do not appear simultaneously in the evolving neuron. 'I"e development 
of these specialized membrane structures seems to follow a specific sequential order of 
appearance and function in most neurons. In the early developmental period when the 
cells are still in the interkinetic nuclear migration cycle in the ventricular zone they 
develop eleClrically coupled (gap) junaions. just prior to leaving the ventricular zone the 
cells undergo an uncoupling of their gap junctions. This uncoupling phase is replaced by 
long-lasting (10-100 I11s) action potentials produced by calcium ion fluxes across the 
membrane. 'me next phase of development is heralded by the appearance of much shorter 
(1-2 ms) sodium-produced action poteJ1lials superimposed over the long-lasting calcium 
aaion potentials. In the final stage of development in most neurons, the calcium slow 
potentials disappear, leaving only the sodium action potentials active in the neuron 
(SpilZer 1981). A complex relationship between calcium and sodium interaction remains 
in most mature neurons with the permeability of sodium across the neuronal membrane 
inversely proportional to the concentration of extracellular calcium. It is not clear why this 
sequence of events occurs in most neurons but it outlines the importance of temporally 
pre-programmed expression of genes in the development of ion-specific protein channels 
so important to the establishment of neuron function. 

'me functional amibutes of a neuron begin by the production of at least one group 
and sometimes several groups of neurotransmitter synthesizing enzymes. l"us a single 
neuron may produce more than one neurotransmiuer. In conjunction with the 
appearance of these specialized transmitter enzymes, enzymes for the production of 
neuropeptides, one or several transmitter receptors prOieins, pro-oncogenes, growth 
factor receptor proteins, insertion proteins, and structural maintenance proteins are also 
produced (Black .. al 1984). 

Establishment of Neuronal Connections and Axonal Pathfinding 
Ilow do the billions of neuronal connections that eventually form come to be? Are they 
formed randomly? Are they formed due to functional environmental input? Are they 
genetically predetermined? Ilow do axons know where to go? 'l11ese are the fundamental 
questions that investigators have been challenged with in neurobiology. As will be seen 
the answers to these questions are very complex and probably involve a combination of 
the above possibilities at variolls phases of neuron development. Let us address each of 
these issues individually before considering a holistic view. 

Is the formation of the multitude of connections in the nervous system random? 
The shon answer is probably not. 111ere is insufficient genetic material in any individual 
neuron to code for all of the neuronal connections that need to develop, breakdown, and 
reform throughout the life of a neuron in a functional ne.rvous system (Kandel et al 1995). 
I lowever, there is a good deal of evidence to suggest that neurons have innate 
predetermined programmes that lay out the basic patterns of connections to be formed 
initially in their development. Little is known about the mechanism of implementation or 
of how the information is actually stored in the neurons. Predetermined connection fields 
develop quite early in some neurons perhaps as early as their positional determination in 
the neural plate is achieved. This is particularly true in neurons developing as retinal cells. 
'nlese cells seem to have developed a positional orientation or map of their location in the 
retina before they start developing their axons which will form the optic nerve. This 
positional orientation is temporally dependent, although initially maintaining a degree of 
flexibility, after a certain time period becomes permanently fixed (Cowan & Hunt 1985). 
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"Tllis same paue:m seems to apply to other areas of the nervous system also. "Ille initial 
neurons in any given location seem to be under the influence of a gross general polarity
based guidance system thal operates throughout the entire body of the developing 
embryo. This general positional system is responsible (or guiding the initial neurons of a 
particular local to their destination. I nitially this system can be altered or reversed if the 
conditions in the location are not optimal. Once the original neurons become established 
they act as guideposts for further infiltration by additional neurons. At a critical point this 
process becomes irreversible and the destiny of each neuron becomes fixed. Ilow these 
neurons determine where they need LO be from a cellular level is again theoretical, but 
may be best explained by the chemoaffinity hypothesis first proposed by Sperry in 1963 
and further developed by Ilunt and Cowan in the 1 990s. 'nlis theory proposes that the 
positional address of these cells becomes coded on the cell membrane in the form of a 
distinct labelling molecule or grouping of molecules that allow neurons 10 differentiate 
between areas of attraction and repulsion. Ine neurons would naturally gravitate to areas 
of altradion and move away from areas of repulsion, eventually arriving in the most 
attractive environment (Sperry 1965). 

How do axons know where 10 go? 
Developing ganglion cells in the inferior nasal portion of the retina send their axons to the 
lateral geniculate body of the thalamus, whereas developing ganglion cells of the superior 
temporal retina send their axons LO the superior collirulus of the midbrain (Fig. 2.10). 
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Fig 2 10 The ganglion cell prOjectIOns to the midbrain and thalamus from the retina Note the anatomical 
relatIOnship between the thalamus and the mldbram 
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Ilow do these neurons know where their respeaive axons are 10 go? In most 
developing embryos the paths taken by axons to their respective destinations is very 
constant and rigidly controlled. Even when axons are experimentally disoriemated they 
still find their way to their target destination. This indicates that axons have some form of 
homing mechanism that allows them to know when they are going in the right direction 
and when they have arrived althe right location. Several mechanisms that allow axons 10 
accurately find their way lO their target destinations have been identifled; these include 
selective axonal fasciculation; axon substrate interactions; axonal tTopisms; and other 
gradient effects. 

Newly formed axons from neighbouring cells often travel tOgether over long disLances 
using some form of axoaxonal connections to communicate. In many cases they follow a 
previously formed guide axon fibre with whidl they communicate in a similar axoaxonal 
fashion. This mechanism is termed axonal fasciculation. 

Axons tend to grow in the direction LhaL follows a selective substrate pathway specific 
for certain axonal membrane receptOrs contained on the surface of their developing axons. 
These molecules or receptors include various integrills stich as fibronecLin and laminin. 
Tropic influences include substances that promote axon growth along a concentration 
gradient. One such factor is nerve growth factor (NGF), which has been shown to exert 
strong grow influences on sympathetic nerve axons to the extent in some cases of causing 
them to change direction (Gundersen & Barrett 1979). 

In light of tile above discussion, it must be pointed out that even in fibre systems that 
seem to show high degrees of topographic order, such as visual systems, individual axons 
often diverge and follow pathways markedly difTerent from those of neighbouring axons 
even when the destination is the same. 

Synaptogenesis 

When the growth cone of an axon comes into close proximity of a postsynaptic cell 
surface at a potential target destination the terminal portion of the growth cone starts 10 
accumulate vesicles. At the same time morphologic changes occur on the pre- and 
postsynaptic membranes that allow the presynaptic transmitter to be recogni7..ed by the 
postsynaptic receptors. Functional synaptic integrity has been observed within minutes of 
the initial contact between an axon growth cone and a target mtlscle at acetylcholine 
(ACh) neuromuscular junctions (Kidokoro & Yeh 1982). Initially the efTect of the 
transmitter on the postsynaptic receptors is Quite variable but as the functionality of the 
synaptic connection becomes stabilized, the action of ACh on the postsynaptic receptors 
results in a progressively shaner opening time of the sodium depolarizing channels until 
a fairly consistent opening and closing time becomes established. 

Initially many more axons form synapses than are present in the mature system. Over 
time and through a variety of mechanisms a ponion of these axons are eliminated. 

"Ille mechanisms utilized LO remove redundant or inappropriate axons are cell death 
and seleaive synaptic elimination. 

Most neuronal systems undergo a phase of substantial neuron death at some phase 
of their development. In most neuron systems about 50% of the initial neurons formed 
undergo cell death. This process usually occurs temporally at the same time that the 
axons of the system have formulated cOntads with their destination areas. This suggests 
that a certain amount of the stimulus for neuron death may actually arise or be 
initiated from the axon destination field through some form of feedback system 
(ilamburger & Oppenheim 1982). The feedback mechanism may be in the form of 
tropic growth facLOrs produced at the destination site tissues. Active competition by 
axons for these growth factors may determine which axons and thus which neurons 
remain alive. In the case of dorsal root ganglion (ORe) cells one such growth faoor 
that has been isolated is neuron growth factor, without which ORG cells cannot survive 
(Levi-Montalcini 1982). 

Not only is there an overproduction of neurons initially but most neurons establish 

many more synaptic connections than are necessary or than they can physically 
maintain. 111is results in a phase of synaptic elimination in most systems. This was first 
recognized at the neuromuscular junctions where in the mature system each muscle fibre 
is innervated by a single axon. Early in development, however, many (6-7) axons may 
innervate a single muscle fibre (Perves & Lichtmann 1980). This same pattern has been 
shown to occur in many other systems including the autonomic system and is now 
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thoughl lO be <I common strategy in most neuronal systems (Perves 1988). It is 
important to point out that axon collaterals may be eliminated bUl lhe parent axon and 
other synapses of the parent axon can remain functional and actually multiply in some 
cases. The most nmable example of this occurs in the cortex. Initially all pyramidal cells 
of lamina V in all cortical areas send axons through the conical spinal lracls, In the case 
of the visual and other inappropriate areas of cortex, the inappropriate axons but not the 
parent cell bodies are eliminated so that only axons from the pyramidal cells of the 

motor and some areas of sensory cortex remain in the cortical spinal tracts at maturity 
(O'leary & Stanfield 1989). 

Whether a particular synapse or axon collateral remains and is not eliminated seems to 
depend on the degree of stimulation generated at the postsynaptic membrane. Synapses 
that generate a response frequently in the postsynaptic membrane develop a stronger 
connection with the postsynaptic region which ensures their continued existence. This 
relationship between stimulation and circuit stability is a form of neural plasticity. 

Neural Plasticity 

Neural plasticity resullS when changes in the physiological function of the neuraxis occur 
in response to changes in the internal or external milieu (Jacobson 1991). Neuroplastic 
changes are stimulated under two basic conditions. 

The first basic condition involves 'normal' physiological change (physiological 
plasticity) in response to changing afferent sensory stimulation from the environment. 
The second condition involves injury.related change (injury·related plasticity) in response 
to damage of areas of the neuraxis through injury or disease. 

Physiological plasticity is involved in such processes as learning and is enhanced in 
situations were the cerebral cortex is still immature such as in early childhood. An 
excellent example of physiological plasticity is the changes that occur in the geniculo· 
cortical connections during the development of the visual system. Neurons in the lateral 
geniculate body of the thalamus projea to neurons in the primary visual cortex, and 
under normal conditions develop equally for both visual fields. I lowever, in the event of 
a decreased visual input from one eye most commonly from injury or strabismus, the 
geniculo-cortical connections from the eye with decreased visual input are weakened and 
the neural projections from the normal eye are strengthened.1nis process can develop to 
the point of complete dominance of the 'nonnal' eye, which becomes permanent after 
a critical point in development. 

Injury-related plasticity is the response of the normal, remaining tissues to the 
demands placed on them following injury or disease. Commonly, the remaining tissues 
will 'take over' some or all of the functions of the damaged tissues over time. This 
concept is important in a variety of treatment approaches utilized in functional 
neurology. A striking example of this type of plasticity is the relative normal 
development of language in young infants who receive damage to their dominant 
hemisphere. In an adult, damage to the dominant hemisphere usually results in 
permanent, severe language comprehension and/or articulation problems. This does nOI 
occur in infants, even with a complete removal of the dominant hemisphere 
(hemispherectomy) if the damage occurs before the age of 3, who will, in most cases, 
develop language skills in a normal fashion. This is the resuh of other brain areas 
changing their own response patterns and taking over the responsibilities of the injured 
areas (Hullenlocher 2002). 

The process of neural plasticity appears to occur through the reorganization of synaptic 
contacts in a neural system in response to changing stimulus in such a way that synapses 
that receive more stimulation become strengthened and those that receive less stimulation 
become weakened (Hebb 1949; Lashley 1951). Not all areas of cortex have the same 
ability to undergo plastic changes. The hard·wired areas of the motor and sensory cortex 
do not respond to the same extent as certain areas of frontal cortex such as those areas 
responsible for higher cortical functions like language, mathematics, musical ability, and 
executive functions. For example, the same left·sided hemispheric injury described above 
in an infant that did not result in language difficulties will still result in right·sided 
paralysis or weakness. 
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Embryological Homological Relationships 

In the application of functional neurology the concept of embryological homological 
relationships between neurons born at the same lime frequently needs to be taken into 
consideration. 

The term embryological homologue is used to describe the functional relationships that 
exist between neurons born at the same lirne in the cell proliferation phase of development 
Cells born at the same time along the length of neuraxial vemricular area develop and retain 
synaptic contact with each other, many of which remain in the mature functional state. This 
cohort of cells that remain functionally connected after migration results in groups of 
neurons that may be unrelated in cell type or location but have an increased probabil ity of 
firing as a functional group when one member of the group is brought to threshold. The 
following three examples illustrate the concept. 

ORe cells deteaing joint mOlion and muscle contraction maintain synaptiC connections 
with the postsynaptic neurons in the sympathetic ganglia controlling blood now to the 
homonymous joints and muscles. This ensures that the appropriate alterations in blood 
now occur to support the actions of the muscles and tissues involved in the movement. 

Another example includes the motor column of the cranial nerves III, IV, VI, and XII in 
the brainstem. 111is mid-line motor column responds functionally as a homologous 
column, in that alterations in function in one area, eye movement, can also be deteded in 
other areas such as tongue movement. 

A third example involves the neurons in the hippocampal formation and parahippocampal 
gyrus in the medial temporal lobe. During embryological development the neurons that 
originally were born side by side undergo an elaborate series of folding, resulting in neurons 
that are physically in different areas (Fig. 2. 1 1 ). These neurons maintain their original synaptic 
connenions and innuence the central integrated state of the others in the functional group 
(Fig. 2. 12). This neuraJ drcuit is involved in the development of memory. 

Development of the Vertebral Column 

During the fourth week of development cells of the sclerotomal tissues surround the 
spinal cord and the notochord. Areas of mesenchymal tissue embedded in the sclerotomes 
develop into intersegmental arteries of the spine. 

As this development continues, the caudal portion of each sclerotomai segment 
proliferates extensively and condenses. This proliferation is so extensive that it binds the 
caudal portion of one sclerotome to the cephalic portion of the subjacent sclerotome. 

A portion of mesenchymal tissue does not proliferate, but remains in the space 
between the sclerotomal development and results in the formation of the intravertebral 
disc. Embedded still more centrally is the remnant notochordal tissue, which eventually 
develops into the nucleus pulposus, which is later surrounded by circular fibrous tissue, 
the annular fibrosis (Sadler 1995) (Fig. 2.13). 

A variety of spinal anomalies arise from the abnormal development or closure of the 
neural tube and/or fusion of the posterior aspects of the vertebral bodies. These anomalies 
include spina bifida occulta, spina bifida vera, diastematomyelia, and tethered cord 
(Guebert et al 2005). The term spinal dysraphism refers to a variety of conditions in which 
the posterior aspects ohhe first or second sacral segments are involved. 

Spina Bifida Occulta 

Spina bifida occulta is a defect of the posterior arch of a vertebrae in which one or the 
other of the developing pedicle segments fails to fuse to form the spinous process. In  
spina bifida occulta failure of  the arch formation does not affecl the development of  the 
thecal sac or its contents. The mOSt common areas of the spine involved are the 
lumbosacral areas. Clinical manifestations of spina bifida occulta usually only become 
apparent sometime after birth and include back pain, increased incidence of disc 
herniation, and spondylolisthesis (Fidas et al 1 987; Avrahami et al 1 994). Although 
neurological manifestations are rare, a number of conditions have been associated with 
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Intersegmental artenes. and segmental nerves (B) Condensation and proliferation of the caudal half of the 
subjcKent sclerotome Nole the appearance of the Intervertebral dLSCS. Note the posl{l()(I of the arrows In (Al and (8) 
«) Precartilaginous vertebral bodies are formed by the upper and lower halves of two SUCCessIVe sclerotomes, and 
the Intersegmental tISsue Myotomes bndge the Intervertebral discs and. therefore, can move the vertebral column 

spina bifida occulLa. These include low termimHion of the conus medullaris (tethered cord 

syndrome), syrinx formation, lipoma, nerve root adhesions, and conjoined nerves (Ciles 
1 9 9 1 ;  Gregerson 1997). 

Spina Bifida Vera 

In situations involving spina bifida vera there is a wide bony defect in the posterior arch 

development of usually more than one vertebrae. The thecal sac and its coments are 

usually also involved and protrude beyond the confines of the spinal canal. There is some 
evidence 10 suggest thai an adequate supply of folic acid during this critical period of 
development can prevem this type of condition. Failure of fusion of the posterior arch to 

the degree necessary to result in spina bifida vera must take place in the period of the 21 st 
to 29th foelal day. Unfortunately, this is a period in which most women do not realize 

they Me pregnant; thus to be effective supplementation with folic acid muSI begin prior to 
conception. I lernialion of the fluid·fil led sac thai contains cerebral spinal fluid is called 

meningocele. When protrusion includes the meninges, cerebral spinal fluid, and neural 
elemenls, it is called a myelomeningocele. When neural elements prOtrude without thecal 
covering. it is called a myelocele (rigs 2 . 1 4A and 2.1 4B). Myeloschisis refers to the 

presence of complete uncovering of the neural elements along a saginal midline defect 
that involves bone, thecal sac, and all posterior tissues (Cuebert et al 2005) ( Fig. 2. 15). 
Failure of closure of the caudal neuropore results in absence of the cranial vault with the 
cerebral hemispheres either completely missing or reduced to non-functional masses. 
condition is referred to as anencephaly ( Figs 2. 1 GA and 2. 1 GB). 

Fig 2 1 4 (A) The different variations of spma blflda vera There IS a Wide bony defecl ln the posterior arch development of usually more than one 
vertebrae The thecal sac and Its contents are usually also Involved and protrude beyond the confines of the spinal canal (B) The appearance of spina 
blflda vera In an Infant 
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CraniorachischisIs 

Fig. 2.15 Myeloschisis. 

Entire neural tube 
remains open 

Fig. 2.16 Failure of the caudal neuropore to close. (A, 8) thIS condition results in absence of the cranial vault With 
the cerebral hemispheres either completely missing or reduced to non·functlOnal masses. This conditIOn IS referred 
10 as anencephaly. 
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Introduction 

For neurons, altering gene expression in response to extracellular signals is a fundamental 
process; thus the biochemical and physiological changes that Derur in neurons during the 

variety of activities experienced in a lifelime are largely a result of gene activation and 
suppression by signals received via receplOr systems from the environment. The receptors are 
specialized structures present on the surface of the bilaminar neuron plasma membrane that 

respond in a specific manner when a structurally specific compound or ligand binds to them. 

Activation of these receptor systems occurs via a variety of signal-specific chemical 

lransminers such as hormones, cytokines, neuropeptides, and neurotransmitters. These 
eventually modulate the activation (increase in lIanscriptional activity) or the inhibition 

(decreased transcriptional activity) of specific genes in the neuron through various types 
of synaptiC transmission. 

Synaptic transmission has been conceptualized as a set of processes by which 

neurotransmitters, acting through their receptors, cause changes in the conductance of 
specific ion into and out of the neuron to produce excitatory or inhibitory postsynaptic 

potentials. However, it has become evidem that neurotransmitters elicit diverse and 

complicated effects in target neurons. This has led to the development of a much more 
complex view of synaptic transmission (Huganir & Creengard 1990). 

Activation of receptors can also modulate other activities of the neuron such as glucose 

uptake and consumption rates, oxygen utilization, neurotransmitter production, and 
enzyme concentrations. 

Phenotypic and Functional Development of 
Neurons is Accomplished through Genetic lineage 
and Environmentally Induced Gene Activation 

The initial modulation of genetic events by the environment takes place during the 

differentiation of stem cells into neurons. Neurons are neurons because they produce the 

proteins and enzymes necessary to carry out the functions of neurons. They can 

manufacture axons and dendrites because they are rich in tubulin and microtubule-

QUICK FACTS 1 The Five Main Cellular Organelles 
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Mitochondria 

• Metabolize oxygen during cellular respiration to produce ATP for energy. 

• Involved in the citric acid cycle and electron transport chain. 

• Derived from symbiotic bacteria early in evolution? 

Goigi Apparatus 

• Involved in protein synthesis and packaging. 

• Intracellular and extracellular (secretory) protein packages. 

Endoplasmic Reticulum 

• Rough (bind with ribosomes) and smooth ER. 

• Protein synthesis, lipid metabolism, and calcium storage. 

Peroxisomes 

• Contain oxidative enzymes, which means that they use oxygen to strip 

hydrogen from specific molecules to detoxify waste or toxins. This produces 

HJOJ (also a powerful oxidant), which is decomposed by catalase. 

Nucleus 

• Contains DNA. 
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associated proteins (Black & Baas 1989). They can maintain a membrane potential that 
varies within a specific range of values depending on the environmental circumstances 
because they manufacture gated plasma ion channels (Hess 1990). They can communicate 
with other neurons because they have neurotransmitter-specific enzymes to produce 
neurotransmitters (Snyder 1992). In other words, all or most of me necessary funClions of 
a neuron are made possible by the activation of the genes mal code for the proteins 
necessary to subserve those functions and the suppression of those genes that do not. 

The gene repenoire available for transcription in a neuron is determined by the 
lineage of the neuron and the stage of commitment and differentiation that the neuron 
has achieved (Van den Berg C 1986; Pleasure 1992). There are usually temporally and 
environmentally dependent branch points in the development of a neuron lineage that 
can determine a panicular course of differentiation or development that the neuTOn 
will take (Lillien & Raff 1990). For instance, during one critical phase or branch point 
in the development of a neuron the type of neurotransmitters that the neuron will be 
producing is determined by the environment in which the axons have come into 
contact. The determinant factors encountered by the axons are transported via 
retrograde axonal now to the nucleus where the Signals are interpreted and the 
appropriate genes activated to manufacture the enzymes necessary to produce the 
specific neurotransmitters signalled for. 

Environmental Stimulus is Conveyed to the 
Nucleus of the Neuron via Specialized Receptor 
Systems on the Membrane 

The plasma membrane of a neuron is essential for the survival of the neuron. It encloses 
the cell and maintains essential differences in composition and ion concentrations 
between the cytosol of the neuron and the external environment. The plasma membrane 
is essentially composed of proteins noating in a thin bilayered lipid structure held 
together by non-covalent interactions. This unique structure forms a relatively 
impermeable barrier La the passage of most water-soluble compounds. Some of the 
proteins in the lipid bilayered structure act as structural suppon, while others act as 
receptors and transducers that relay information across the membrane about the neuron's 
environment (Fig. 3.1). Proteins that span the membrane usually assume an ex-helical 
structure as they pass through the lipid portions of the membrane. This configuration is 
the most thermodynamically stable, due to interactions with the polar peptide bonds of 
the polypeptide and the hydrophobic nature of the lipid environment. The 
transmembrane ponion of the protein can pass through the membrane only once, 
resulting in a single-pass transmembrane protein, or multiple times, resuhing in the 
formation of a multipass transmembrane protein (Fig. 3.2). Multipass transmembrane 
proteins can form channels in the membrane that can be regulated by a variety of 
mechanisms (Albens et al 1994). Some channels are intimately associated with 
specialized proteins that act as receptors. rille neuron has specific receptor proteins for 
a variety of chemical compounds known as transmitters. 

All receptors for chemical transmitters have three things in common. 

1. They are membrane-spanning proteins in which the external ponion of the protein 
recognizes and binds a specific neurotransmitter. Some common neurotransmitters 
include acetyldloline (ACh), norepinephrine (NE), epinephrine (E), serotonin or 
5-hydroxytryplophan (5-HT), and dopamine (OA)_ 

2. They carry out an effector function within the target cell. This function may 
include regulation of specific ion channels, release or activation of second 
messenger compounds, or modulation of activity levels of intracellular enzymes. 

3. It is the receptor that determines the action of the transmitter based on the activity 
it produces inside the cell. This is an important point to remember. Many 
neurotransmitters are classified as excitatory or inhibitory to certain cellular 
funClions; however, it is the internal wiring of the receptors that determine the 
response of a transmitter. For example, acetylcholine has an inhibitory or slowing 
effect on the hean rate but an excitatory effect on skeletal muscle. 
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I 
T }Upid 

bilayer 

Protein molecule 

Fig 31 A diagrammatic representatIOn of a cell membrane. This IlIustratlOll shows the bIIamlnar nature of the 
membrane with the phospholipids molecules (red) aligned With the phosphate heads, which are hydrophilic positioned 
on the external and Internal portIOns of the membrane and the fatty aCId portIOns of the molecules forming the 
Internal area of the membrane The large proteins (green) float In the phospholipid membrane With some of the 
protems transversmg the membrane and others only exposed to the inSIde or the outside of the membrane 

Receptors can be Either Directly or Indirectly 
linked to Ion Channels 

These twO different rypes of linkage are determined by IWO different genetic programming 
families of receptors. 

Receptors that gate ion channels directly are called inotropic receptors. Upon binding 
of a lransmitter, the receptor undergoes a conformational change lhat allows the ion 
channel to open. The receptor is pan of the same molecular structure lhat composes the 
channel. The activation of inotropic receptors produces fast synaptic actions (milliseconds 
in duration), e.g. ACh receptor at the neuromuscular junction (Fig. 3.3). 

Receptors that indirectly gate ion channels are called metabotJOpic receptors. These 
types of receptors act through a special series of interlinked proteins called G-proteins. 
C-proteins are so-named because of their ability to bind the guanine nucleolides, 
guanosine triphosphate (CfP), and guanosine diphosphate (GOP). Four major types of 
G-proteins are involved in lransduction of signals produced by neurotransmitter binding.. 
Gs, Gilo, Gq, and G 12, and multiple subtypes exist for each. 

QUICK FACTS 2 The Four Components of a Nerve Cell's BehaVIOur 
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1. Input signal 

2. Trigger signal (sudden Na" influx) 

3. Conducting signal (regenerating) 

4. Output signal (releases neurotransmitter) 

These behaviours correspond to three types of potentials. 

1. Receptor potential 

2. Synaptic potential 

3. Action potential 
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A 2 

Fig 3 2 (A) Proteins that span the membrane usually assume an a-helical structure as they pass through the 
lipid portions of the membrane. ThiS conflgurallOn IS the most thermodynamically stable. due to Interactions 
With the polar peptide bonds of the polypeptide and the hydrophobic nature of the lipid environment The 
transmembrane portion of the protem can pass through the membrane only once, resulting In it smgle-pass 
transmembrane protem, or multiple limes, resulting in the formation of a multipass transmembrane protein 
(B) A tYPIcal Single-pass transmembrane protein. Note that the polypeptide cham transverses the lipid bilayer as 
it flghl-handed Q helile and that the oligosaccharide chains and disulfide bonds are on the noncytosohc surface 
of the membrane Disulfide bonds do not form between the sulfhydryl groups In cytoplasmIC domain of the 
protem because the reducmg enVIronment m cytosol malntams these groups m their reduced (-SH) form 

Activation of these types of receptors often activates a second messenger such as cyclic 
AMP (cAMP) or diacylglycerol in the cytoplasm of the neuron. Other prominent second 
messengers in brain include cyclic GMP (cGMP), calcium, phosphatidylinositol (PI), 
inositol triphosphate (IPI), arachidonic acid, and nitric oxide (NO) (Duman & Nestler 
2000) (Fig. 3.3). 

Many second messengers then act on a variety of intracellular kinases or enzymes to 
promote or inhibit cellular functions. Such intracellular processes can produce rapid 
changes in neuronal function such as changes in ionic conductance across the membrane. 
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Fig. 3.3 The Cltn( acid cycle. The mtermediates are shown as the free acids, although the carboxyl groups are actually ionized. Each of the Indicated steps 
IS catalysed by a different enzyme located In the mltochondnal matrix. The t\W carbons from acetyl CeA that enter this turn of the cycle (shadowed In red) 
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remains protein·bound as part of the succiMte dehydrogenase complex in the mitochondrial inner membrane; this complex feeds the electrons acqUIred 
by FADHj directly to ubiqUinone. 
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These second messenger processes can also produce short- to medium-term modulatory 
effects on neuronal function, such as regulation of the responsiveness of the neuron to the 
same or different neurotransmitters (transmitter modulation) via changes in receptor 
sensitivity. Relatively long-term modulatory effects on neuronal function, including 
changes achieved through the regulation of gene expression, can also be regulated by the 
actions of second messengers on other intracellular components called third messengers. 
Such changes can last seconds to minutes and include ahered synthesis of receptors, ion 
channels, and other cellular proteins, or for much longer periods ultimately resulting in 
forms oflearning and memory (Fig. 3.4). 
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cAMP pa1liway ca* pathway 

Fig. 3 4 This diagram Illustrates two different pathways that are stimulated via receptor activation and also 
utilize membrane-bound G-protelns to activate their second messengers. The square molecule activates a 
cascade Involving Ca" Ions as the second messenger The teardrop-shaped molecule activates a cascade utllizmg 
cAMP as Its second messenger 

Free Levels of Intracellular Ca» can Act as 
a Potent Second Messenger in a Number of 
Different Pathways 

Under normal conditions the intercellular concentration of free Ca" ions is under stria 
regulatory control. Receptor activation can result in increases in fTee intercellular Ca" ion 
levels in twO different ways involving two types of medlanisms that operate to different 
extenls in different cell types. NeurotransmiLter receptor activation can alter the flux of 
extracellular Ca" ions into neurons or can regulate release of Ca" ions from intracellular 
stores. Once released, Ca" ions can exen multiple actions on neuronal function via 
intracellular regulatory proteins. Receptors can directly regulate the conductance of 
specific vohage-gated Ca" channels via coupling with G-proteins. In addition, activation 
of other second messenger systems can alter ea" channel conductance. Depolarization of 
a neuron by any means will activate voltage-gated ea" channels, which will lead to the 
nux of ea" into the cells. Finally, extracellular ea" can pass through some ligand-gated 
channels, such as the nicotinic cholinergic and glutamate N-methyl-o-aspanate (NMDA) 
receptors (Duman & Nestler 2000). 

The Structure of Chromatin can Regulate Gene 
Transcription Induced by Receptor Stimulation 

In human neurons, DNA is contained in the nucleus of the cell. 'me nucleus is also the 
site of DNA replication and transcription. Chromatin is formed from subunits of 
nucleosomes, which are chromosomes intimately associated with histone proteins. 
A chromosome is composed of extremely long molecules of DNA. The DNA not actively 
involved in transcription processes is stored in supercoiled structures that drastically 
reduce the space requirements in the nucleus for the storage of DNA. Chromatin is not 
only structurally imponanl in this storage role but also acts in the regulation of gene 
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expression by inhibiting transcription factors access to binding sites on DNA. Activation of 
a gene requires that the chromatin or nudeosomal structure be modified to allow the 
binding of regulatory proteins to the appropriate subset of genes. 111is is accomplished by 
a specialized group of proteins referred to as activator proteins thaL remodel the 
chromatin and expose core promoter sites on the appropriate genes. This permits the 
binding of yet another complex of proteins called generallranscriplion factors to the core 
promoter site on the DNA. rrllis complex of general transcription factors can then recruit 
and bind with RNA polymerase to enter the transcription initiation phase of the 
replication process (Workman & Kingswn 1998). 

The process of transcription can be divided into three steps: initiation, elongation, and 
termination. Regulation of gene expression can and does occur at each of these steps in 
the neuron; however, the transcription initiation phase seems to be the most highly 
regulated step involving extracellular signalling mechanisms. 

In humans, three different types of RNA polymerases, I, II, and III, are involved with 
the transcription of different types of DNA. Polymerase I is involved in the transcription 
of ribosomal RNAs (rRNA). Polymerase II is involved in the transcription of messenger 
RNA (mRNA) and another subset of RNAs known as snRNA, which are involved in 
splicing RNA segments. Polymerase I I I  is involved in the transcription a number of 
smaller RNA types including transfer RNA (tRNA) (Struhl 1999) (Fig. 3.S). 

In humans the expression of highly complex genes requires that additional 
transcriptional activators are necessary for the transcriptional process to funClion. These 
additional transcriptional activation complexes are referred to as functional regulawry 
elements or transcription factors that bind to specialized sites within the structure of the 
gene. These functional lranscription factors determine the unique pattern of expression 
for each gene, both in the normal course of development and in response to 
environmental stimuli. Aspects of gene expression under the cOlllrol of various 
transcription factors include the cell type in which the gene is expressed, the time during 
developmelll when the gene is expressed, and the level to whidl it will be expressed 
(Collingwood et al 1999). 

Several families of transcription factors as well as several modes of activation or 
inhibition of these faaors have been identified. For example, the cAMP response element 
binding protein (CREB) family of transcription factors activate transcription of genes to 
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Fig 3.5 This Illustrates the negative and positive regulatory processes modulating tranSCription polymerase 
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which they are linked when they are phosphorylated by cAMP-dependent protein kinase 
(protein kinase A). Protein kinase A is activated in the presence of cAMP (De Cesare & 
Sassone-Corsi 2000). 

The CREB family of transcription factors can also be activated by other second 
messengers such as ea" bound by calmodulin that can activate a variety of protein kinases 
upon entering the nucleus of the neuron. These kinases can in lum phosphorylate CREB. 

resulting in the activation of transcription of the specific CREB-linked gene (Nestler & 
I lyman 2002). 

Dissemination of the Receptor Stimulus 
Throughout the Neuron 

-me environmental stimulus-whether it be a growth hormone. a neurotransmitter, or a 
hormone-must gel its signal from the receptors on the neuron cell membrane to the 
transcriptional controlling (actors in the nucleus in order (or production of the necessary 
proteins that it calls for. 

Some signalling molecules such as hydrophobic hormones (glucocorticoids, 
oestrogen, and testosterone) can gain direct access 10 the nuclear apparatus by their 
lipid-soluble chemical structure that allows them the ability to transverse the highly 
hydrophobic bilayered lipid plasma membrane dependent mainly on their 
concentration gradients. These hormones then bind with intracellular hormone 
receptors that carry them through the cytoplasm and across the nuclear membrane 
where they bind and alter the conformation of transcriptional factors (Evans & Arriza 
1989; Lin et al 1998). 

Other signalling molecules such as Ca-· ions gain access through specific ion channels 
present in the neuron plasma membrane (I-less 1990). 

I>rotein hormones, growth factors, peptide neuromodulators, and neurotransmitters 
must aa on their transcription protein targets indirectly by either inducing a change in 
a transmembrane protein channel related to their receptor proteins (Lester & Jahr 1990) 
or by inducing a change in linked intra membrane proteins. Changes in these linked 
intramembranous proteins called C-proteins eventually result in the release of 
intracellular ions or the generation of intracellular second messenger such as cAMP, 
diacylglycerol, and inositol triphosphate (Berridge & Irvine 1989; Huang 1989), which 
then activate directly or through other intermediates the transcription factors in the 
nudeus such as CREB (Fig. 3.6). 

Gene Expression QUICK FACTS 3 

• Gene regulatory proteins or transcription factors are activated in the cytosol 

by second messengers and secondary eHectors. This follows the activation of 

membrane receptors by neurotransmitters and peptides, and changes to 

intracellular ion concentrations. 

I · Immediate early gene responses can occur within nanoseconds of cell 

activation and represent a learned response of the cell. They can lead to 

protein synthesis or activation, and can also trigger transcription within the 

nucleus of the cell. 

• DNA code is transcribed to produce a single mRNA molecule, which then 

leaves the nucleus via nuclear pores. 

• mRNA passes this code to a ribosome, with the help of rRNA, which reads the 

base-sequence of the mRNA and translates the code into an amino acid 

sequence. 

• tRNA transfers the appropriate amino acids in the cytosol to their designated 

site in the sequence being formed by the rRNA. 
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The number of known second messengers is still relatively small. Response specificity is 
achieved through one of the following methods: 

• Temporally and spatially graded rises in second messenger levels (Berridge & Irvine 
1989); 

• Recruitment of various combinations of second messengers after a single stimulus 
(Nishizuka 1988); or 

• Regional variations in the imracellular targets on which the second messengers act 
(Nishizuka 1988; Huang 1989). 

Prolonged activity of second messengers can lead to a variety of damaging effects on a 
neuron, ranging from inappropriate: activity to transformation and cell death. -nlis has 
resulted in the formation of a variety of regulatory mechanisms in the neuron to control 
the concentration and temporal activity of second messengers. Most commonly, the 
second messengers are sequestered by intracellular proteins, or degraded by intracellular 
enzymes within milliseconds of release in the neuron (Boekhoff et al 1990). Because of 
their size and short span of activity second messengers are limited in their ability to act 
over the long term and limited in their specificity for precise and effective modulation of 
protein transcription. These shortcomings have led to the search for a third messenger 
system within the neuron that can function very speCifically and over long periods to 
modulate gene expression. 

Muhip\e phosphoproleins 
(lhird messengers) 

& 
Muhiple physiological 

responses 

FOS·like 
proteins 

CREB-I�e 
proteins 

T argel genes 
e.g.: Ion channels 

receptors 

Nucleus 

intracellular signaling 
cy10skeletal proteins 
synaptic vesicle proteins 

Adapl�e changes 
in neuronal function 

Fig 36 Several families of transcription factoo as well as several modes of actIVation or InhibitIOn of these factors 
have been Identified For example. the cycliC adenOSine monophosphate (cAMP) response element-binding (CREB) 
protein family of transcription factors activate tranSCflptlOn of genes to whICh they are hnked when they are 
phosphorylated by cAMP-dependent protein kinase (protein kinase A). Protein kinase A IS actIVated In the presence 
of cAMP The (REB family of tranSCription factors can also be activated by other second messengers such as Ca" 
bound by calmodulin that activates a variety of protein klnases upon entering the nucleus of the neuron, These 
klnases In turn can phosphorylate (REB. resultmg In the activation of tranSCrIption of the speCific (REB-hnked 
gene. The CREB family of transcription factors can act directly on target genes or via {os-like proteins 
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Extracellular Signals Result in Activation of 
a Third Messenger System Coded for by 
Immediate Early Genes 

lbird messengers are group of nuclear proteins known as translational factors that are 
induced by a variety of extracellular signals. These proteins bind to specific nucleotide 
sequences in the promoter and enhancer regions of genes (Mitchell & 'Tjian 1989). The 
third messengers are coded by immediate early genes (lEGs) also referred (0 as primary 
response genes or competence genes. lne proteins encoded for by immediate early genes in 
concert with other transcriptional factors exert powerful excitatory or inhibitory effects on 
the initiation of RNA synthesis (Pleasure 1992). Many of the lEGs were initially recognized 
because they are the normal nuclear homologues of transforming relroviral oncogenes, 
which are the class of gene released by viruses immediately upon entering a host cell. 

The most fully studied lEG is c-fos. The c-Ios gene has three binding sites for CREB and 
is activated by neurotransmitters or other stimuli that stimulate the production of cAMP 
in the neuron (Ahn et al 1998). Changes in the tertiary strudure of c-fos gene are 
detectable within one minute after cell stimulation, first appearing in regulatory regions of 
the gene and then propagating to decoding regions of the gene.lhe half-life of the c-Ios 
gene and the protein it codes for are very short in the range of 20-30 minutes. This lime 
frame of activation is much shorter than other proteins of a structural or enzymatic nature 
but is many orders of magnilUde greater than the half-life of the second messengers. 

Fine-tuning of the effects of third messengers is accomplished through a complex 
network of comrols. Since there are now ove.r a hundred lEGs and corresponding proteins 
COnll)osing third messengers a very complex matrix of interactivity which would allow 
complicated but minor variances in linear and temporal combinations of third 
messengers for various functions can be developed (Peuersson & Schaffner 1990; Ptashne 
& Gann 1990) (Table 3. I). For example when los binds [0 DNA as a heterodimer complex 

How Are Neurons Stimulated? QUICK FACTS 4 

Answer: Receptors 

• A receptor converts an impulse of energy into an electrical impulse that 

travels along the nerve. 

• They are derived from mesoderm-therefore, they do not need to be 

activated in order to stay alive, as is the case with nerve cells. 

• The receptor potential is the first representation of an internal or external 

event to be coded in the nervous system. 

Features of Receptor Potentials QUICK FACTS S 

• It is graded (depending on intensity and duration) and unpropagated 

(amplitude decreases progressively) and needs to be amplified; thus the initial 

response of a receptor is its greatest. 

• Degradation occurs quickly due to Na' being drawn out, but the receptor 

potential may trigger an action potential due to the higher concentration of 

voltage-gated sodium channels where the axon meets the receptor. 

• There is a one-to-one relationship between the environmental stimulus and 

the receptor potential. 
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Table 3.1 Diversity of Pro-oncogenes Thus Far Discovered 

Class Proto-oncogene nomenclature Homologue 
Receptor ligand C-SIS PDGF 8 chain 

Int-2 Basic·FGF·like 
hst FGF-Jike 

Transmembrane tyrosine c-erbB EGF receptor 
kinases c-fms (SF ·1 receptor 

neu (c-erbB-2) EGF receptor-like 
trk. trkB. trkC Neurotrophin receptors 
(-met Insulin receptor-like 
(-kit W locus gene 
(-fOS Insulin receptor-like 
c-seo.l Insulin receptor-like 

Membrane-associated tyrosine CoS"� 

kinases hek 
(-db/ 
(-yes -1 and ·2 
c-fgr 
c-fek 
c-(ps/fes 
I., 
flk 
flk 
Nyn 
c-fyn 
c-slk 

Iyn 
Non-tyrosine kinase receptors mas Angiotensin receptor 

SerineJthreonine kinases c"df·, 
comas 
pim-, 

G-protein-like c-Ha·ras 
c-Kj-rols 
c-N·ras 
rab(l �) 
ypt·1 
,ho 
smg 

Signal transduction enzymes "k Phospholipase (·Iike 

Nuclear proteins c·ski 
c-elbA Thyroid hormone receptor 
moA and 8 
ets -1 and ·2 
c-myb Related to NFkB 
mybA and 8 

Zinc finger proteins gfi Related to krueppel 
gr-1and -2 Related to krueppel 

leucine zipper protein c·(os 
fra -1 and-2 AP ·1 complexes 
(058 
c-jun. -B.-O 

Helix-loop-helix (-myc 
N-myc 
l-myc 

• Reproduced with permission from Discussions In Neuroscience. 7(4) (August 1991). Elsevier Science 
Publishers BV 

with another third messenger protein called jun the transcription of the target protein
usually tyrosine hydroxylase, neurotensin, neuromedin. or a proenchephalin-is 
dramatically increased (Gizang-Ginsberg & Ziff 1990; Kislauskis & Dobner 1990). 
However when/os binds to DNA on its own it inhibits the transcription of c·/os. its coding 
gene (Gius el al 1990). 
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The fos Family of Genes may Act as a Molecular 
Switch within the Neuron 

Under resting conditions the concentration of c-Ios mRNA and protein in the neuron are 
extremely low, but c-fos expression can be dramatically increased by a variety of stimluli 
(Correa-Lacarcel el al 2000). For example. experimental induction of a grand mal seizure 
causes marked increases in c-fos mRNA within the brain within 30 minutes and induces 
the formation of c-fos protein within two hours (Sonnenberg et al 1989). lhe fos-I ike 
proteins are highly unstable and return to normal values within 4-6 hours. 
Administration of other substances such as cocaine or amphetamine causes a similar 
pattern of expression in the striatum (Craybiel et 31 1990; Hope et 31 1994). With repealed 
activation, the c·Jos family of genes become refractory to the stimulus, and other isoforms 
of theJos proteins which express very long half·lives in brain tissue are expressed and 
accumulate in specific neurons in response to repeated stimulus (Pennypacker et al 1995; 
Chen el al 1997). The accumulation of these proteins remains in the neurons long after 
the stimulus has ceased. TIle prolonged presence of thefos·like proteins may au as a 
molecular switch inside the cell, shutling off or modulating responses to repeated 
stimulus. The true functional significance of the sustained presence of these Jos·like 
proteins in neurons remains unknown but may have a mediating effect on the 
development of various striatal·based movement disorders (Kelz & Nestler 2000). 

We will now look at a variety of receptors and their respective neurotransmiuers. 

Acetylcholine (Cholinergic) Receptors 

Acetylcholine is essential for the communicat.ion between nerve and musde at the 
neuromuscular junction. ACh is also involved in direct neurotransmission in the 
autonomic ganglia and is also active in conical processing. arousal and attention activity 
in the brain (Karczmar 1993) (Fig. 3.7). 

Spatial and Temporal Summation QUICK FACTS 6 

Spatial summation refers to the cumulative effect of inputs from multiple 

pre·synaptic sources on a single cell occurring at the same time. 

Temporal summation refers to the cumulative effect of multiple inputs prior to 

the degradation of previous inputs. The impulse from a neuron is provided faster 

than its rate of degradation. 

Cholinergic transmission can occur through C·prolein coupled mechanisms via 
muscarinic receptors or through inotropic nicotinic receptors. The activity of ACh is 
terminated by the enzyme acetylcholinesterase, whidl is located in the synaptic defts of 
cholinergic neurons. To date, seventeen different subtypes of nicotinic receptors and five 
different subtypes of muscarinic receptors have been identified (Nadler et al 1999; 
Picciano el al 2000). 

Cholinergic, nicotinic receptors are present on the postsynaptic neurons in the 
autonomic ganglia of both sympathetic and parasympathetic systems. Cholinergic, 
muscarinic receptors are present on the end organs of postsynaptic parasympathetic 
neurons and expressed on a variety of neurons in the brain. 

Cholinergic, nicotinic receptors are also presem at the neuromuscular junctions of 
skeletal muscle. 
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Fig 3 7  The binding of ACh In a postsynaptIC muscle cell opens channels permeable to both N.J' and K' The flow 
of these Ions Inlo and out of the cell depoIarizes the cell membrane. producmg the end-plate potential. The 
depolanzatlOn opens nelghbounng voltage-gated N.J' channels In the muscle (ell To !rigger an dctlon potential, 
the depolarIZation produced by the end-plate potential must open a suffiCient number of Na' channels to exceed 
the cell's threshold 

Adrenergic Receptors 

Physiologically. the adrenergic receptors bind the catecholamines norepinephrine 
(noradrenalin) and epinephrine (adrenalin), These receptors can be divided into two 
distinct classes. alpha- and beta-adrenergic receptors. 

Traditionally. the alpha-adrenergic receptOrs have been divided into two well
recognized subclasses. alpha- I and alpha-2 receptors. It is now known that both of these 
subclasses have as many as three funher derivatives. 

Npha-l receptors have been demonstrated. based on both radioligand and 
pharmacological data. in the liver, hearl. vascular smooth muscle, brain, spleen, and other 
tissues. NI of the derivatives of alpha-! receptors are related to C-proteins and coupled to 
distinct second messenger systems controlling intracellular Ca" levels and are able to 
mobilize ea" from intracellular stores as well as increase extracellular Ca" entry via 
voltage-galed Ca" channels. 

Alpha-2 receptOrs have been demonstrated in wide areas of the central nervous system 
(CNS) including multiple nuclei oflhe brainslem and pons, the midbrain, the 
hypothalamus. the septal region, amygdala, olfactory system, hippocampus, cerebral 
cortex, spinal cord. and cerebellum and in many neuroendocrine cells (Wang ct al 1996). 
Alpha-2 receptors are mediated by the CTP-binding proteins subfamily and affect three 
different routes of inhibitory activation: 

• Inhibition of adenyl cyclase and thereby inhibit the production of cAMP; 

• Suppression of voltage-activated calcium channels, thus reducing the now of 
extracellular ea" into target cells; and 

• Increased conductance or K' ions through the membranes of target cells. 

All three of these activities (inhibition of adenyl cyclase. suppression of voltage-sensitive 
calcium channels, and stimulation of potassium channels) can contribute to the 
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inhibition ohile targel cell, and to reduction of neurotransmitter release in neurons or 
hOTmone release in neuroendocrine cells (Langer 1974). 

lne bCla.adrenergic receptors have three well-recognized subclasses: bela-l, beta-2, and 
beta-] receptors. All three subtypes are coupled to adenyl cyclase activation via stimulatory 
G-proteins (Ilames 1995). 

Bela- J and -2 receplors have been demonstrated in the lungs, including airway smooth 
muscle, epithelium. cholinergic and sensory nerves, submucosal glands. and pulmonary 
vessels. and are also found in the hean; here beta-l receptors are predominantly in the 
myocytes, while the beta-2 receptors are on innervating neurons. Bela-2 receptors are also 
present in saphenous vein, mast cells, macrophages. eosinophils, and T lymphocytes 
(Ruffolo et al 1995). Beta-3 receptors are primarily expressed in brown and white adipose 
tissue. although some studies have also reponed the presence of beta-3 receptors in 
oesophagus, stomach, ileum, gallbladder, colon, skeletal muscle, liver, and cardiovascular 
system (Krier et al 1993; Berlan ct al 1995). 

Glutamate Receptors 

'l1,e transmitter I.-glutamate or I.-glutamic acid (Glu) is the major excitatory transmitter in 
the brain and spinal cord (I loll mann & Ileinemann 1994). 

The role of Glu in the function of the nervous system is much more diverse and 
complex than a simple excitatory neurotransmitter. It also plays a major role in brain 
development, neuronal migration, differentiation, and axon development and 
mainten,1Ilce (Komuro &. Rakic 1993; Wilson &. Keith 1998). In the mature nervous 
system, Glu is essential in the processes involving stimulus-dependent modifications of 
synapses necessary for neural plasticity to occur. 

Persistent or overwhelming stimulation of glutamale receptors can result in neuronal 
degeneration, or in some circumstances neuronal death by necrosis or aptosis. This 
process is referred to as excilotoxicilY and has been linked to the development of a range 
of disorders including Ilunlington's disease. Alzheimer's disease, amyotrophic laleral 
sclerosis, and stroke (Choi 1988; Ankarcrona el al 1995; Olney eL al 1997). 

NMDA Receptors vs Non-NMDA Receptors-Clinical Considerations QUICK FACTS 7 

• They are unique receptors as they depend on membrane potential and 

activation by glutamate and co-factor glycine. Cell needs to be depolarized 

first (-20mV) in order for magnesium plug to be expelled, such as: 

Tinnitus due to overexcitation of NMDA receptors by persistent loud 

broadband noise, which activates DCN (dorsal cochlear nucleus) output 

cells of the brainstem; and 

Fibromyalgia-activation of NMDA receptors in the presence of decreased 

magnesium. This allows for phosphorylation of the NMDA receptor, 

therefore allowing continued calcium influx and associated intracellular 

changes-activation of phospholipases and proteases. NMDA receptors 

are located on pain fibres. 

• Activation of NMDA receptors results in massive influx of calcium, which 

results in biochemical cascade of events leading to lEG response. NMDA 

receptors can promote changes in protein production or phosphorylation of 

intracellular domain of membrane channels. 

• NMDA receptor activity promotes synaptogenesis and survivability of the 

neuron. 
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Glu is util ized in as many as 40% of all brain synapses and in the spinal cord synapses 
of dorsal rOOI ganglion cells that detect muscle stretch from muscle spindle fibres in 
skeletal muscle. 

Activation of glutamate recepLOrs results in the opening of both Na and K channels. 
Glutamate receptors can be either inotropic or metabolIopic in nature. lnere are three major 
subclasses of glutamate inotropic receptors based on the synthetic agonisLs that activate them: 

• AMrA (a-amino-3-hydroxy-S-methylisoxazole-4-propionic acid); 

• Kainate; and 

• NMDA. 

Because AA1PA and Kainate receptors are similar in structure and not voltage
dependent they are sometimes referred to as non-NMDA receptors (Fig. 3.8). 

A 

ronotropic glutamate receptor 

Non-NMDA 

Metabotropic glutamate receptor 

NMDA 

Na' 
CagO 

"' Mg� 

GI� 
.- ZnH 

G� PCP 
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Fig. 3.8 Three classes of glutamate receptors regulate eXCitatory synaptIC actions In neurons In the Spinal cord and 
brain. (A) Two types of inotropic glutamate receptors directly gate ion channels. T'NO subtypes of non-NMOA 
receptors bind the glutamate agonlSts kamate or AMPA and regulate a channel permeable to Na' and K·. The NMOA 
(N-methyl-o-aspartate) receptor regulates a channel permeable to (a", K', and Na' and has binding Sites fOf glyCIne, 
Zn", phencyclidine (PCp, or 'angel dust'), MKBOI (an experimental drug), and Mg" , which regulates the functiOning 
of this channel in different ways. (B) The melabotroplc glutamate receptors Indirectly gate ion channels by actIVating a 
second messenger. The binding of glutamate to certain types of metabotropic glutamate receptors stimulates the 
actMty of the enzyme phospholipase ( (Pl(), leading to the formation of two second messengers derIVed from 
phosphatldyitnosltol 4,S-blSphosophates (PIP): Inositol \,4,S-trlphosphate (lPl) and diacylglycerol (DAG) 
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Glutamate NMDA Receptors 

The NMDA receptor is a complex receptor that has three exceptional qualities: 

1 .  lhe receptor comrols a gated channel permeable to Na, K, and C a  (non-NMDA 
receptors are nOI permeable to Ca). 

2. lne dlannei will only (unClion if glycine is also present as a co-factor. 

3. The function of the channel is dependent on a specific membrane voltage being 
reached as well as the presence of a chemical lransrnitter. 

A magnesium (Mg) plug blocks the dlannel pore at the resting membrane potential. 
As the membrane is depolarized the Mg plug is expelled from the channel. "n,is re(eplOr is 
inhibited by phencyclidine (angel dust). The hallucinations produced by this inhibition 
resemble the symptoms of schizophrenia. 

Glutamate NMDA Receptor Activation Can Modulate Genetic Expression 
in the Neuron via CaH·lnduced Second Messenger Systems 

When glutamate Kainate and AMPA receptOrs are activated by glutamate binding. the 
result is an influx of Na" ions intO the neuron, which depolarizes the neuron, bringing its 
membrane potential towards threshold. Simultaneously, glutamate will also bind to the 
NMDA receplOrs on the neuron membrane. Recall that in order to activate NMDA 
receplOrs, which allow Ca" to move into the neuron, the membrane potential must meet 
certain criteria. TIle membrane pOlelllial necessary to activate NMDA receptors is usually 
sufficient to bring the postsynaptic neuron to threshold so that an action potential is 
initiated. Thus glutamate-induced Ca" influx is associated with action potential initiation 
in the postsynaptic neuron. Ca" influx into the postsynaptic neuron results in the 
activation of a variety of second and third messenger systems that result in modulation of 
mRNA and protein production in the neuron (see below). 

lonotropic vs Metabotropic Receptors QUICK FACTS 8 

lonotropic 

• Fast 

• Short-lived 

• GABA-A (gates (I channel) 

Metabotropic 

• Slow 

• Long-lasting 

• Can i or J, channel opening 

• Can change RMP, Ri, length and time constants. threshold potentials, AP 

duration, and repetitive firing 

• Modulates pre-synaptic (Ca" /K'), postsynaptic (ionotropic), and electrical 

properties 

• GABA-B (gates K' channel) 

Overstimulation or prolonged stimulation of glutamate NMDA receptors can result in 
excitotoxcity in the neuron, which results in damage or death of the neuron. 

GABA Receptors 

CABA, y-aminobutyric acid, is the major inhibitory neurotransmitter in the brain and 
spinal cord. It acts on two receptor types, CABA-A and GABA-B. GABA-A is an inotropic 
channel that gates CI ions. When GABA binds to A-type receptors the activation of 
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proteins that open selective channels for CI ions results. the CI ions flow down their 
concentration gradient into the neuron, resulting in a hyperpolarization or movement 
away from the threshold potential of the neuron. TIlis results i n  a decreased probability 
that the neuron will produce an action pOIemial per unit stimulus and is referred to as 
inhibition of the neuron. 

CABA-B is a metabotropic receplOT that aClivates a second messenger that gales K 
channels. When CABA binds to B-type receptors activation of proteins that cause gales 
selective for K- takes place and K- flows down its concentration gradient out of the cell. 
The movement ofthe positively charged ions out of the cell results in a hyperpolarization 
state. This decreases the probability thal the neuron will produce an action potential per 
unit stimulus and is referred to as inhibition of the neuron. 

Glycine Receptors 

Clycine is a less common inhibitory transmitter that actS on inotropic channels that 
gate CI. The inhibition that these receptors produce is due to the increased conductance of 
CI ions. Since the concentration ofCI outside the cell is much greater than that inside the 
cell CI nQ\-\ls down its concentration gradient into the cell, making the inside more negative 
and hyperpolarizing the cell. This results in a decreased probability that the neuron will 
produce an action potential per unit stimulus and is referred to as inhibition of the neuron. 

Serotonin or 5-Hydroxy-Tryptophan (5-HT) 
Receptors 

Serotonin has been implicated in a staggering array of physiological and behavioural 

activities including affect, aggression. appetite. cognition, emesis, gastrointestinal 
funClion, perception. sensory function sex. and sleep (Bloom & Kupfer 1995). 

To date. five different subtypes of 5-I'IT receptor have been isolated. All members of the 
5·'-11" type· 1 receptor family lend to modulate inhibitory effects through either presynaptic 
or postsynaptic action. All members of the S-I-IT type 2 subgroup modulate excitatory 
activity (Aghajanian & Sanders-Bush 2002). 

Dense concentrations of S-I-IT receptors are found in the dorsal raphe nucleus, 
hippocampus, and cerebral cortex. The facial nerve and other cranial motor nuclei also 
have high densities of S-HT receptors (Chalmers & Watson 1 9 9 1 )_ 

Dopamine Receptors 

There are five types of dopamine (DA) receptors that are classified into two major categories. 
The five receptor types are 0 I -OS . These receptors fall into two class categories, the DI-like 
receptor class and the D2-like receptor class (Spano et al 1978; Su et al 1996), The 
o I-like receptor class includes O l and 05 receptor types. The D2-like receptor class 
includes 02. 03. and 04 receptor types (Sunahara et al 1 990; Sumiyoshi el al 1995). 

Dopamine receptors are present in most parts ohhe CNS but in particular they are 
found in three main projection systems: the nigrostriatal pathway. comprising the neurons 

of the substantia nigra pars compacta, which project to neurons of the neostriatum; the 
mesolimbic pathway comprising neurons of the ventral tegmental area of the 
mesencephalon, which project to wide-spread areas of the limbic system; and the 
mesoconical pathways. which involve neurons in the substantia nigra and the ventral 
tegmental areas of the mesencephalon that project to the prefrontal conical areas of the 
brain (Bjorklund & Lindvall 1964; Blumenfeld 2002). 

Attempts to understand the actions of the different DA receptors are often stymied by 
the complex array of activities that these receptors can produce_ DA receptors have been 
shown to interact via both inotropic and C-protein coupled mechanisms. DA has also 

Copyrighted Material



The Biochemistry and Physiology of Receptor Activation I Chapter 3 

been shown to have a modulatory affect on other transmitters in the region of its activity 
and to alter the actions of groups of neurons through modulation of gap junction 
activities between the neurons (Grace 2002). DA can also regulate its own levels of 
interaction by activating autoreceptors sensitive to local DA concenLr<uions. These 
autoreceptors have been found on the soma of dopaminergic neurons as well as at the 
dopaminergic nerve terminal synapses. 

Several studies have shown the presence of dopaminergic neurons in the substantia 
nigral and ventral tegmental areas of the mesencephalon. The majority of these neurons 
seem to exhibit spontaneous action potential generation driven by an endogenous 
pacemaker conductance activity (Crace & Bunney 1 984). The rate of this pacemaker 
generation is normally closely regulated by feedback from auto receptors located on the 
soma and synaptic areas of the neurons (I-Iarden & Crace 1995).  

The activity of dopamine is probably best described as a neuromodulator rather than 
an excitatory or inhibitory transmitter. For example in combination with glutamate 
activation DA seems to act as a facilitator of rapid alterations to neuron function as well as 
an attenuator of long.term changes that have occurred in the neuron. It also acts al lhe 
neuron gap junctions to facil itate the formation of reversible hardwiring networks that 
may be involved in enhancing performance of previously learned tasks. 

The complexity of the interactions involving dopaminergic receptors can be illustrated 
in the following example. 0 1  receptor activation in dorsal striatum neurons results in 
further inhibition of previously hyperpolarized neurons. However, with repeated 
stimulation of 0 I receptors in previously hyperpolarized neurons excitation can occur. 
When 0 I and D2 receptors are stimulated simultaneously the result is a synergistic 
inhibition of the neuron. However, the o I -mediated inhibition previously described can 
be reversed by subsequent stimulation of D2 receptors on the neuron (Cepeda e1 al 1 995; 
Hernandez-Lopez et a1 1997; Onn et al 2000). 

Receptor Modulation of Neuron Bioenergetic 
Processes Require AlP for Energy 

Bioenergetics describes the transfer and utilization of energy in biological systems. 
Essential processes like transferring ions across a membrane against their concentration 
gradients to maintain a membrane potential require energy to operate. In the neuron 
most energy-requiring processes are made possible by either direct or indirect coupling 
with an energy·releasing mechanism involving the hydrolysiS of adenosine triphosphate (ATP). 

Energy Transfer in the Neuron QUICK FACTS 9 

• Energy in the electrons of the free hydrogen atoms is carried by NAD and FAD 

into the electron transport chain-a series of electron carrier molecules on the 

inner mitochondrial membrane lining the cristae. The electrons fall to 

successively lower energy levels along the chain as they synthesize more ATP 

via ATP synthetase. 

• Complexes I and II collect electrons from the catabolism of fats, proteins, and 

carbohydrates and transfer them to ubiquinone (CoQ10). The electrons are 

then transferred successively to complexes III and IV and to oxygen, which is 

the final electron acceptor. Three sites along the electron transport chain 

(complexes I, III, and IV) use the energy released from the transfer of electrons 

to transport hydrogen ions across the inner mitochondrial membrane to the 

intermembrane space-thus driving a proton gradient. 

• The [HoI is higher in the intermembrane space so it travels back to the matrix 

via channels that contain AT? synthetase, which is activated by H+ flow. 

• ADP + Pi (ATP synthetase) --,) ATP (32 more molecules per glucose molecule). 
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TIle ATP molecule is composed of an adenosine base segment to which three phosphatE: 
groups attach. The two terminal phosphate: groups release a relatively high amount of 
energy (7.3 kcal/mol) when they are chemically broken down; these are referred lO as 
high-energy phosphate bonds. TIle monophosphale bond adjacent to the adenosine base 
releases about 4.0 kcal/mol when broken down and is referred to as a low-energy 
phosphate bond. Other compounds such as phosphoenolpyruvate and phosphocreatine 
contain phosphate bonds which release energy approaching 10 keal/mol when they are 
broken down and are referred to as very-high-energy phosphate bonds (Champe & I larvey 
1994). These compounds can (OOVen ADP LO ATP over short lime periods in situations 
when ATP demands are higher then ATP production. Clucose-6-phosphate and glycerol 
3-phosphate both have phosphate bonds mat release about 4.0 kcal/mol and are referred 
to as low-energy phosphate bonds. lhus, ATP is placed in the middle ground between 
very-high- and low-energy phosphate bonds and acts as a middleman in the transfer of 
energy between molecules that regulate processes. 

ATP is symhesized in  the mitochondria of the neuron via the processes of electron 
transfer and oxidative phosphorylation and in the cytoplasm via glycolysis. 

Energy-rich compounds such as glucose can be oxidized through a series of reactions in 
lhe mitOchondrial malrix to produce reduced coenzymes such as nicotinamide adenine 
dinucleotide (NADH) and navin adenine dinucleotide (FADI-I)  mal in-turn transfer lheir 
electrons down the electron transfer chain of specialized enzymes LO form water from 
hydrogen and oxygen. This process produces energy at various points in the enzyme chain 
as the electrons lose much of their energy as they move down the chain of reactions. 
11lis energy is utilized to convert ADP and a phosphate group to ATP. 

When large molecules such as proteins, sugars, or fats are broken down to their 
component parts to produce ATP the process is referred to as catabolic. When ATP is 
convened to ADP and the energy used to build up complex molecules from component 
parts me process is referred to as anabolic. 

Clycolysis (Embden-Meyerhof pathway) is the metabolism of glucose to pyruvate and 
lactate. This process results in the net production of only 2 mol of ATP/mol of glucose 
(Fig. 3 .9) .  On the other hand, pyruvate can pass into the tricarboxyl ic acid cycle (Krebs 
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cycle) in the mitochondria and via the oxidative phosphorylation cascade produce 30 mol 
of ATP/mol of glucose (see Fig. 3.3). The energetic benefit of utilizing the: oxidative 
phosphorylation route over the glycolytic roule is obvious from an energe:Lic perspeoive 
(Magislreui et 31 2000). 

The glycolytic route may not always be uti lized for the production of ATP in neurons 
because of saturation of enzymes in the Krebs pathway or the oxidative phosphorylation 
cascades pathways in the mitochondria. Several studies have shown that the All' 
produaion capability of the neuron operating at a basal rate is operating at near maximal 
capacity. When the neuron undergoes activation it needs to util ize the glycolytic pathway 
for ATP production, thus producing lactate, which converts to lactic acid under certain 
conditions (Fox & Raichle 1986; Van den Berg 1 986; Fox et al 1988). 

Metabolic Demands of the Brain Require Glucose 
as a Substrate for AlP Synthesis 

The brain, which represents about 2% of the total body weight in humans, consumes 1 5% 
of the cardiac output blood flow, 20% ofthe lOtal body oxygen consumption, and 25% of 
total body glucose utilization (Kety & Schmidt 1948). Glucose utilization calculations 
need to take into account the fact that glucose can have metabolic fates other than that of 
ATP production. Glucose can produce metabolic intermediates such as lactate and 
pyruvate, which when released do not necessarily enter the tricarboxylic acid cycle but can 
be removed by the circulation. Glucose can also be incorporated into lipids, proteins, and 
glycogen and can also be util ized in the formation of a variety of neurotransmitters 
including GABA, glutamate. and acetylcholine. It is estimated that about 1 7% of the 
glucose in neurons is utilized in metabolic processes other than Lhat of ATI> production 
(Magistrelli et .1  2000). 

Numerous studies have tried lO identify molecules other than glucose that could 
substitute for glucose in brain energy metabolic processes. To date, no other 
physiologically available substrate has been idenlified that can substitute for glucose 
under normal basal conditions. Under a certain set of conditions such as starvation, 
diabetes, or in breast-fed neonates, acetoacetate and D-3-hydroxybutyrate can be used by 
!.he brain as a metabolic substitute for glucose (Owen et al 1967). 

Other Cells such as Vascular Endothelial Cells 
and Astrocytes also Participate in Neural 
Activation Processes 

Brain metabolism studies in the past have assumed that energy metabolism at the cellular 
level represented predominantly neuronal activity. However. it is now clear that other 
types of cells such as neuroglia and vascular endothelial cells not only consume energy 
but also play a part in !.he neural activation process and in  maintenance of neuron 
function. In studies spanning a variety of species. the ratio of non-neural to neural 
substrate is about 50% (Kimelberg & Norenberg 1 989). In addition there is very good 
evidence 10 suggesl that the astrocyte to neuron ralio increases with increasing brain size. 

QUICK FACTS 1 0  
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Two well-established functions of aSlrocytes include the maintenance of extracellular 
K- ion levels within a narrow range and to ensure the reuptake of neurotransmitters. 
Activation of neurons results in increases of extracellular K' ion concentrations and 
increases in concenLralions of the synaptic-specific neurotransmitters released by the 
neuron. For example, at excitatOry synapses where glutamate is the activ:uing 
neurotransmitter, it nOI only depolarizes the postsynaptic neuron but also stimulates the 
uptake of K' ions into the surrounding astrocytes (Barres J 991). 

ASlrocytes may also play a role in supplying the neuron an adequate energy substrate 
during the initial periods of activation when the neuron may be unable to produce 
adequate amounts of ATP via oxidative phosphorylation pathways. 

Recent studies have also shown that the metabolic activity of astrocytes can be 
mediated by norepinephrine and other vasoactive substances and that activation of the 
locus coeruleus in the brainstem prior to activation of neurons may indicate that the 
metabolic priming of astrocytes is preset prior to neuron activation by the nervous system 
and is not solely dependent on the generation of local metabolites for activation 
(Magistretti et al 1981. 1993; Magistretli & Morrison 1988). 

Clinical Signs and Symptoms of Altered Brain 
Metabolism can be Demonstrated with Positron 
Emission Tomography (PET) Studies 

Under normal conditions neurons are dependent on glucose for their supply of AT? (see 
above). Since as much as 75% of AT? produced is utilized by neurons to produce and 
maintain action potentials and membrane potentials the rale of glucose metabolism can 
be used as a reliable measure of synaptic adivity in neurons. Positron emission 
tomography (PET) util izes this concept by assessing the amount glucose consumed in 
neurons or the amount of oxygen consumed by the neuron and relating these data to the 
activity of the neurons in question. 

Glucose consumption is measured by infusion of a radioactive tracer 
(F-nuorodeoxyglucose) util ized at the same rate as glucose by the metabolic enzymes of 
the neuron. The regional concentration of the tracer is measured by receptors that detect 
the positron emissions from the tracer compound. Since glucose can be used for other 
purposes in the neuron besides ATP production the oxygen utilization rate of the nellron 
can result in a somewhat more accurate measure of synaptic activity in the neuron. 

'Ine value of PET scans in the development of our understanding of the function of the 
nervous system is becoming more apparent with each successive study. The following 
studies outline some of the recent applications of PET scans. 

PET studies of patients with Huntington's disease without hyperactive behaviour have 
shown normal frol1tal lobe metabolism in the presence of decreased caudate and putamen 
n1elobolism (Kuhl el 01 1982; Young el 31 1986). 

PET scans in patients with Parkinson's disease have shown decreased cortical glucose 
consumption in the frontal cortex in conjunction wilh decreased 02 receptor uptake 
ratios in the nigroslriatal (substantia nigra) regions (Brooks 1 994). 

Similar findings have been found in children with ADI-I D  or childhood 
hyperkinetic disorder, where researchers found that after receiving Ritalin previously 
normal subjects showed decreased activity in the basal ganglia and those previously 
diagnosed with ADHD (originally decreased basal ganglionic activity compared to 
normal levels) showed and increased activity of basal ganglial areas (Young et al 1986; 
Rogers 1998). 

Mitochondrial Activation and Interactions 
in the Neuron 

Mitochondria afe membrane-bound cytoplasmic organelles that vary in size. number, and 
local ion between the various cell types found in humans. They have many functions 
induding maintaining and housing most of the enzymes necessary for the citric acid and 
fatty acid oxidation pathways in their cellular matrix substance, active regulation of Ca" 
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concentrations within cells, .lnd production of ATP via oxidative phosphorylation 
complexes conli1ined in their inner membranes. 

IlU? mosl likely theory explaining the presence of mitochondria in (>ukaryolic 
({'lis involves the development of a symbiotic relationship between a previously 
independent aerobic bacteria and ancient eukaryotic cells. Inc relationship has evolved 10 

the point that ahhough the mitochondria still maintain the majority of their own 
DNA and RNA "nd still reproduce via fission, some of the genes necessary for the 
surviv,\1 of the milOchondria in the cukaryotic cell have moved into the nucleus of Ihe 
hosl cell 

[he milOchondria are bounded by two highly special ited membranes that create two 
separate mitochondrial compartments, the inner membrane space and the matrix space. 
Ihe 1ll.1trix cont.lins a highly concentrated mixture of hundreds of enzymes, including 
those required for oxidation of pyruvate, the citric acid cycle, and the oxidation of fatty 
acids. -I he mitochondrial ON/\, mitochondrial ribosomes, and mitochondrial transfer 
RNAs arc also contained in the matrix space. 

n,C inner membrane is impermeable to virtually all metdbolites and slllall ions 
contained in the mitochondri,1 111e inner membrane contains specialized proteins that 
carry out three fluin functions including oxidative reactions of the respiratory chain, the 
conversion of AOr 10 A'"!'r (Arr synthase). and the transport of specific metabolites and 
ions in and out of the mitochondrial matrix, l1,e inner membrane space contains several 
enzymcs required for the passage of Arp out of the matrix space and into the cytoplasm of 
Ihe hoSi cell (AI be", el al 1 994) (lig. 1.10).  

Mitodlondrial dysfunction through genetic mutation, free radical production, and 
aging mechanisms can result in a variety of neurological consequences, Neurons are 
heavily dependent on the mitochondria for Arp production in order to survive. This 
coupled with the non-replication stale of most neurons makes them exceptionally 
vulnerable to diseases or malfunnion of the mitochondria. 

C�?I1etir mutation of mitochondrial DNA can be maternally inherited. congenital, or 
due to genetic Illllt.ltions or defects obtained through physiological activities throughout 
the life span of the individual 

1 Pyruvate Fatty aCids] 
Inner membrane 

Outer membrane 

co. co. 

IADPI IADPI 
+ + P, P, 

-
� 

H+ 

H' H' H' ) 

Fig :3 10 Different compartments of the mitochondria A large concentration of H' IOns bUilds up In the 
Intramembranous space between the Inner and the outer membrane. which then flows through the 
transmembrane enzyme, whrch phosphorylates ADP to AlP Note that the Cltnc aCid cycle occurs In the matrix 
of the mltochondna Within the bounds of the Internal membrane 
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Mitochondrial Oxidative Phosphorylation 
(Ox Ph os) Disorders 

As previous disclissed the m i tod1ondria play a key role in energy production in the 

neuron. The energy produced is largely in the form of ATP produced in the process of 
respiration by the oxidative phosphOlylaiion enzymes contained in the mitochondrial 
matrix. 

The respiralOry chain is composed of five muhienzyme complexes, which include 
navin and quinoid compounds, transition metals such as iron-sulphur clusters, hemes, 
and protein-bound copper compounds.lhe respiratory chain can be grouped into five 
complexes that i n  addition to twO small carrier molecules, coenzyme Q and CYlOchrome (, 
can be grouped into the following complexes (Mendell & Griggs 1994) :  

• Complex I-contains NAD I I and the coenzyme Q oxidoreductase; 
• Complex I I-contains succinate and the coenzyme Q oxidoreductase; 
• Complex I I I -contains coenzyme Q and CYlOchrome c oxidoreductase; 
• Complex IV-contains cytochrome c oxidase; and 
• Complex V-composed of ATP synthase. 

Complexes I and II collect electrons from the catabolism of fat, protein, and 
carbohydrates and transfer these electrons lO ubiquinone (CoQIO)' and then pass them on 
through to complexes I I I  and IV before the electrons react with oxygen, which is the final 
electron receptor in the pathway (Smeitink & Van den I lcuvel 1 999). 

Complexes I, III, and IV use the energy from electron mmsfer to pump protons across 
the inner m itochondrial membrane, thus setting up a proton gradient. Complex V then 

uses the energy generated by the proton gradient to form AT!' (rolll ADP and i norganic 
phosph .. e (Pi) (Nelson & Cox 2000) (Fig. 3. 1 1 ) . During this process, about 90-95% of 
the oxygen del ivered to the neuron is reduced to 1 1 ,0; however, about 1 -2% is convened 
to oxygen radicals by the direct transfer of reduced qUinoids and navins. This activity 
produces sliperoxide radicals at the rate of 107 molecules per m i tochondria per day. 
Superoxide radicals are part of a chemical family called reactive oxygen species or free 

NADH hW 
.�y�i; \ 

Succinate Fumarate 

1120, 
H' 

ADP + Pi AW 

Cylosol 

Fig 3 1 1  OXidative phosphorylation Electrons (e�) enter the mltochondnal electron transport chain from donors 
such as reduced nicotmamide adenine dlnucleotJde (NADH) and reduced flaVin adenine dinucleotide (FADH J). The 
electron donors leave as their OXIdized forms, NAD' and FAD' Electrons move from complex I (I), complex II (II), 
and other donors to coenzyme Ola (0). Coenzyme OIl) transfers electrons to complex III (III). Cytochrome c (c) 
transfers electrons from complex III to complex IV (IV). Complexes I. III, and IV use the energy from electron transfer 
to pump protons (H') out of the mltochondnal matrix, creating a chemical and electrical (aljl) gradient acrcru the 
mltochondnal lnner membrane. Complex V M uses thiS gradient to add a phosphate (P) to adenosine diphosphate 
(ADP), making adenOSine triphosphate (AlP). AdenOSine nucleotide transferase (AND moves AlP out of the matrix 
From D Wolf. wlrh permission 
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radicals. They are extremely reactive molecules because they contain an oxygen molecule 
with an unpaired electron (Oel Maestro 1980). Although production of free radicals can 
occur during specialized cellular process such as in lysozyme production in neUlTophils 
the vast majority of all free radical production occurs in the mitochondria. 

Excessive free radical production can damage or slow lhe enzyme activity of the 
oxidative phosphorylation (OxPhos) chain. This in tum decreases the ability of the 
OxPhos system to operate. Severe defects in any of the OxPhos components can result in 
decreased ATP synthesis. The inability to sustain ATP production profoundly affects the 
homeostatic function of the neuron and will eventually result in necrotic neuron death. 

Oxygen free radicals can also bind to iron-sulphur-containing proteins, releasing 
ferrous iron moieties that reaa with hydrogen peroxides to form an extremely reactive and 
damaging hydroxyl radical that can overwhelm the neuron's normal biochemical supplies 
of antioxidants and result in oxidative stress (Jacobson 1996). 

Free radicals can also aHack the phospholipids membranes of the mitochondria and the 
neuron. As much as 80% of the mitochondrial membrane is composed of the phospholipids 
phosphatidylcholine and phosphatidylethanolamine, which are particularly susceptible to 
free radical aHack. Free radicals can also reaa with proteins and alter their conformation and 
functional capabilities. Many prOieins that undergo conformational changes are a(traoed to 
other prOieins and foml aggregates that build up in the neurons. 'Ille presence of protein 
aggregates in neurons is a common pathological hallmark in many movement disorders. 

A unique characteristic of the genetics of the respiratory chain enzyme complexes is 
that the genes that code for each enzyme complex are composed of some from the 
mitochondrial DNA (mtDNA) and some from the host neuron DNA (Hatefi 1985; Birky 
2001). Another fact that complicates the genetics of mitochondria is that the vast majority 
of the mtDNA comes directly from the mother. This is because very little mtDNA is carried 
or transferred by the sperm at fertilization (Giles et al 1980; Sutovsky et al 1 999). 

MtDNA is susceptible to damage by oxygen radicals due to the lack of protective 
histones, which leaves mtDNA exposed to the free radicals. The physical locatiol1 of the 
mtDNA, which is very dose to the area in the mitochondria where the free radical 
formation occurs, also increases its susceptibility to damage. MtDNA also has very 
'primitive' DNA repair mechanisms that results in damage remaining for long periods on 
the mtDNA, which results in ongoing mutation acrumulation during protein synthesis. 
111is is extremely important in neurons that have a very slow rate of replication because 
they tend to accumulate large amounts of mutated mtDNA proteins over time, which 
eventually starts to imerfere with the function of the neuron. 

The Substantia Nigra, Caudate Nucleus, and Putamen Are at 
Increased Risk of Damage from Oxidative Radicals 

Oxidative deamination of dopamine by monoamine oxidase-B (MAO-B) at the outer 
mitochondrial membrane results in 1-12°2 production as well as high rates of produoion of 
other radical moieties. "me auto-oxidation of dopamine to fonn neuromelanin, which is a 
dopamine-lipofuscin polymer, also results in high rates of oxidative radical fonnation in 
dopaminergic neurons. This means that the substantia nigra, the caudate nudeus, and the 
putamen, all nudei with large concentrations of dopaminergic involvement and all of which 
are involved in motor function, are at increased risk for mitochondrial OxPhos disorders. 

Particular Mutations in mtDNA Are Responsible for Specific 
Patient Presentations 

MtDNA mutations cause a range of movement disorders including ataxias, dyslOnias, 
myoclonic epilepsy with lactic acidosis and stroke-like episodes (MELAS), and Kearn's
Sayer (KS) syndrome, and more and more evidence poims to their involvement in 
Parkinson's disease. MELAS and KS syndrome will be brieny discussed here, while ataxias, 
dystonias, and Parkinson's disease are covered in Chapter 1 1 .  

MELAS can occur at any age but is particularly prevalent i n  youth. The presentation 
usually involves some form of epileptic movement disorder, cerebellar ataxia, ragged red 
fibres in muscle. which increase with age as the OxPhos capability decreases, and stroke
like episodes. Ataxic episodes may proceed the other symptoms by a number of years. 

KS syndrome consists of variable but often significant organic dysfunction such as 
proximal tubule dysfunction of the kidneys, with associated aminoaciduria and increased 

63 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

levels of lactate:. pyruvate, and alanine in the blood, urine, and cerebral spinal fluid (CSF). 
Involvement of the extrinsic orular muscles of the eye, with ptosis and extraocular 
weakness, often present as the first clinical sign of this syndrome. 

Diagnosis of OxPhos Disorders 

lne clinical presentation and histories will most often suggest a mitochondrial 
involvement. ' Iowever, the fol lowing findings are essential in establishing the definitive 
diagnosis: 

• Elevated levels of lactate. pyruvate, and alanine in urine, blood, and CSF; 

• Positive OxPhos enzymology; 
• Positive microscopy findings with muscle biopsy; and 

• Confirmation by genetic and mitochondrial analysis orthe specific mutation. 

Conservative Treatment of OxPhos Disorders 

CoQ.o supplementation given al 2-4 mg/kg/day has been effective for i mproving 
symptoms in patients with OxPhos disorders. 'J1te same treatment has been effective for 
increasing the m itochondrial respiration rate, which declines with age naturally by 
approximately 1% per year after the age of 40 ( Bresolin et al 1 988; Ihara et al 1 989). 

Young males can increase their mitochondrial volume by 100% with exercise training 
while older adults can increase volumes by around 20% by increasing the size of their 
existing milOchondria. 

Apoptosis is a Controlled. Preprogrammed. 
Process of Neuron Death 

ApOPLOSis, which differs from necrotic cell death, involves a complex set of specific 
preprogrammed activities that result in the death of the neuron. ')"is type of activity is 
actually an imponant pan of normal embryological development oflhe nervous system 
which has been linked to the absence or lack of appropriate concenlrations of nerve growth 
factors. The involvement of the mitochondria in apoptosis is well documented (Green & 
Reed 1 998; Desagher & Martinou 2000). When activated by cellular damage or other 
proapoplotic signals, apoPlOgenic molecules that normally remain dormant in the 
membrane of the mitochondria become activated. 'J11ese molecules then activale 
aspartate-specific cysteine protease (caspase), a major effector in apoptosis in neurons 
(Schulz et al 1 999). l"e caspase palhway is also activated by Olher cellular insults such as 
DNA damage and anoxia. l"e processes involved in apoptosis result in neuron shrinkage. 
condensation of chromatin, cellular fragmentation, and eventual phagocytosis of cellular 
remnants. 

QUICK FACTS 1 1  Two Factors That Influence the SurvivabIlity of a Neuron 
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• Frequency of firing (FOF)-neuron activation. 

• Fuel dehvery-O� and glucose. 

The Central Integrative State of the Neuron is 
Determined by Receptor Activation and 
Production levels of ATP 

A single neuron may receive synaptic input from as many as 80,000 different neurons. 
Some of the synapses are excitatory, some inhibitory and modulatory as described above. 
Integration of Lhe input received occurs in the neuron or neuron system, and the output 
response of the neuron or neuron system is determined mostly by modulation of the 
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When the FOF of Presynaptic Neurons Is Decreased, as Would Occur 
QUICK FACTS 1 2  

Because of Subluxation, the Following Events May Take Place: 

• ! ClEGr (cellular Immediate Early Gene responses) 

• J, Protein production 

• 1. Cellular respiration (via mitochondrial electron transport chain) 

• J, AlP synthesis 

• r Resting membrane potential (RMP) 

• l Free radical formation 

• Further inhibition of cellular respiration (electron transport chain) in the 

mitochondria 

• Transneuronal degeneration (TND) and diaschisis 

FOF-Frequency of firing (action potential generation) 

Presynaptic-Events occurring prior to activation 

Postsynaptic-Events occurring during and after activation 

membrane pOlential of the neurons. The decision of whether LO fire an aCLion potential is 
finally determined in illl area of the neuron known as the axon hillock. where large 
populations o(vohage.gated channels specific for Na' ions are located. 

This implies that the position of a synapse on the host neuron is an important 
determinant in the probability of firing an action potential. Synapses closer to the axon 
hillock will have more innuence than those farther away. 

The number of synapses firing at any one time (spatial summation) and the frequency 
of firing of anyone synapse (temporal summation) are integral in determining the cenl",i 
irllegraliue Slate of the neuron at any given moment. 

As discussed previously in this chapter a variety of neuronal intracellular and 
intercellular functions are determined by the frequency of action potential generation or 
frequency of firing (FOF) in the neuron, as well as the synaptic aaivity experienced by the 
neuron. umerous second messenger systems and genetic regulatory systems are 
dependent on the synaptic stimulation received by the neuron. Ultimately the ability of 
the neuron to respond with the appropriate reactions to the environmental stimulus it 
receives is dependent upon the expression of the appropriate genes at the appropriate 
time in the appropriate amount. The neuron's ability to perform these functions is 
summarized in the expression 'the central integrative state of the neuron'. 

Transneural Degeneration 

Illlimately related to the concept of central integrative state of the neuron is the concept of 
transneural degeneration. Neurons that have been subject to a lack of synaptic activity. 

low glucose supplies, low oxygen supplies, decreased ATP supplies, etc., may not be able 
to respond to a sudden synaptic barrage in the appropriate manner and the overfunctional 
integrity of the system becomes less than optimal. In neurons that have been exposed to 
a decreased frequency of synaptic activation a number of responses can be found in the 
neurons including: 

• Decreases in cellular immediate early gene responses (eIECr); 

• Decreases in protein production; 

• Decreases in cellular respiration (via mitochondrial electron transpon chain); 

Decreases in ATP synthesis; 

• Increases in resting membrane potential (RMP) in initial stages; 

• I lyperpolarization of membrane potential in the late stages of degeneration; 
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• Increased free radical formation; and 

• Further inhibition of cellular respiration (electron transpon chain) in the 
mitochondria. 

All of these processes will contribute to the development of lransneural degeneration 
(TND), which refers to a state of inslabililY of the nerve cell as a result of changes in rOF 
and/or fuel delivery 10 the cell. It also represents a state of decline thal will proceed to cell 
death if fuel delivery, activation. and FOF are not restored. 

Diaschisis refers to the decrease in FOF of neurons that are postsynaptic to an area of 
damage and is one example of howTND can occur in a neuronal system. For example. 
Broca's aphasia due to ischaemia in the left inferior frontal cortex can lead to diaschisis in 
the right hemisphere of the cerebellum due to a decrease in FOr of cerebropolllocerebellar 
projections. 

Changes in the FOr and fuel delivery can have a deleterious effect on the central 
integrated state (CIS) of a neuronal pool. The CIS determines the integrity of a neuronal 
pool and its associated functions and dictates the presence of neurological signs and 
symptoms. 
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3.1 .3 

Case 3.2 
3.2.1 

3.2.2 

A variety of things (ould be done to prevent any serious damage from 

occurring: 

1 .  The arm (ould be gently moved several times per day to 

stimulate proprioceptors. 

2. Transepithelial electrical nerve stimulation (TENS) could be applied 

on a daily basis to maintain Bction potential frequency in the 

system. 

3. Appropriate rehabilitation needs to be carried out before return 

to full activity. 

The environmental stimulus whether it be a growth hormone. a 

neurotransmitter, or a hormone must get its signal from the receptors on 

the neuron cell membrane to the transcriptional controlling factors in the 

nucleus in order for production of the necessary proteins that it calls for. 

Some signalling molecules such as hydrophobic hormones 

(glucocorticoids. oestrogen. and testosterone) can gain direct access to 

the nuclear apparatus by their lipid soluble chemical structure that allows 

them the ability to transverse the highly hydrophobic bilayered lipid 

plasma membrane dependent mainly on their concentration gradIents. 

Other signalling molecules such as Ca" ions gain access through specific 

ion channels present in the neuron plasma membrane. 

Protein hormones. growth factors. peptide neuromodulators. and 

neurotransmitters must act on their transcription protein targets 

indirectly by either inducing a change in a transmembrane protein 

channel related to their receptor proteins or by inducing a change in 

linked intramembrane proteins. Changes in these linked 

intramembranous proteins called G-proteins eventually result in the 

release of intracellular ions or the generation of intracellular second 

messenger such as cyclic adenosine monophosphate (cAMP). 

diacylglycerol, and inositol triphosphate. which then activate directly or 

through other intermediates the transcription factors in the nucleus such 

as cAMP response element binding protein (CREB). 

The number of known second messengers is still relatively small. Response 

specificity is achieved through one of the following methods: 

• Temporally and spatially graded rises in second messenger levels; 

• Recruitment of various combinations of second messengers after a 

single stimulus; and 

• Regional variations in the intracellular targets on which the 

second messengers act. 

Third messengers are groups of nuclear proteins known as translational 

factors induced by a variety of extracellular signals. These proteins bind 

to specific nucleotide sequences in the promoter and enhancer regions of 

genes. Fine-tuning of the effects of third messengers is accomplished 

through a complex network of controls. Since there are now over a 

hundred lEGs and corresponding proteins composing third messengers a 

very complex matrix of inter activity which would allow complicated but 

minor variances in linear and temporal combinations of third messengers 
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for various functions can be developed. Activation of a gene requires 

that the chromatin or nuc1eosomal structure be modified to allow the 

binding of regulatory proteins to the appropriate subset of genes. This is 

accomplished by a specialized group of proteins referred to as activator 

proteins that remodel the chromatin and expose core promoter sites on 

the appropriate genes. This permits the binding of yet another complex 

of proteins called general transcription factors to the core promoter site 

on the DNA. This complex of general transcription factors can then 

recruit and bind with RNA polymerase to enter the transcription 

initiation phase of the replication process. Several families of 

transcription factors have been identified as well as several modes of 

activation or inhibition of these factors. For example, the CREB family of 

transcription factors activate transcription of genes to which they are 

linked when they are phosphorylated by cAMP·dependent protein kinase 

(protein kinase A). Protein kinase A is activated in the presence of cAMP. 

The CREB family of transcription factors can also be activated by other 

second messengers such as Ca·· bound by calmodulin that can activate a 

variety of protein kinases upon entering the nucleus of the neuron. 

These kinases can in turn phosphorylate CREB. resulting in the activation 

of transcription of the specific: CREB·linked gene. 

In the neuron most energy-requiring processes are made possible by 

either direct or indirect coupling with an energy-releasing mechanism 

involving the hydrolysis of ATP. ATP is synthesized in the mitochondria of 

the neuron via the processes of electron transfer and oxidative 

phosphorylation and in the cytoplasm via glycolysis. Glycolysis (Embden

Meyerhof pathway) is the metabolism of glucose to pyruvate and lactate. 

This process results in the net production of only 2 mol of ATP/mol of 

glucose. On the other hand. pyruvate can pass into the tricarboxylic acid 

cycle (Krebs cycle) in the mitochondria and via the oxidative 

phosphorylation cascade produce 30 mol of ATP/mol of glucose. The 

energetic: benefit of utilizing the oxidative phosphorylation route over 

glycolytic route is obvious from an energetic perspective. 

The number of synapses firing at any one time (spatial summation) and 

the frequency of firing of any one synapse (temporal summation) are 

integral in determining the central integratIve state of the neuron at any 

given moment. 

As discussed previously in this chapter a variety of neuronal 

intracellular and intercellular functions are determined by the frequency 

of action potential generation or frequency of firing (FOF) in the neuron, 

as well as the synaptic activity experienced by the neuron. Numerous 

second messenger systems and genetic regulatory systems are dependent 

on the synaptic stimulation received by the neuron. Ultimately the ability 

of the neuron to respond with the appropriate reactions to the 

environmental stimulus it receives is dependent upon the expression of 

the appropriate genes at the appropriate time in the appropriate 

amount. The neuron's ability to perform these functions is summarized in 

the expression 'the central integrative state of the neuron'. 
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The Fundamentals of Functional 
Neurological History and Examination 

Introduction 

The neurological examination is traditionally taught using a disease or ablative lesion-orientated 
model. While this approach may help to detect the presence of both serious and benign disorders. 
it is less helpful for the practitioner who wishes to investigate and estimate the physiological 
functional integrity ohhe nervous system. A more functional approach to the neurological 
examination heightens the examiner's sensitivity to physiological aberrations responsible for the vast 
majority of neurological symptoms. Allhe same time. a practitioner using this approach is more 
likely to detect sublle signs of pathology. 
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The practitioner who intends to utilize the functional approach of examination must 
be concerned with the identification of ablative lesions and the presence of disease 
processes, but must also attempt to identify any physiological lesions manifesting 
themselves as physical symptoms. 

For example, jf a patient presents with a recent history of an inner ear infection 
complicated by hearing loss and balance disturbances, one might assume the possibility 
of potential damage to the vestibular and/or cochlear hair cells, which are the receptors 
responsible for balance and hearing. At follow-up after a course of antibiotics. a 
commonly occurring scenario is that the patient states that their hearing has returned and 
their balance is no longer a concern to them but they are starting to experience migraines, 
which they have not experienced before. TIle vestibular system can have a profound 
innuence on peripheral resistance due to disynaptic or polysynaptic connections bel\veen 
vestibular neurons and the tonic vasomotor neurons of the rostral ventrolateral medulla. 
The purpose of these connections is for protection against orthostatic stress. Should a 
comprehensive examination focused on the functional state of the vestibular·cerebellar 
and medullary areas show dysfunction or asymmetry of function in this patient, it would 
be of great value to the patient for you to address the central consequences of the inner ear 
infection and attempt to reduce the vasomotor dysregulation that has no doubt developed 
during the course of their illness. Treatment, involving appropriate afferent stimulation 
and exercises aimed at restoring symmetry and integrity to the vestibular system and 
associated brainstem nuclei, should be a primary consideration in this patient's 
management in addition to any pharmaceutical approach also applied. 

In learning the traditional approach to the neurological examination a stud em or 
inexperienced practitioner may be less interested in minor asymmetries of cranial nerve 
function or motor and sensory signs, especially when the history does not alen to serious 
pathology. 111is is not the case in the functional examination were minor asymmetries or 
altered functional output are of great significance in the analysis of the physiological 
lesion. Each test must be performed with alert observational skills and meticulous care, 
comparing the results bilaterally when possible. 

The functional neurological examination aims to elicit information about mental, 
sensory, and motor functions. Sensory functions are analysed by observing the patient's 
mental or motor response to stimulation of the various sensory receptors in the head and 
body. Motor functions are analysed by observing the patient's requested or spontaneous 
volitional actions. Sensory and motor functions can also be analysed by observing both 
muscle and glandular responses to sensory stimulation. TIle muscles and glands are the 
final common effector systems of the body. Their responses are normally dependent on 
the output from complex neuronal integration, and as such, can be utilized in assessment 
of the functional state of the neuron pools that control their output. 

The Five Parameters of Effector Response are 
Important Clues in Gauging the CIS of Upstream 
Neuron Systems 

Tne response of an effector (e.g., muscle) 10 a stimulus or command is largely dependent 
on the central integrative state (CIS) of the presynaptic neuronal pool projecting to the 
mOlor neuron of the effector. Therefore, the CIS of a neuronal pool can be predicted or 
estimated by observing the characteristics of the motor response ohhe downstream motor 
neuron to a unit stimulus. The parameters of the effector response observed can be 
summarized under the following observalional findings: 

QUICK FACTS 1 Central Integrative State (CIS) Is Dependent on the Followong 
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Energy Production in the Cell QUICK FACTS 2 

1. Lalency and velocity of the response; 

2. Amplitude of the response; 

3. Smoothness of movement of the response; 

4. Fatigability of the response; and 

S. Direction of the response. 

All of the responses observed during the functional examinations performed on 
a patient. should be evaluated with the above parameters in mind. It is also important to 

visualize the pathways actively involved in producing the actions that one is examining. 
'''is allows the practitioner the advantage of performing additional or more detailed tests 
directed al the same pathways throughout the examination should disparities in the 
patient's responses become apparent. 

Latency and Velocity of a Response 

'nlt� latency refers to the time between the presentation of a stimulus and the motor, 
sensory, autonomic, or behavioural response of the patient. This provides information 
concerning conduction time along nerve axons and spatial and temporal summation 
occurring in the neurons involved in the functional action chain of the response. The 
velocity of the response is another window of spatial and temporal summation and 
conduction time. 

Diagnostic Approach QUICK FACTS 3 

'l11e time to summation (TrS) and time to peak summation (TfSp) are abbreviations 
that describe, respectively, the latency and average velocity of effector responses. 
1lle pupillary action observed in response to a light stimulus offers a good illuslfation of 
these concepts. Under normal conditions, the pupils will respond with a relatively equal 
Trs and TrSp in both eyes when stimulated with an equal light stimulus. However, in the 
situation where the central illlegrative state of the neurons in the right Edinger-Westphal 
nucleus or mesencephalic reticular formation is further away from threshold, the TrS of 
the right eye would be expected to be increased from that of the left. The same result may 
be expected when measuring the velocity of the response, or an increased time to maximal 
pupil constriction (increased TI"Sp). The same result, that is increased TfS and TfSp in the 
right eye, may be found with an afferent pupil defect such as would occur if the right eye 
end organ was impeded by a photoreceptor or axonal conduction deficit such as in retinal 
or optic nerve dysfunction. 'l11Us there is the need for a complete fundoscopic and visual 
acuity exam when unequal pupil responses are present. 
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Amplitude of a Response 

The amplitude of the response refers to the maximum change in the parameters being 
assessed. This can be a useful indicator or the relative frequency oUiring in a neuronal 
pool. For example, the degree of excursion orthe eye during the smooth phase of pursuit 
movement during optokinetic testing of eye movements. Or, in keeping with Ollr first 
example, the maximum change in pupil size when testing the pupil lighl reflex. 

Smoothness of a Response 

Smoothness of any movement is dependent on complex interactions between multiple 
neuronal pools. An example is the smoothness of visual tracking in the horizontal plane. 
This requires complex interactions between the cerebellum, vestibular system, neural 
integrator, and occipital, parietal, and frontal lobes. A poor central integrative state in any 
of these areas may affect the quality of visual tracking in one or more directions. Specific 
features of the visual tracking deficit may alert to greater involvement of one area over 
another. Uncoordinated or jerky movements are referred 10 as dysmetric. 

Fatigability of a Response 

This refers to the ability to maintain a response during continued or repeated presentation 
of a stimulus. A progressive reduction in ocular roll and skew deviation between 
successive head tilts is an example of increasing fatigue of the ocular tilt reaction (OTR). 
Poor maintenance of a response reneas increased fatigability. The fatigability coefficient is 
an arbitrary descriptor of the fatigability of a neuronal pool. 

Direction of a Response 

The direction of response elicited is compared to the expected normal response to provide 
further information about the integrity of a neuronal pool. For example, the direction of 
change of pupil size when shining a light in the eye. the direction of nystagmus during 
caloric irrigation of the ear, and the direction of change of skin temperature in response to 
a cognitive task or vestibular stimulation all have an expected normal response direction. 
If the direction of response is different to the expected outcome, this may indicate the 
presence of pathology, fatigue, or plastic alterations in neural circuiLry. 

QUICK FACTS 4 Five Components of Effector Response 
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The longitudinal level of the lesion 

When examining a patient, the praaitioner needs LO consider that dysfunaion at any level of 
the pathway, from the sensory recepLOr 10 the effeaor. may result in aberrant findings during an 
examination of body funaion. The usually considered longiludinal levels that may be involved 
in a dysfunaional output response indude the following: the receptor or effector, the afferent 
or efferent pathways of the peripheral nerve. the spinal cord, the brainslem or cerebellum, the 
thalamus or basal ganglia, the conex. It is imponant to remember that a dysfunaiol1 at one 
longitudinal leve.l of the neuraxis may result in dysfunction at other levels also. 

lhe following example illustrates the concept. A patient presents with unilateral ptosis. '1l1E� 
cause of the ptosis might be ocaming at the effector level involving the ACh receptors of the 
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orbicularis oculi muscle as in myaslhenia gravis. The cause of the ptosis might be ocrurring 
at the peripheral nerve level as could ocrur in a panial third nerve compression palsy. The 
cause of the ptosis may involve disruption of the sympathetic fibres to the levator palpebrae 
superiorus muscle at any point along the sympathetic projeaions from the hypothalamus. 
through the spinal cord, the superior cervical ganglia, and postsynaptic projections that follow 
the oculomotor nerve to the muscle as in Homer's syndrome. Alternatively. it may be caused 
by asymmetric cortical output resulting in overstimulation of the pontomedullary retirular 
formation (PMRF), which has inhibited sympathetic output lO the eyelid. 

A complete history and examination of the patient would enable the correct diagnosis 
without too much difficulty in this case. 

Approaches to Developing a Differential Diagnosis 

Before diSCUSSing the history and physical examination procedures in general, it is 
necessary to give some thought to the reason for perfonning these activities in the first 
place. The history and physical examination are procedures that allow the practitioner to 
develop a clinical impression or the state or health or disease of the patient. Based on the 
clinical impression, the practitioner then arrives at a working diagnosis or the patient's 
condition and develops the most appropriate approach to treatment or the patient. 

The Basic Functional Neurological Examination QUICK FACTS 5 

• Blind spots and visual fields; 

• Pupil size and PLRs (pupil light reflexes); 

• Motor and sensory examination of the head; 

• Motor and sensory examination of the trunk and limbs; 

• Skin and tympanic temperature patterns; 

• Ophthalmoscopic/otoscopic examination; 

• Vestibular, cerebellar, and spatial awareness tests; and 

• Specific cortical tests. 

1'11e process of arriving at a diagnosis usually first involves the development or a differential 
diagnosis, which is the consideration or a number or alternative diagnostic possibilities in light 
of the history. The list or differential diagnoses is then systematically reduced by the results 
obtained rrom rurther tests pe:rfonned on the patient. The most common tests utilized 
clinically include the examination procedures that compose: the physical examination, 
laboratory blood or body nuid analysis, diagnostic imaging such as plain film X-rays, MRI, 
fMRJ, or PEf scans, and elearophysiological evaluations such as qEEC, EEe, and EMG. 

Space limitations only allow ror a brief ovelView and suggested approach to differential 
diagnosis at this time, but several excellent texts on the subject can be round in the 
additional reading seoion at the end or the chapter. 

One approach 10 developing a differential diagnosis is 10 consider me possible causes 
or the patient's presenting symptom piclUre with respect to a list or major classifications 
or pathological processes. "n,e major classifications include vascular disorders, inrectious 
conditions, neoplastic disorders, neurological disorders, degenerative disorders, 
inflammatory disorders, congenital disorders, connective tissue disorders, autoimmune 
disorders, trauma, endocrine disorders, and soft tissue disorders. The pneumonic 
VINDICATES can be used to remember the major classifications for this approach. 

Once a clear history has been taken from the patient, possibilities rrom each category 
can be considered and analysed in light or the symptom picture that the patient has 
presented with. The rollowing example should illustrate the approach: A 54-year-old male 
presents with a history of low back pain that radiates into his left leg. 111e patient works as 
a construction worker and has a 30-year history or smoking. Diagnostic possibilities based 
on the VINDICATES approach should be considered (see Table 4.1). 
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Table 4.1 Diagnostic Possibilities Utilizing the VINDICATE Pneumonic 

v: Vascular Deep vein thrombus, varicose veins, BUlger's disease, he':lrt failure, 
myocardlalmfarction (atYPICal presentation). abdominal aortic aneurysm, 
arthrosdero51s 

1= Infethan Meningitis, HIV, osteomyehtis 

N = Neoplastic, All carCinomas including emphasis on prostate carcinoma. lung CdrClnomd-
Neurologi(.ll Pancoast tumour, tumours of spinal (Ord and brilln-Schwannomas, glioma. 

MM, Meh, osteOS<lfComa. Ewings sarcoma. Herniated or prolapsed vertebral 
disc, sciatic neuralgia, cerVical spondylitiC myelopathy, piriformiS syndrome. 
cauda equine syndrome, neurogenic ciaudl(.ltion 

o = DegenerativE' Spondylosis of IVF. osteoarthritiS, DISH 

I = Inflammatory Osteomyelitis, RA, AS, EA. more arthropclthie. gout 

C = Cartllagenou!.. Pageu (as 'bone softening' disease), osteopo(o�ls. s(OlioSl5. spondylolisthesis 
Congenital, Duchenne muscular dystrophy and Becker's, congenital MO 
Connective tissue Systemic lupus erythematosus 

A = Autoimmune RA, Sjogrens , MS, SlE, AIDS 

T = Trauma Fracture, • (omplete, stress, (om pression Whiplash syndrome. Muscle strain, 
ligament sprain, e_g , lumbo�(fal strain·sprain Haematoma, fibromyalgia 

E = Endocrine Hyperthyroidism, hypothyroidism. hypercalcaemia, hYPQ(alcaemia 

Hyperparathroidism, hypoparathyroidism Diabetes mellitus (10 and NfODM), 
diabetes inSipidus. Cushings, Addisons 

S = Soft tissue Muscle stram, ligament spram, e.g . lumbosacral strain·sprain. Haematoma , 
(involvement) fibromyalgia, piriformis syndrome, facet syndrome, SI syndrome, torti(ollis, 

VSC, 1M) syndrome, temion/cervlcogenic 

Order of the History and Examination Process 

Any healthcare practitioner with lraining in clinical and neural science has the ability to 
perform me neurological history and examination in a proficient manner. '11e key is to 
develop a rouline that can easily be remembered, lhat can be perfomled in logical 
sequential order, and that can be easily improvised for different patient presentations. 
Two systematic approaches to the neurological examination include the anatomical and 
functional approaches.'11e anatomical approach requires examination of the nervous 
system in a rosuocaudal order (i.e., brain, brainstem/cranial nerves, spinal cord, spinal 
nerves, receptors etc.), while the functional approach requires examination of related 
fundions in groups (i.e., mental, motor, sensory, visceral etc.), A combination of these 
two approaches is likely to be more efficient, less repetitive, and more appropriate for 
both the history-taking process and examination as well. 

Greater efficiency may be achieved by limiting movement of me patient and using each 
tool or each type of test only once throughout the examination. If possible, the patient 
should be assessed in the sitting, standing, and lying positions once and should be 
assessed in a rostrocaudal order for each function tested.'11is will reduce the frequency of 
switching between tools and patient positions. Each instrument used in the ex.1mination 
should be laid out in order of use and within easy reach of the practitioner. With this 
orderly approach, the praditioner will be less likely to miss any component of the 
examination (DeMyer 1994). For example. it might be more efficient for the practitioner 
to determine sensitivity to pain at all levels from the ophthalmic division of the trigeminal 
nerve to sacral innervated regions, rather than switching between motor and sensory tests 
al each level. 

Details gathered from the neurological history and examination may only provide 
information concerning the type and location of aberrant neuronal funaion. A thorough 
physical and orthopaedic examination and laboratory or ancillary neuro-diagnostic tests 
may be more useful in establishing the aetiology in some cases, 

TIle following lists provide an overview of the breadth of information concerning the 
neurological history and examination. This should serve as a useful reference and 
template. 
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The Neurological History 

I. Initial History 

Onset atld Clwrtlcter of Health Complaints 

What and where are the symptoms and when did they first occur? 

Was there any il lness. trauma, or significam event prior to or during the onset? 

What is the nature of the sensations, disabilities. or problems that have arisen? 

p(lin/Heatillclles/Fever/Energy or WeighL ClllInge 

lias the patient experienced any pain. headaches, fever, energy, or weight change? 

If weight change has occurred, was it expected from a diet or exercise programme? 

Dumtion mul Freque"cy 

Ilow long do the symptoms last and how often do they occur? Are they recurrent in 
nature? 

Course 

lias the patient's condition or the symptoms changed since the onset of their 
condition? 

Aggrall{ltin8 Factors 

Is there anything that makes their symptoms worse? 

Relielli"g Factors 

Is there anything that makes their symptoms better? 

'fimill8 of Symptoms 

Do the symptoms occur at a particular time of day, momh, or year? 

Treatme"t 

lias the patient received any treatment? If so, what did it involve? 

S"eeze/ColIgl,/VaISl,Iva Otle 

Are the symptoms aggravated by pressure changes in the thorax or abdomen? 

Are the symptoms affected by changes in position such as rising from a sitling or lying 
position? 

2. Ceneral Health History 

Family History 

I lave any immediate or extended family members suffered from a major or hereditary 
illness or expressed symptoms similar to the patient's symptoms? 

Accidellu/Trau"w 

Past trauma such as motor vehicle accidents, falls, concussions, fraaures, etc. 

Medications/Supplements 

Past (long-term prescriptions, etc.) or present medications. 

Is the patient exposed to any other chemicals at work or home? 

Is the patient taking any vitamins, remedies, or supplements? 

Illnesses 

Are there any current or past illnesses that the patient has experienced? 

Tests {HId I"urging 

I lave any laboratory, imaging, or electrodiagnostic procedures been performed? 

Opera I ions/ 1-1 ospi ta I iurii on 

lias the patient had any surgery or admissions to hospital in the past? 

Nutrition 

What is the patient's diet like? 
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3. Social History 

Family Life 

What is the patient's marital status? 

Do they have any dependants? 

Do they feel much stress at home? 

Recreation 

Does the patient panake in recreational activities and exercise? 

Education 

What is their level of education? 

Occupation 

What is their job description and have there been any recent changes at work? 

Social Drugs 

Does the patient smoke or drink alcohol? If yes, how much? 

4. Systems History (special senses, motor, sensory, autonomic, mental) 

Smell anll Taste 

Have there been any changes to smell or taste? 

Has the patient noticed any spontaneous smells or tastes? 

Vision 

Has the patient noticed any cloudiness. haziness. blurring. or double vision? 

Does the patient have difficulty in stabilizing their focus? 

Does the patient ever experience movement of their visual environment? 

Does the patient experience any pain in or around their eyes? 

Is the patient more sensitive to light in one or both eyes? 

Heari'lg 

Has the patient ever notked any changes to their hearing in either ear? 

Does the patient find it difficult to lislen when there is background noise? 

Does the patient experience any ringing or whooshing noises in either ear? 

Does the patient experience any pain or itchiness in or around their ears? 

Does the patient experience a 'fullness' or 'blocked' sensation in either ear? 

Balance 

Does the patient find it harder to walk in a straight line? 

Does the patient tend to deviate more to the left or right when walking? 

Does the patient ever feel as though mey are falling or leaning to one side? 

Does the patient feel as though they are spinning or moving when they are still? 

Does the patient ever experience any movement of their visual environment? 

Has the patient experienced any nausea or vomiting? 

Does the patient feel dizzy or light·headed when looking at moving objects? 

Does the patient feel dizzy or light·headed when they change their posture? 

Motor 

Does the patient have any difficulty with chewing or swallowing their food? 

Has the patient noticed any difficulties with speech (e.g. slurring or stuttering)? 

Has me patient noticed any clumsiness (e.g. using tools and utensils, or tripping)? 

Has the patient noticed any tremors or uncontrollable movements? 

Has the patiem noticed any stiffness, cramping, or twitching anY""here? 

Has the patient noticed any weakness or wasting of muscles? 
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Sensory 

Has the patient nOliced any changes in skin sensitivity anywhere? 

lias the patient noticed any unusual sensations anywhere (e.g. tingling, coldness)? 

Autonomic 

I-las the patient noticed any changes with salivation or tearing? 

I-las the patient noticed any changes in sweating on either side of the body? 

lias the patient noticed any coldness or puffiness in their extremities? 

Does the patient feel dizzy or light-headed when they change their posture? 

Does the patient experience arrhythmia or rapid changes in heart rate? 

Does the patient experience any breathing difficulties? 

Does the patient have any problems with digestion or bowel movements? 

Does the patient suffer from ulcers or irritability in the CI traa? 

Does the patient have any difficulties with initiating or controlling urination? 

lias the patient experienced any signs of sexual dysfunction? 

Meuwl 

Have there been any changes in decision making. planning, or organization skills? 

I lave there been any changes in attention levels or concentration? 

I lave there been any changes in behaviour, mood, or personality? 

I lave there been any changes in the ability to express thoughts or words? 

I lave there been any changes in the comprehension of speech or the written word? 

Have there been any problems with the recognition of people or objects? 

I lave there been any changes with regard to orientation or spatial awareness? 

Have there been any changes in short- or long-term memory? 

lias the patient experienced any seizures, anxiety, or panic attacks? 

Learning these questions as a basis for taking a neurological history can help the 
practitioner to g."lin experience by learning more about dassic and unusual symptom patterns. 

'me Neurological Examination 
'nlere are numerous excellent texts that cover neurological examination techniques and 
these have been outlined in the Funher Reading section. What will be attempted here is 
a description of examination techniques or procedures that either differ from the norm or 
are not covered in traditional texts. As each technique is encountered in the text it will be 
expanded on to explain in detail the approach necessary. First, some neurodiagnostic 
testing equipment often utilized in functional neurology will be discussed. 

Neuroiliagtloslic Tests 
A variety of neurodiagnostic testing equipment can be utilized to investigate or objectively 
quantify dysfunction. These indude: 

1. Video nysurgmograpllY (VNC)-for objective analysis and documentation of visual 
tracking. saccade, and optokinetic dysfunction, spontaneous nystagmus with and 
without visual fixation, unilateral weakness (canal paresis) and directional 
preponderance (central asymmetry) via caloric irrigation, positional tests, and 
others. 

2. Vestibular evoked myogenic potentials (VEMPs)-for objective analysis of certain 
components of the vestibulocollic reflex. Latency and amplitude of motor signals 
to the St.ernocleidomastoid (SCM) muscle are measured following stimulation of 
the: saccule wilh loud auditory stimuli. 

3. Balance platform-Objective analysis of postural sway in various conditions using 
a force platform. 

4. Electrococldeography-Objective analysis of short latency responses from the 
cochlear apparatus and nerve. 

5. Auditory braiustem respouses-Objective analysis of brainste:m responses to auditory 
stimuli to complement VEMPs. 
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G. ElectToenceplwlograplJy (EEC) and qEEG-the neuron electrical activity is measured 
over the scalp by very powerful receptors and then amplified to produce wave 
patterns that can be used to give objective projections of the state of brain 
function. This technique has become very powerful with the addition of source 
localization software such as that offered by the Key institute which can combine 
low·resolulion tomographic analysis (LORETA) and MRI analomical library data 
to give very accurale localization of EEC data. 

7. Advanced imaging-MRI, C1: Doppler ultrasound if history and examin<!.Iion 
suggests ablative lesion of sinister aetiology or if patient is not responding to care. 
To be disrussed further. 

8. Audiometry-also useful and it is important that copies of all reports concerning 
hearing. vision, balance, and imaging are requested. 

TIle Exa".i,raLiorl Process 

Observation 

t. Note the general appearance of the patient and their body morphology. 

2. Note the patient's manner and disposition. 

3. Look for postural angulations of the head, tnlnk, and limbs. 

4. Note the condition of the skin. nails. and hair. 

s. Note skin lesions. pigmentary differences, nevi, oedema. and vasaalarity. 

6. Note any asymmetries of pupil size or position, and observe for ptosis and lid lag. 

7. Note any asymmetries of facial muscles and structure and observe the hairline. 

Vital signs 

l. Determine the heart and respiralOry rate and rhythm. These signs can give an 
indication of the lone of the sympathetic and parasympathetic systems. 

2. Determine respiralOry dynamics including depth and inspiration/expiration ratio. 
This can give an indication of the ventilation patterns and thus the pH or acid/base 
state of the patient. 

3. Detennine blood pressure bilaterally and record even minor differences as these 
along with other findings can be important in detemlining the state of the 
sympathetic nervous system. Blood pressure should always be measured on both 
amlS. Blood pressure is dependent in part on the peripheral resistance, which can 
be different on either side of the head and body due to asymmetrical control of 
vasomOlOr tone. Increased vasomotor tone can occur because of decreased inlegrity 
or CIS of the ipsilateral PMRF, or because of excitatory vestibulosympathetic reflexes. 

4. Measure the core temperature. This may give you an indication ohhe basal 
metabolic rate of the patient, which is elevated in hyperthyroidism and some cases 
of infection. 

5. Measure the skin and tympanic temperature bilaterally, again recording any 
differences as these seemingly small variations may be of great clinical 
importance in determining the blood now and thus activity levels in each 
frontal cortex. 

6. Determine oxygen saturation if the technology is available. 

Visual Fields and Pupil Responses 

I .  Check the upper and lower temporal and nasal visual fields. This is best done 
using confrontational testing procedures with a red tipped pointer. 

2. Check the patient's pupil sizes and response to light. Both consensual and direct 
renexes need to be tested and recorded. 

Examination of the Pupils 
Pupil size reflects a balance in lOne between the sympathetic and parasympathetic nervous 
systems. You can get a reasonable measure of the adual sympathetic lOne in the patient by 
measuring the resting pupil size in darkness. The sympathetic tone represents the degree 
of dilation of the pupil but the degree of resting vascular constriction in vascular smooth 
muscle in most pans ohhe body. Vestibular, cerebellar, and conical innuences on both 
sympathetic and parasympathetic tone should also be considered. 
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Various components of the pupil light renex are subserved by each component of the 
autonomic nervous system. "me TrA, amplitude of constriction, smoothness and 
maintenance of constriction, lTF, and time to redilation of the pupil response need to be 
measured and recorded in each pupil. l11ese are all aspects of the pupil lighl renex that 
have been researched and correlated with central integrative state of the various 
contributing components of the nervous system. 

Pupil Cotlslricliotl Pt,r/lwllYs 

Accommodation is the constriction of the pupil that occurs during convergence of the eyes 
for close focusing. "111e Edinger.Westphal nucleus is activated by the adjacent o(UiOmOlOr 
nucleus, which activates the medial reClus muscle more powerful lhan the lighl renex. 

1nere is also contraction of the ciliary muscle to aid close focusing which is referred to as 
the 'near response'. Parasympathetic fibres lie superficially on the oculomotor nerve and 
Ihey relay in Ihe ciliary ganglion of the orbit, which lies on the branch to the inferior 
oblique muscle. TIley begin in dorsal position and rOlate to a medial and then inferior 
position as they enter the orbit. Blood supply 10 the pupil fibres is different to the main 
trunk of the nerve. The pupil fibres receive their blood supply from the overlying pia 
mater; therefore, the pupil fibres are usually spared in an oculomolOr nerve trunk 
infarction. 

An 'afferent pathway lesion' results in a Marcus-ClUm pupil. 111e swinging light test will 
reveal that the affected pupil will not react to light as well as the other pupil. but it may 
constrict normally in response to stimulation of the opposite pupil during testing of the 
consensual light renex. This occurs in multiple sclerosis, and diabetes conditions that 
a(fect the optic nerve because of demyelination or vascular lesions. One might also expect 
this to occur when there is an increase in sympathetic lOne to the pupil on the side of 
relative 'afferent' defect. '111 is could distinguish a high firing IML column from TND in the 
mesencephalon. 

TIle 'Wenlidle' pupil reaction refers to differential summation depending on whether 
YOll are shining the light into the nasal or temporal aspeclS of the retina (i.e. intact or 
ablated fields). This may be observed in an optic tract lesion. Supposedly, the resting size 
of the pupil is unintemlpted because of the consensual light rene>.:. The nasal half of the 
retina is significantly more sensitive to light than the temporal half of the retina and the 
direct responses are significantly larger than the consensual response. Direct and 
consensual pupil reactions when stimulating the temporal retina are nearly equal. This 
may suggest an input of temporal retina to both sides of the pretectum. Such a crossing of 

temporal fibres may take place in the chiasm. The net effect of the pupillary light reaction, 
which involves shining light into the monocular zone from the temporal hemi·field of 
one eye, leads to greater constriction of the pupil on that side (Schmid et al 2000). 

Parinaud sYlldrome results when damage to decussating fibres of the light renex at the 
level of the superior colliculus is present. This results in semi-dilated pupils flXed to light, 
plus loss of upward gaze. 

Argyll Rober/son pupil is most commonly seen in neurosyphilis: bilateral ptosis, 
increased frontalis lOne, pupil mat is irregular, small, and fixed to light, but constricts with 
accommodalion.1ne pupil canl10t be dilated by atropine. Differential diagnosis oflhis 
particular pupillary dysfunction includes senile miosis, pilocarpine, or P-blocker drops for 
glaucoma. 111is pattern of findings is reversed in encephalitis lethargica. 

Holmes-Allie pupil or 'tonic' pupil occurs because of degeneration of the nerve fibres in 
the ciliary ganglion and is thought to be produced by a combination of slow inhibition 
of the sympathetic and partial reinnervation by parasympathetic fibres. This condition can 
also be associated with loss of patella renex.. decreased sweating. blurred vision for near 
work, and eye pain in bright light. 

Homer's Syndrome 

Disruption of the sympathetic chain at any point from the hypothalamic or supraspinal 
projections to the oculomotor nerve can result in a spectrum of symplOms referred to as 
I lamer's syndrome. 11le classic findings in this syndrome include ptosis, miosis, and 
anhidrosis but a number of other abnormalities may also be present. Ptosis or drooping 
of the upper eyelid is caused by the interruption of the sympathetic nerve supply to the 

muscles of the upper eyelid. Miosis or decreased pupil size is a result of the decreased 
action of the dilator muscles of the iris due to decreased sympathetic input. This results 
in the constrictor muscles acting in a relatively unopposed fashion, resulting in pupil 
constriction. A Horner's pupil will still constrict when light is shined on the pupil 

83 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

84 

although careful observation is sometimes required to detect the reduced amount of 
constriction that occurs. Innervation to superior and inferior tarsus muscles is carried in 
eN III. Vasomotor fibres are carried in the nasociliary branch oreN V and make no 
synapses in the ciliary ganglion after branching off from the carotid tree. Pupillodilalor 
fibres are carried in the long ciliary branches of the nasociliary nerve. 

This syndrome is characterized by the following signs and symptoms; 

• Ptosis/apparent enophthalmos; 

• Small pupil; 

• Anhydrosis (forehead or forequaner of body); 

• BloodshOl eye (loss of vasoconSlrictor activity); 

• Heterochromia; and 

Homer's syndrome can occur because of lesions at various peripheral and cenlral sites: 
hemispheric lesions, brainstem, spinal cord especially in central syringomyelia, nerve roOt 
lesions, carotid artery, jugular foramen, orbit, and cavernous sinus. Depending on the 
location, Olher cranial nerves may be involved such as III, IV, VI, and Vi near the cavernous 
sinus or superior orbital fissure and IX, X, and XII al lhe base of the skull. In the spinal 

cord, the mixed signs associated with syringomyelia may be present because of widening 
of the cemral canal. This would include loss of segmemal reflexes, descending 
hypothalamospinal fibres, spinothalamic sensation (segmentally ipsilaterally and then 
descending contralaterally or bilaterally), ventral horn cell function, and atypical pain 
patterns. 

With T l  nerve root involvement, I lorner's syndrome may be presem with weakness of 
finger abduction and adduction, wasting of the intrinsic hand muscles, loss of pain 

sensation in the medial aspeo of the arm and armpit, and deep pain in the armpit. 'Ibis is 
rarely due to spinal degeneration, and serious causes such as Pancoast's tumour should be 
considered. Referral for MRL chest X-rays, and/or cr scan should then be considered. 

Different lesion levels affect sweating differently. Central lesions may affect sweating 

over the enlire forequarter due to involvement of the descending pathways from the 
hypothalamus. Lower neck lesions may affect sweating over the face only because of 

involvement of sympalhetic efferents in the arterial plexus (carotid/vertebral). Lesions 
above the superior cervical ganglion may not affect sweating at all, or il may be restricled 
to the forehead. 

Bliml Spots and Oplilhalmoscopy 
What are Blind SpOlS? 
lbe area of the retina ocrupied by the nerves and blood vessels is not populated with 

visual receplor cells. Normally the cells of the retinal project to the thalamus and then to 
the occipital cortex where their projeClions form ocular dominance columns, or 

hypercolumns. Hypercolumns represem all the possible visual characteristics of a specific 
point in the visual field including binocular interaction (independent ocular dominance 
columns), angle of perceived stimulus (orientation columns), blobs, and interblobs 

(colour perception units). lbere are a series of horizontal projecting neurons located in 
the visual striate cortex that allow for neighbouring hypercolumns to activate one another. 

"Ibe horizontal connections between these hypercolumns allow for perceptual completion 

to occur. 
The area of the visual striate cortex (occipital lobe) representing the blind spot and the 

monocular crescent (bOlh in the temporal field) does not contain the alternating 

independent ocular dominance columns. This means that these areas only receive 
information from one eye. If one closes that eye, the area representing the blind spot of 

the eye remaining open (on the contralateral side) will nOI be activated because of the 
lack of receptor activalion at the retina. 

The blind spOt is therefore not strictly monocular, but it is dependent on the FOF of 
horizontal connections from neighbouring neurons. These may be activated via receptors 

and pathways from either eye. Perceptual compleLion refers to the process whereby the 
brain fills-in the region of the visual field that corresponds to a lack of visual receplOrs; 
therefore, we generally are nOI aware of the blind spot. 

The size of lhe blind spot has been linked to the CIS of the cortex (Carrick 1997). 
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FOCtls n', 19-----' 

Focus rings: 
-101+10 
20+/20-

1. Measure the size of the patient's blind spots using perimetty techniques (Figs. 4.3 
and 4.4), 

a) lise a white-backed business card with a red circle drawn in one comer. 

b) Slick a piece of A4 white paper on the wall or desk in landscape orientation 
and place a black dOL in the centre that the patient can focus on. 
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QUICK FACTS 8 Anisocoria with Right Corectasia 

l 
Fig 4 3 The procedure for manual determination of blind spots 
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Fig 4 4  A blind spot map generated by a blind SIX'! mappmg computer program The deviation of one blind spot 
either above or below the centre line by a SignifICant amount can Indicate a dysfunction In the optiC radiations as 
they pass through the parietal or temporal pathways A Similar effect can be seen when the patient has t,lted their 
head Of has ocular skew when measunng the blind spots In these cases the deviatIOn of the bhnd spots WIll be 

eqUIdistant from the centre line This figure demonstrates the appearance of the blind spots wlIh a nght panetal 
ra<hhon dysfunctIOn 

c) Cover one of the p<uient's eyes and place the patient 28cm (rol11 the paper, 
ensuring that there is no head lilt present. 'nlC head should not move for the 
duration or tile testing. 

d) Move the red circle outwards from the centre and instruct the patient to inform 
you when the red circle disappears. Then move the circle back towards the 
centre until the patient informs you that the circle has returned. 

e) Move the dot Olllwards again and repeat for eight separate points in the 
horiwntal (2). vertical (2). and diagonal (4) planes. 

r) Repeat for the other eye ensuring that the patient has not altered the position 
of their head. 

g) Connect the dots and measure the perimetry or horizontal and venical dimensions. 

Blind spots can also be mapped using the Microsoft Paint program or using the 
computerized physiological blind spot mapper (Fig. 4.5). 

2. Observe the anterior to posterior and nasal 10 temporal structures of the eye. 

a) Observe the condition of the retinal vessels and determine the vein·to-artery 
(V:A) ratio utilizing ophthalmoscopy (Fig. 4.7). Opllllwimoscop)' is useful for 
assessing the vascularity of the optic disc and retina. This should accompany 
measuremenl of the blind SpOt size as changes in the morphology of the optic 
disc and peripapillary region of the retina could explain the shape or size of 
the blind spot. Changes that occur before and after an adjustment or other 
activity are functional in nature. 

The V:A ratio refers to the difference in diameter of the veins and arteries 
that branch from the central retinal artery. A large difference may be due to 
increased sympathetic output, which causes greater peripheral resistance and 
constriction of arteries.1ne condition of blood vessels can also be helpful as an 
indicator of cerebrovascular integrity. Look through the ophthalmoscope and 
locate the vessels of the fundus. Identify a vein, which is nonnally larger than 
an artery, and an arlery and then compare the sizes. The ratio of vein diameter 
to artery diameter can then be recorded. 1nis is a useful procedure to perform 
following any intervention that may affect the sympathetic/parasympathetic 
activity ratio in the neuraxis. 

PhyslOiogc blind spot ovaluallon 

Le« Right 

• 

Fig 4 5 A relatIVely nOfmal blind spot map generated by a blmd spot map computet program. Note the volume 
calculatIOns listed at the top of the figure for each blind spot This bhnd spot map shows centre points that are 
roughly eqUidistant from the centre line and are thus not the result of ocular skew or head lilt 
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Quick Facts 9 

Figure 4.6 A lateral (top) and a superior (bottom) view of the correct angle of 
approach to start the ophthalmoscopic examination. If the patient is 
looking straight ahead. it also demonstrates the area of the retina that 
this approach should expose in the eye field of the ophthalmoscope as a 
point of reference for the examination. Note your viewing eye and the 
eye being examined in the patient should be the same, and both of your 
eyes should remain open during the examination. 

Patient 

Ophthalmoscope 

Section of the eye through the horizontal plane 

V:A ratio 
1 .5:  1 

V:A ratio 
2.0:1 

Vein 

Fig. 4 7 OphthalmoscopIc appearance of the retinal artenes and veins when 
attempting to determme the vein-la-artery N A) ratio The V:A ratio on the 
left is normal and on the right IS Increased, Ind1catlng an overactive sympa
thetIC Input to the retmal artery 
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b) Observe 'he flmdus and look for normal appearance or any normal variants that 
may be present ( Fig. 4.8). Observe the fundus for any pathology thai may be 
present including veinjancty nipping, clouding or discoluration, optic nerve 
head swelling, subhyaloid haemorrhages, papilloedema, scarring. or 
melanomas (Fuller 2004) (Figs 4.9 and 4. 10). 

c) N)'SurglllIlS, which is a slow drift of the pupil in one direaion fol lowed by a fast 
correction in the opposite direction, can also be detected very easily utilizing 
the magnification of the scope. When recording the nystagmus. it is convention 
to describe the direction of the fast phase as the direClion or the nystagmus. For 
example if lhe pupil is seen to move slowly to the left than correct with a fast 
phase to the right this would be described as a right nystagmus. Nystagmus can 
be pll}'5iologiCllI as seen when the head is TOtated or in people looking out the 
window of a car, pen'pheml, due to abnormalities of the vestibular system. 
[(''''ral, due to cerebellar dysfunction, or rninal, due to the inability to fixate the 
retina on a target. Opticokinetic reflexes (OR) can be used to test visual tracking 
and nystagmus. OplOllinelic testing can be extremely useful for determining the 

Normal 

Macula ------\---

Oplle disc ___ .-If------''J.1l,, 

vein --------""'::-H'_\. 

Normal vananls 

of vessels 

PigmentatlOll--.....:�----�....,QI"II� 
Myelinated 
nerve fibres 

Drusen -----+-----__'1':< 

Fig 4 8 A normal fundus (top) and normal variants (middle and bottom) 
that may be observed dunng exammatlon 
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Hypertensive retinopathy 

A,V, nipping ----f--:2I"iI!!!!"r---.,. ... -OC� 
Variable calibre -- -#':1----, 

Mild 
MO .. �,���e=r:e���_--�� 

Optic disc -

Haemorrhage ---����;i� 
Conon wool spot 

Diabetic retinopathy 

BIoI -------r-�r�---_je 
Hard eKUdale ----�_::;; ... !!:I� 
Opl ------_;�-----� 

background 
Prolifera tive 

Neo-vascularizalion _.-J�;S;:'!.� 
Conon wool spot 

Black lesions 

laserscar ----,I-::\�rl-� 
Melanoma --��r--� 

Choroidal naevus 

Retinitis pigmenlosa --'�--"'�!"'I-��L 

Fig 4 9 The retina In a vanety of retinopathies as It may be observed dunng examinatIon of the fundus These 
conditions. unlike the normal vanants In Fig. 4.7, warrant signifICant medical follow-up 

presence of vestibulocerebellar dysfulldion and conical hemisphericity. '!11ere 
is a high expectation of abnormal reflexes in patients who suffer frolll learning 
or behavioural disorders, balance problems. dizziness, vertigo. migraine, 
spondylosis, whiplash syndrome, anxiety, or symptoms known to be associated 
with cortical dysfunction (e.g. stroke). 

OR can be tested by passing a opticokinetic tape in front of the patient's eyes, first in 
one direction and then in the other, and observing the motion of the eyes as the tape is 
passed. '111e motion of the eyes should be observed keeping in mind the latency and 
velocity of the response, the amplitude of the response, smoothness of movement of the 
response, the fatigability of the response. and the direction of the response, all of which 
should be recorded ( Fig. 4. 1 1 ) . The oplicokinetic tape can be made using a piece of while 
cloth about 5 cm wide and I m long. 01110 which red pieces of cloth about 5 )(  5cl111 have 
been stitched at regular S·cm intervals. 

Copyrighted Material



The Fundamentals of Functional Neurological History and Examination I Chapter 4 

Papilloedema 

OptIC atropy 

Glaucoma 

Fig 4 1 0 Pathologl� that rTldy be observed dUring exammatlon of the fundus. These conditIOns, Similar to those In 
Fig 4 9, warranl Significant medical follow-up 

Right stJmulus = righl panelal actiVallOO (rightwafd pursu,ll 

= nghl frontal actrvation (leftwafd saccadel 

• 

= �h vestibulocerebellar actiValion (nghtwafd pursurt and slops saccade) 

Fig 4 1 1  OptlCok.metlC tape SaccadiC eye rncwements, also referred to as S3ccades, are rapid movements that 
move the eye from one object to the next The saccadiC reflexes can be tested by holding an optlcok.metlc tape 
about 14 In, from the eyes and moVing the tape slowly and steadily 'Irst In one direction and then the other 
dlrectlOO_ Observallon of the amphtude. frequency, directIOn, and smoothness of the saccades generated can gIVe 
a clue as to the area of the neuraxIs that IS dysfunctIOnal The areas of the neuraxIs largely responSible for the 
various phases of the slow purSUit and saccades of the eyes are highlighted In pmk 
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Perception of self-motion or vertigo can occur because vision-related neurons project 
1O the medial vestibular nucleus via the nucleus of the optic tract in the pretectum. 

A conical smooch pursuit system is involved when one tries to maintain fixation of gaze 
on a moving object. This can be tested by slowly moving a finger from left to right in front 
of the patient and asking the palient to watch your finger only moving their eyes, and not 
their head. 

S(fCClu/ic eye movements, which are also referred to as saccade-so are rapid movements that 
move the eye from one object lO the next. 'nlE�se can be tested by holding up fingers about 
1 III apart in front of the patient and asking the patient to look from one finger to the other. 

MOlor Ex.amination of the Head 
1 .  Observe the orientation of the pupils and the corneal reflections. n,is test util izes 

the reOection of light off the cornea of the eyes when the patient is looking off inlO 
the distance. The reflections should be equal in size and position if the eyes are 
equally deviated. 

2. Test the six positions of gaze and look for conjugate movements and nyst.lgmus 
(Fig. 4. 1 2). Relate the movement of the eyes to the anatomy of the eye muscles and 
note that the muscles of the eye will have different actions when the eye is in 
different positions (Fig. 4 . 1 3). 

3. Observe the quality of smooth pursuit in the planes of the semicircular canals 
11,ese eye movements require activation of the cerebellum without the " ctivation 
of the vestibular system and can be used 10 differentiatc between a ccrebellilr <md 
vestibular dysfunction (Fig. 4 . 1 4 ). 

4. Palpate the jaw muscles, observe for jaw deviation, and check the jaw jerk reflex. 
11,is reflex tests the motor and sensory divisions of the mandihular division of the 
trigeminal nerve. 

SA 10 

lA_---j }---+MA 

IA o 
Fig 4 12 Movement directions produced by contractIons of the extraocular muscles. The directions outlmed 
represent the pnmary directIOn of movement of each muscle when the eyeball IS f.Kmg f()(Ward In a neutral gaze 
and WIth no synergIC cKtlvlty of other extraocular muscles Involved SR '" supenor rectus, IR :: Inferior rectus, 
10 :: Infenor oblique. SO:: supenor obhque, lR - lateral redUS. MR - mechal rectus 

Trochlea 
Inferior obhque muscle 

Medial rectus muscle 

Supenor oblique muscle 
Lateral rectus muscle 

Superior rectus muscle 

Levator palpebrae supenoos muscle (dIVided) 
FIg 4 1 3  Superior VIew of the extraocular muscles of the eye Note the orIgin and msertlOn of Ihe muscles With 
respect 10 the midline of the eyeball 
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10 SA left anterior canal 

Right horizontal canal 
LA 

so IA RighI posterior canal 
Fig 11 1 4  Eye movements and their related vestibular canals stimulated when these f!Ije movements are 
accompanied by a rotation of the head In order to focus on a movmg object or keep an object In focus while the 
head IS moving 

____ Cerebral cortex 

" ... I-- Maln motor nucleus 
"�f--�IC�U of facial nerve 

- - 2 

2 
Fig 4.15 Innervation of the faCial muscles by the faCIal nerve (CN VII).The cortlcobulbar prOjections ( 1 )  arise from 
the coru(dl faCial areas and project to the faCial nerve nuclei These projectIOns are bilateral from the cortell: to the 
areas of the fa(lal nucleus supplymg the upper eyelcd and forehead and Ipsilateral to the nuclei supplying the lower 
face The prOjections of the cranial nerve nuclear neuroos form the facial nerve (eN VII) proper and prOject 
Ipsilateral to the upper and lower face (2). Thus, a faCial nerve (CN VII) lesion, also referred to as a lower motor 
neuron leSion, Will result In paralYSIS of the IpSilateral facral muscles of both the upper and lower face A lesion to 
the cortical areas or the cortlCobulbar prOjection pathways, also referred to as an upper motor neuroo lesion, wrll 
result In a cootralateral facral paralysis of the upper face (forehead and upper eyelid region) ooly 

S. Observe for asymmetries in facial muscle contraction, both voluntary and involun· 
tary actions and both upper and lower face need to be tested. The eN Vl1 nucleus is 
innervated bilaterally by upper motor conico bulbar neurons. nle eN VlI nerve 
itself is ipsilateral in projection to the face. 'l11is results in a situation where damage 
to the eN VII nerve (lower motor neuron) results in ipsilateral paralysis involving 
the whole side of the face. When supranuclear damage (upper motor neuron) is 
present. the paralysis is limited to the contralateral forehead area ( Fig. 4 . 1 5). 

6. Observe for asymmetry in palate elevation (Fig. 4. 1 6). 

7. Observe for fasciculations. atrophy, and deviation of the tongue. 

S. Observe and feel the tone of the SCM and trapezius muscles during head turning. 

9. Observe the quality of the orular tilt reaction. The OTR is a reflex movement of the 
eyeball when the head is tilted from one side to the other. When the head tilts to 
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Normal 

Uvula 

Tongue ---+t� 

lett paJitac paresis 

Uvula 

Posterior -_.llr'l"""'::-"C:' 
pharyngeal 
w�1 

Tongue ----1"1+-

l..-.I-IOI+-- Posterior 
pharyngeal 
wall 

�ir\--tlItt-- Palate 
paresis 

Fig. 4.16 View of the mouth and palate during examination. (Top) Normal palatal elevation and (bottom); left 
palatal paresis. The latter may be due to a number of reasons Including muscular weakness, glossopharyngeal 
nuclear dysfunction, and decreased neural stimulus from the Ipsilateral cortlCobulbar neurons. Note the uvula rarely 

deviates in this condition as opposed to the complete paralysis of the glossopharyngeal nerve where It deviates 
away from the side of the lesIOn. 

the right the right eye should intort (roll towards the nose) and the left eye should 
extort (roll away from the nose). 111is is a vestibular ocular renex-. 

10. Observe the patienr's optokinetic renexes (see above). 

I I .  Observe the patient's saccades and anri-saccades (see above). 

Sensory Examination of the Head 
1 .  Check sensation to pinprick (or pinwheel) in trigeminal and cervical zones (Fig. 4. 1 7).  

2.  Check sensation to light touch if indicated. 

3. Check for quality and asymmetry of the cOn/eal reflex.. Many students and 
practitioners get false results from this renex because of fuulty technique. Several 
common mistakes include touching the conjunctiva instead of the cornea, approach· 
ing the eye too quickJy which is perceived as menacing and results i n  a blink renex. 
testing over a conract lens. all of which result in inaccurate findings. The area of the 
eye touched to trigger this renex correctJy is shown in Fig. 4. 18.  The reflex is 
performed by asking the patienr to look up and away and slowly bring a piece of 
cotton wool twisted to a point in contact with the cornea. Walch for the reaction of 
both eyes, and the ocular muscles surrounding me eye. The normal response is a 
bilateral blink and contracture of me muscles of the eyebrows bilaterally. If there is 
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supraOrbll81{laterat ramus 
nerve MedIal ramus 

Zygomallcolemporal nerve 

Supratrochlear nerve 

Infralrochlear nerve 

ZygomatICOfaCIal nerve 

External nasal nerve 

Infraorbital nerve 

Upper buccal branch 
01 facial nerve 

Buccal nerve 

Mental nerve 

lower buccal branch 
of faCIal nerve 

Marginal mandibular branch 
01 faCIal nerve 

loop of communication 
between cervical branch 01 
facial nerve and transverse 

Auriculotemporal nerve 

Temporal branch 
olladal nerve 

ZygomatIC branch 
01 18001 nerve 

Greater occipital 
nerve 

Posterior auricular 
nerve 

FaCIal nerve 

lesser occipital 
nerve 

Greater auncular 
nerve 

Accessory nerve 

Transverse cutaneous 
nerve of neck 

��"'Io::A�� Supraclavicular nerves 

A 
cutaneous nerve of neck 

B 

OphthalfT'IIC nerve 

MaXIllary nerve 

Mandibular nerve 

Transverse cutaneous nerve 01 neck 
(venlral rami C2 and 3) 

SupradavlCUlar nerves 
(ventral raOli C3 and 4) 

Greater occiprtal nerve 
(dorsal rami C2 and 3) 

lesser occipItal nerve 
(ventral ramus C2) 

Greater auncolar nerve 
(ventral rami C2 and 3) 

r Dorsal rami C3, 4 and 5 

Fig 4 1 7  (Al Actual nerve pathways of the face and head (8) Dermatomal distributIOn of the re<eptlve fields of the 
nerves of the head and face Note that the tflgemlnal nerve's oCCIpital dIVISIOn has a dermatomal distribution that 
projects from the tJP of the nose to well past the ears on the top of the head and the mandibular d1VlSJon prOjects 

anterIOr to the ear to cover the temporal area 

failure of either side to blink you can suspea an ipsilateral trigeminal nerve (CN V) 
V I  lesion on the side you are testing. If only one side fails to respond you could 
expect a facial (CN VII) lesion on the side that fails to comma. 

4. Perform gag reflex if indicated. 

Taste, Smell, Hearing, and Otoscopic Inspection 
I .  Check taste sensation on each side of the longue. 

2. Test for smell sensation i n  each nostril. 

3. Check hearing with Weber's, Rinne's, and other tests if necessary. 
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FIg. 4 18 The corneal reflex 

Comea 
Darkened area site to touch 
for comeal reftex 

Pupil 

4. Perform otoscopic inspcClion. This is useful for observing the integrity of the 
tympanic membrane and investigating the presence of middle and ollter ear 
abnormalities including wax acrumulation. H istory of ear infection may provide 
an insight into the aetiology of vestibular and auditory symptoms. 

Cranial Nerve Screening 
The majority of signs and symptoms associated with brainstem dysfunction can be 
revealed by perfonning a thorough history and examination of the cranial nerves and their 
effects on sensory, motor, autonomic, and mental functions. The list below includes 
motor, sensory, and autonomic signs observed at both cranial and spinal levels that may 
be mediated by the various cranial nerves and neighbouring reticular formation. 

QUICK FACTS 10 Commonly Presenting Movement Disorders 

96 

• Essential tremor 

• Parkinson's disease 

• Dystonia 

• Spasmodic torticollis 

• Writer's cramp 

• Primary dystonia of essential tremor 

• Restless leg syndrome 

• Spasmodic dysphonia 

• Meige's syndrome 

CN I Olfactory 

1 .  Smell i n  independent nostrils 

CN II Optic 

1 .  Pupil size 

2. Pupil light reflexes 

3. Light sensitivity-vestibular-induced increase contralaterally 

4. Blind spot size and orientation 

5. Acuity 

6. Visual fields 

A upper temporal field deficit may be found in the conlIalateral eye to an optic nerve lesion 
because of looping of the contralateral lower nasal retinal fibres back along the optic nerve. 
Incongruous field defects can aeror because of involvement of the optic tracts between the optic 
chiasm and the lateral genirulate nucleus (LeN) (thalamus) and midbrain. This is due to the 
90" inward rotation of the traas so that both sets oflower field fibres lie medially, and both sets 
of upper field fibres from eadl eye lie laterally. 
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eN I l l :  Oculomotor 

1. Corneal reflection abnormalities 

2. Weakness on gaze 

3. Nystagmus-vestibular-induced slow phase contralaterally 

4. Opticokinetic reflexes (OPK)-slower contralateral to deficit 

5. Saccades/pursuilS-dysmetric contralaterally 

6. OTR 
7. Blepharospasm-vestibular-induced enhancement of blink reflex 

eN IV TrochJc.u 

1. Corneal reflection abnormalities 

2. Weakness on gaze 
3. Nystagmus 

4. OKN 

5. Saccades/pursuits 

6. OTR 

eN v frigcminal 

I .  Masticator tone-vestibular-induced increase (esp. contralaterally) 
Sensation-vestibular-induced disinhibition of pain 

2. Ear pain 

3. Corneal reflex (afferent limb)-vestibular/anxiety-induced enhancement 

eN VI Abducens 

l .  Corneal reflection abnormalities 
2. Weakness on gaze 

3. Nystagmus 

4. OKN 

5. Saccades/pursuits 

eN VII I,Kial 

I .  Facial lics-peripheral or basal ganglionic mechanisms 

2. Ear pain 

3. Salivation-vestibular-induced increase due to PMRF integration (superior 
salivatory nucleus) 

eN VIII  Vestibular .mel Cochle.u 

I .  OTR 

a. Skew deviation 
b. Ocular torsion 
c. Head lill 
d. Subjective visual venical (SW)-cortical consequences 

2. Corneal reflection abnormalities 

3. Weakness on gaze-contralateral to deficit 

4. Nystagmus-vestibular-induced slow phase contralateraJly 

5. OKN 

a. Slower pursuit contralateral to deficit 
b. Dysmetric pursuit conlralateral to hyper- or hypofunction 

6. Saccades/pursuits-as above 

7. Vestibulo-ocular reflexes (VORs)-decreased gain with rotation to side of deficit 
8. Vestibulo-autonomic reflexes as above and below (hean, lungs, gut, head) 
9 Neck muscle tension and pain-vestibular-induced increase 

10. Extensor muscle lone-vestibular-induced increase 
I I .  Somalic sensation-vestibular-induced pain, 'numbness', tingling, etc. 

1 2 .  Motor and sensory lrigeminal signs a s  above (5) 

1 3 .  Light sensitivity-vestibular-induced increase conlralaterally 

14. Postural head tilt-most commonly to side of deficit 

I S. Deviation on Romberg's lest or walking-mosl commonly to side of deficit 
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1 6. Increased postural sway in sagiuaJ or coronal planes 

1 7. Rotation or side-stepping on Fukuda's test (marching on me spot with eyes 
closed for 30s)-m051 commonly to side of deficit 

1 8. Accompanying hearing deficits and tinnitus-peripheral mechanisms 

1 9 .  Hearing deficits and/or tinnitus-altered autonomic and/or dorsal cochlear 
nucleus integration 

20. Aural fullness-sensation of fullness or pain in the ear or surrounding head 

2 1 .  Frequent headaches (occipital t o  (fantail-aggravated by fatigue. visual work. 
l ight, oversleeping 

eN IX Glossopharyngeal 

I .  Baroreceptor reflexes-interaction with vestibulosympathetic reflexes 

2. Ear pain 

3. Salivation-vestibular-induced increase due to PMRF integration (inferior 
salivatory nucleus) 

eN x Vagus 

1 .  Difficulty or tightness swallowing-veslibular.induced anxiety syndrome 

2. I ncreased or decreased bowel movements/sounds (auscultation)-vestibular· 
induced activation of DMN X 

3. Bradycardia-depending on interaction wilh vestibulosympathetic reflexes 
(vestibular-induced aClivalion of nucleus ambiguus) 

4. Nausea-activation of NTS, DMN X, and emetic cenlres 

5. Ear pain 

eN XI Spinal Accessory 

1 .  Postural deviations of head-most commonly tilt.ed to side of deficit (there are 
ot.her important factors such as increased posterior muscle lOne) 

eN X I I  Hypoglossal 

1. Tongue muscle lone-veslibular-induced increase 

Frequently Observed in Patients with Chronic Vestibulocerebellar 

QUICK FACTS 1 1  Disorders 
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General Dystonias 

• Writer's cramp 

• Causalgic-dystonia (reflex sympathetic dystrophy (RSD), repetitive strain, 

chronic pain, etc) 

Facial Tics 

• Peripheral nerve lesion (see slides on blepharospasm) 

• Vestibular disorders 

• Mood d isorders-anxiety, panic, and obsessive-compulsive disorder (0(0) 
• DystoniC 

Restless Leg Syndrome 

• Akathisia 

Essential Tremor 

• Vestibular and cerebellar dysfunction (inner ear disease) 

Parkinsonism 

• Mood disorders 

• Medications 
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MOlor Examination of tJ1C Trun k  and Limbs 

1 .  Check upper and lower limb muscles for segmental or suprasegmental weakness 
(see muscle testing diagrams in Appendix I at the end of this chapter). 

2. Check upper and lower limb reflexes (see reflex diagrams in Appendix 1 at the end 
of this chapter). Reflexes should be tested by applying repealed equal strikes of the 
reflex hammer (0 the tendon until fatigue ocrurs or until six or seven strikes have 
been performed. If the muscle maintains equal responses throughout the six or 
seven repealed stimuli then the area supplying that reflex can be thought of as 
expressing a healthy CIS. 

3. Check the resistance in muscles to joint motion (muscle lone). 

4. Assess for percussion irritability and myotonia. 

5. Check flexor reflex afferent reflexes, which include the superficial abdominal and 
plantar reflexes. 'Ine superficial abdominal reflex is performed by scratclling the 
abdominal wall as shown in Fig. 4. 1 9  and obse.rving the reaction of the abdominal 
muscles, which should contract on the same side. The afferent supply for this reflex 
is thought to be the segmental sensory nerves and the efferent supply the segmental 
motor nerves. lne roots tested when striking above the umbilicus are TB-1'9 and 
below the umbilicus TlO and Til.  No read ion of the abdominal muscles is 
a positjve response and is thought to indicate an upper mOlor neuron lesion at the 
level being tested, but may also present if the lower motor neuron is involved. 
I lowever, this test is not accurate in a large number of individuals because of the 
presence of large amounts of abdominal fat or scar tissue formation, or in women 
who have experienced multiple pregnancies. 

G. 'Ille plantar reflex or response (Fig. 4.20) is performed by stroking the plantar 
aspect of the foot making sure to curve under the area where the toes join the fool. 
A normal response involves the toes curling downwards and a mild jerk of the foot 

) ( 

( \ 

-

',,--,------�--------- -' 
TID ./ 

Fig. 4 19 The superfICial abdominal reflex is performed by scratching the abdominal wall as shown and observing 

the reactIon of the abdominal muscles, whICh should contract on the same side. 
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FIg 4 20 The plantar reflex or response IS performed by strokmg the plantar aspect of the foot WIth a blunted 
sharp edge such as the POinted end of the reflex hammer. 

away from the stimulus. A positive response. also known as a Babinski response. 
involves the upward movement of the toes, and in some cases only the big toe 
moves upwards. which is referred to as an up-going toe:. A positive response 
indicates a lesion to the conicospinal lracl on the ipsilateral side below the 
decussation of the fibres in the medulla, or a contralateral lesion of the 
conicospinal traas above the decussation. Commonly this type of neuron injury 
is refe.rred to as an upper motor neuron lesion. 

Sensory Examination of the Trunk and Limbs 

1 .  Check spinothalamic sensation, which includes pain and temperature i n  upper 
and lower limbs. A common mistake made when performing this tesl is 10 be 100 
gentle and not actually cause pain. 111e patient may respond that they felt the 
stimulus but the stimulus they felt  was not pain but pressure. If you are testing 
pain then it must cause pain to test it. 

2. Check dorsal column sensation, which includes two-point discrimination and 
vibration sense, in upper and lower limbs. A good way to check vibration sense is 
to use a low C tuning fork. set it ringing, and apply the single pronged end to 
a distal point on the fingers or toes. 

The Following Points Are Central to the InitIal Assessment of a 

QUICK FACTS 1 2  Movement Disorder 

1 00 

1 .  Determine the characteristics of the movement. 

2. Determine the likelihood of heredity. 

3. Enquire about inciting events and exposures to drugsltoxins. etc. 

4. Determine the time course of the disorder. 

5. Investigate for coexisting medical or neurological disease. 

3. Determine presence of: 

a. Astereognosis, which is the inability to identify a common object when placed 
in the hand with eyes dosed; 

b. AlOpognosia, which is the inability to correctly localize a sensation; and 

c. Craphanaesthesia which is the failure to recognize a number drawn on the 
patient's palm which is not in view ofthe patient. 

Copyrighted Material



The Fundamentals of Functional Neurological History and Examination I Chapter 4 

Cerebellar (and Further Vestibular) Examination 

1 .  Observe for the presence of a resting, postural, or kinetic tremOf. 

a. Check aJl limbs for past poiming/overshooting, by asking the patient to extend 
their arms out to each side with !.heir first finger extended and touch the fingers 
in alternating fashion to their nose. Do this first with eyes open and then with 
eyes dosed. To test the lower limbs have them run the heel of one: foot down 
the shin of the opposite leg to the toes. 

Testing for Cerebellar Dysfunction QUICK FACTS 1 3  

• Walk i n  tandem, o n  heels. o n  toes, and backwards 

• Accentuate dysmetria by increasing inertial load of l imb (overshooting and 

undershooting) 

• Finger opposition, pronation, and supination of the elbow, heel/toe floor 

tapping (disdiadochokinesia) 

• Finger to nose, toe to finger, heel to shin, figure of 8 (kinetic tremor and 

dysmetria) 
• Rotated postures of the head 

Not to be Missed Tests in All Cases of Suspected Vestibular and 

Auditory Dysfunction QUICK FACTS 14 

1. Cranial nerve screen 

2. Corneal reflexes 

3. Trigeminal sensation (especially 1st division) 

4. Plantar reflexes 

S. Basic motor and sensory examination 

6. Cerebellar screening 

b. Dysmetria-check all movements for smoothness and accuracy of 
performance. 

c. Disdiadomokinesia is present if the patient cannot perform rapid alternating 
movements in a consistent. symmetrical, and coordinated fashion. A good test 
is to ask the patient to rapidly turn both of their hands from palm up to palm 
down as rapidly as they can and compare the actions of each hand. 

2. Inslrucl me patient to walk on their toes and heels and perform tandem gait. 

3. Perform: 

a. Romberg's (esl, which is testing the posterior columns and cerebellum. Ask the 
patient to stand with their feet dose together or touching. Then ask them to 
raise their anTIS to shoulder height and keep them extended in space at the 
same height. Observe the degree to which they sway. If the sway is not to such 
an extent that they may fall, ask them to dose their eyes and again observe the 
sway. Watch very closely for the direction of movement or any preferences in 
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direction that lhey like to move into. Have them maintain this posture for 
approximately 30 s. Then ask them to open their eyes and tell you what they 
felt. Patients will usually fall  to the side of decreased cortical muscle tone or 
the side of increased cerebellar aaivation. 

b. Fuhuda's marching in place lest, which is performed by asking the patient to 
march on !he spor. lifting their right arm and leg in unison and likewise for the 
left arm and leg. Have them complete the cycle a few limes and men ask them 
to dose their eyes. Keep them marching for about 30 s and note any deviation 
from the spOl lhat they started on. 

Onhopaedic Examination 
Check both passive and active range of 11100ion of all joints including the exLIemities. 
Check muscle strength (see muscle: testing diagrams at the end of this chapter). Observe 
the: patient's gait and posture. 

Physical (Visceral) Examination 

1 .  Chest-not covered in this text. 

a. Hean: Tachycardia or arrhythmia-due to IML escape: (especially on the right 
and left respectively as the right IML has greater control of the sinoatrial node, 
while the lefl lML has greater control of the atrioventricular node). This may 
occur because of decreased integrity oCthe PMRF or increased expression of 
vestibulosympathetic renexes. Arrhythmias and changes in hean sounds can 
occur due 10 altered CIS of the PMRF. 

b. Lungs-nO! covered in this text 

2. Abdominal exam-not covered in this text 

Examination of Mental State 
The patient should be tested for orientation to person: Do they know who they are?; 
place-Do they know where they are?; and time-Do they know what day, month, 
and year it is? One should also test for both shon- and medium-term memory by 
asking the patient to remember a six-digit number and repeat it back immediately and 
then again after a few minutes have past and they have been distracted by other 
testing. 

We have now covered some background information about neuron theory. functional 
neuroanatomy. and the objectives of performing a functional neurological examination. 
The focus in the following will now be on determining the presence of dysfunction and 
asymmetry as pan of the wider functional neurological examination. 

I .  Vestibulocerebellar system 

2. Autonomic system 

3. Cerebral neuronal activity-hemisphericity 

Vestibulocerebellar Dysfunction and Asymmetry 

The SEE Principle (Spine, Ears, and Eyes) 

There is substantial integration of spine, ear, and eye afferents at numerous levels of the 
neuraxis. The four major areas involved in this multi modal imegration include the 
following. 

1 .  Vestibulocerebellar system; 

2. Mesencephalon; 

3. Pulvinar and posterior thalamic nuclei; and 

4. Parietotemporal association conex. 

Integration in all regions may affect the CIS of the IML column and autonomic 
nuclei in the brainstem. However, convergence of spine. ear. and eye afferenls in the 
vestibulocerebellar system and mesencephalon will have a more direct affect and the 
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Frontal Lobe Testing QUICK FACTS 1 5  

• Clinical tests 

• Digit span (forwards and backwards) 

• Motor strength and tone 

• Limb control 

• Blink rates 

• Glabellar tap test (e.g. depression, mania, Parkinson's, dementia) 

Other release phenomena 

• Spontaneous lateral eye movements 

• Saccade accuracy 

• Antj-saccades 

• Remembered sacca des 

• Forehead skin temperature 

Tympanic temperature 

relationship between dysfunction in these areas and autonomic asymmetry can be readily 
observed. 

Signs and symptoms of vestibulocerebellar dysfunction may be associated with 
increased or decreased vestibular output, referred to below as 'vestibular-induced' and 
'deficit-induced', respectively. Despite these delineations, a vestibular-induced symptom 
may in fact be due to vestibular hypofunction on the contralateral side and vice versa. 
Dysmetric eye movements and some signs associated with autonomic function are not 
classed as being due to hypo- or hyperfunaion as individual bedside tests may not be 
adequate to confirm this relationship. All clinical signs and symptoms help to establish 
the diagnosis or clinical impression. 

The fol lowing aspeas need to be considered when determining the presence of 
vestibu locerebellar dysfu nction. 

• Vestibulosympathetic reflexes; 

• Vestibular/fastigial conneaions to the PMRF; 

• Motor consequences; 

• Sensory consequences; and 

• Mental consequences. 

Extraocular Movements 

I .  Dorsal vermis 

Saccadic dysmetria (hypermetric) and macrosaccadic oscillations 

Pursuit 

Saccadic lateropulsion 

2. Flocculus and paraflocculus 

Gaze-evoked nystagmus 

Rebound nystagmus 

Downbeat nystagmus 

Smooth tracking 

Glissadic. posLSaccadic drift 

Disturbance in adjusting the gain of the VOR 

3. Nodulus 

Increase in duration of vestibular response 

Periodic alternating nystagmus 
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Autonomic Dysfunction and Asymmetry 

What components of the neurological, physical, o r  onhopaedic examinations allows one 
to gain some information aboul autonomic function? 

1 .  Width of palpebral fissure (ptosis)-This is dependent on both sympathetic and 
oculomotor innervation. Therefore, one needs to differenriate between a Horner's 
syndrome. oculomotor nerve lesion, or physiological dlanges in the CIS of the 
mesencephalic reticular fannalion. 

2. Skin condition-Increased peripheral resistance may result in decreased integrity 
of skin, particularly at the extremities. 

3. Ophthalmoscopy-V:A ratio and vessel integrity 

4. Hean auscultation-Arrhythmias and changes in hean sounds can occur because 
of altered CIS ofthe PMRF. 

5.  Bowel auscultalion-This can be panicularly useful during some treatment 
procedures to monitor the effect of stimulation on vagal funoion (e.g., caloric 
irrigation-further instruction required, adjustments and visual stimulation or 
exercises, etc). 

6. Skin and tympanic temperature and blood flow-This is panicularly useful as a pre
and post-adjustment check. Profound changes in skin temperature asymmetry can 
occur following an adjustment. These changes are side dependent. An adjustment 
on the side of decreased forehead skin temperature will commonly result in greater 
symmetry or reversed asymmetry. Conflicting results are likely to be dependent on 
a number of factors, which are currently being investigated further. Remember that 
forehead skin temperature depends on fuel requirements of the brain, and 
vestibular and conical influences on autonomic function among other things. 

7. Dermatographia-The red response is often observed in patients who suffer from 
sympathetically mediated pain. 

8. Lung expansion, respiratory rate and ratio, etc.-An inspiration:expiration ratio of 
1 :2  is considered to represent approximately normal sympathovagal balance. This 
means that expiration should take twice as long as inspiration. This is difficult to 
achieve for some patients at first and requires some training. 

Shallow and rapid breathing can result in respiratory alkalosis, which leads to 
hypersensitivity in the nervous system. CO] is blown off at a higher rate, resulting 
in decreased I H" ions in the blood. Lower leaH' follows, causing INa', to rise in 
extracellular fluid. This can be seen cI inically by the presence of percussion 
myotonia, which is also often seen in various metabolic and hormonal disorders. 

9. Forehead skin temperature-Measurement of skin temperature above the browline 
may provide useful information concerning sympathetic control of blood vessels 
to the eye, as sympathetic supply to the vessels of the forehead are branches of the 
sympathetic supply to the retinal vessels. 

Activation of cervical afferents has been found to have an antagonistic effect on 
the excitatory vestibulosympathetic reflexes. It is therefore proposed that a cervical 
spine adjustment may enhance cervical inhibition of the vestibulosympathetic 
reflex. resulting in increased blood flow to the eye and brain (SextOn 2006). 
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Appendix 1 

MOlor Examination of the Trunk and Limbs 
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Action to be Tested 

Pronation of tor�arm 

Radial fleklon of hilnd 

FleXion of h.md 

Flexlor. Index 
of middle finger 
phalanx of Middle 

finger 
Ring 
finger 

llittle 
ftn9t"r 

Flellion of hand 

Flexion of terminal 
phalanx of thumb 

"." on 0' 

C
de. 

termtncll finger 
phalanx of Middle 

finger 

Flexion of hand 

Abduction of 
metacarpal of thumb 

FleXion of proxim.1 
phalanx of thumb 

OpPOSition of 
metacarpal of thumb 

Flexion of Index 
proximal finger 
phalanx Middle 
and fing�r 
extension Ring 
of the finger 
1 distal lIttle 
phalangl's flOger 
0' 

Extension of forearm 

FleXIon of forearm 

RadIal extemion of 
hand 

Extension !,nd .. 
0' finger 
phalanges Middle 
0' fInger 

RIng 
l',ngo< 
lIttle 
flOger 

Extension of hand 

The Fundamentals of Functional Neurological History and Examination I Chapter 4 

Cord 
Muscles Segment Nerves Plexus 

Pronator teres (6, 7 Median «(6, 7 
from lateral cord 
of plexu�; C8, T1 
from medial cord 
of plexus) 

Flexor carpi radialis (6, 7 

Palm.uis longus 0, 8, T1 

Flexor digltorum (7,8, T1 
subljme� 

Flelwr poUiciS longus 0, 8, T1 

Flellor digitorum (7, 8, T1 
profundus (radial 
portion) 

Abductor polli(iS breVIS 0, 8, T1 Median «(6. 7 
from lateral cord 
of plexus; C8, T1 
from mf'diat cord 
of plexus) 

Flexor polticis brevis (7, 8. T1 

Opponens polticis C8. T1 

lumbricals (the 2 C8, T1 
lateral) 

lumbricals (th� '2 C8, T1 Ulnar 
medial) 

Tricep� brachil and C6-8 Radial (from 
anconeus posterior cord of 

plexus) 

Brachioradialis C5, 6 

Edemor carpi radialis (6-8 

Extensor dlgltorum (6-8 
communIS 

(Continued) 
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Muscle Testing of the Upper Limbs 

Fig 4 21 (Al TrapezIus, upper portIOn «(3. 4, spmal accessory nerve). The shoulder IS elevated against resistance 
(8) TrapezIus, upper portIOn «(3. 4, spinal accessory nerve) The shoulder IS thrust back.ward against reSIstance 
From ChuSid 1964 WIth permiSSIOn 

A B 

c o 

Fig 4 22 (A) RhomboIds «(4, 5; dorsal scapulary nerve) The shoulder IS thrust backward agamst H?Slstance 
(8) Serratus anterior «(5-7. long thoracIc nerve). The subject pushes hard wIth outstretched arms; the .nner edge 
of the scapula remains agamst the thoracIC wall (If the trapezIus IS weak, the mner edge may move from chest 
wall ) (C) Infraspinatus «4-6. suprascapular nerve). With the elbow flexed at the Side, the arm IS externally rotated 
agamst resistance on the forearm (0) Supraspmatus «4-6. suprascapular nerve). The arm IS abduded from the 
SIde of the body agatnst resistance From Chusld 1 964 With permission 
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Fig 4 23 (Al latiSSimus dorsi «6-8. subscapular nerve) The arm IS abducted from a honzontal and lateral posItion 
against resistance (B) DeltOId «(5, 6; aXillary nerve), AbductIOn of laterally rellsed arm (30"_75° from body) against 
resistance (cl Pectoralis malor, upper porllon «5-8, lateral and medial pectoral nerves), The arm IS abducted from 
an elevated or hOflzontal and forward posItIOn agamst resistance. (0) Pea.orahs maJor. lower poroon {(5-8. 11, 
lateral and medial pectoral nef\les). The arm IS abducted from forward posItton below honzontal against resistance 
From Chusld 1964 WIth permiSSIOn 

o 

Fig 4 24 (Al BICeps «(5, 6, musculocutaneous nerve). The supinated forearm IS flexed against resistance. (B) 
Tnceps «(6-8; radial nerve), The forearm, flexed at the elbow, IS extended againSt resistance, (C) Brachroradralls 
(CS, 6; radial nerve). The forearm IS flexed against resistance whtle It IS In 'neutral' posItton (neither pronated nO( 
supmated), (D) Extensor dlgttorum (C7, 8, radial nerve) The fingers are extended at the metacarpophalangeal 
JOInts against resistance (E) Supinator (CS, 6, radial nerve). The hand IS supinated against rl"Slstance, With arms 
extended at the Side Reststance IS applied by the grip of the examiner's hand 00 patient's fO(earm near the wrist 
From ChuSld 1964 With permiSSion 
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C 0 

~ 
E F 

Fig 4 2S (A) Extensor carpi radialis longus ((6-8; radial neNe), The Wrist IS extended to the radial Side against 
reSistance. fingers extended (B) Extensor carpi ulnans «&-8, radial nerve). The wnst IOlnt IS f!){tended to the ulnar 

SIde against resistance, (C) htensor polliets longus «7. 8; radial nerve). The thumb IS extended against resistance 
{OJ Extensor polhClS breviS «(7, 8, radial nerve). The thumb IS extended at the metacarpophalangeal ,oInt agamst 
resistance (El Extensor IndiOS propnus «(6-8; radial nerve) The Index flOger IS extended agamst resistance pliKed 
on the dorsal aspect of the finger (f) Abductor poUlOS longus «7. 8, n ,  radial nerve), The thumb IS abducted 
agamst resistance In a plane at nght angle to the palmar surface From Chusld 1964 With permiSSIOn 

A B 

� C 

E 
Fig 4 26 CA) Flexor carpi radialis «(6, 1; medIan nerve) The WrISt IS flexed to the radial SIde agamst reslstarn:e 
(a) Flexor dlgltorum sublimIS «7, 8, Tl, median nerve). Fmgers are flexed at first Interphalangeal agaInst 
reSIstance, prOXImal phalanges fixed «() Flexor dlgltorum profundus r and II «(7, 8, Tl,  medIan nerve). The 
terminal phalanges of the Inde)! and middle fmgers are flexed agaInst resIstance, the 5e(ond phalanges being held 
In extenSion. (0) Pronator teres «6, 7; median nerve). The extended arm 15 pronated against resistance Re5Istance 
IS applied by gnp of exammer's hand on patient's forearm near the wnst (El Abductor polhclS brevIS 
(0, 8, T1, median nerve). The thumb IS abducted against reslstarn:e m a plane at a fight angle to the palmar 
surface From Chusld 1964 With permISSIOn 
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Fig 4 27 (Al FlexOf polhClS longus «7, 8, n ,  median nerve). The terminal phalanx of the thumb IS flelted agamst 
resistance as the proximal phalanx IS held to extenSion, (8) Flexor poUlOS brevIs «(7, 8, TI. median nerve) The 
proximal phalanx of the thumb IS flexed against resistance placed on Its palmar surface. (C) Opponens polhClS (C8, 
lI, median nl>fVe) The thumb IS (rossed over the palm against resistance to touch the top of the little finger WIth 
the thumbnail held parallel to the palm (0) lumbrl(ahs-Interossel (radial half) (C8. n. median and ulnar nerves) 
The second clnd third phalanges are extended against resistance; the first phalanx IS In futl extenSion. The ulnar has 
the same mnervatlon and (an be tested In the same manner. (E) Flel(or carpi utnans «(7, 8, TI, ulnar nerve). The 
little frnger IS abducted strongly against resistance as the supinated hand lies With fingers extended on table 
(F) Flexor digiti qumtl ((7. 8, n ,  ulnar nerve). The proxImal phalanx of the little fmger IS flexed agamst resistance 
From ChuSld 1964 With permiSSion 

E F 
Fig 4 28 (A) Flexor dlgltorum profundus III and rv (C8, T I ,  ulnar nerve). The distal phalanges of the little and ring 
fingers are flexed against reSIstance. the second phalanges are held In extenSion (8) AbductOl' digiti qUint. (C8. n ;  

ulnar netVe). The little finger 15 abducted against resistance as the supmated hand WIth fmgers extended lies on 
table (C) Opponens digiti qUlntl (0, 8. n. median nerve) With frngers extended, the little finger IS moved across 
the palm to the base of the thumb (D) Abductor poilicis (C8. T 1 .  ulnar nerve). A piece of paper grasped between 
the palm and the thumb is held against resistance With the thumbnail kept at a tight angle to the palm (E) Dorsal 
Intetos� (C8. TI, ulnar nerve), The Index and ring fmgers are abducted from midline against resistance as the 
palm of the hand lies flat on the table (F) Palmer mterossel «8, 11; ulnar nerve), The abducted Index. flng, and 
little fmgers are adducted 10 midline against resistance as the palm of the hand lies flat on the table 
From ChUSld 1964 With permiSSion 

1 1 3  
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

1 1 4  

Muscle Testing o f  the Lower Limbs 

A 

B c 

o E 

Fig 4 29 (A) SartoriUS (U. 3; femoral nerve), With the subtect Slttll"19 and the knee flexed. the thigh IS rotated outward 
agamst resrstance on the leg (B) QuadrICeps femons (Ll�, femoral nerve). The knee IS extended agellns! resrstance on 
the leg (C) ilIOpSOaS (ll-3. felT'lO(al nerve), The subtect lies supine With knee flexed The flexed thigh (at about 9Q<') IS 
further flexed against u�slstance (0) AdductOC'S (12-4. obturator nerve). With the subjeCt on one Side With knees 
extended, the lower extremity IS adducred against resIStance; the upper leg IS supported by the e)(clmlner (El Gluteus 
mediUS and I'TlImmus; tensor fasoae !alae (l4, 5, S 1, supenor gluteal nerve) Testing abductIOn: With the subtect lYing 
on one Side and the thigh and leg extended, the uppennost lower extremity IS abducted against resIStance 
From ChUSld 1964 With perrrI/SSIOI"I. 

A 

B c 

o E 

Fig 430 (A) Gluteus mediUS and mmimus, tensor faSCIae latae (l4, S, SI.  supenOf" gluteal nerve) Testing Internal 
rotatIOn With the subject prone and the knee flexed. the foot IS moved laterally against reststante (8) Gluteus 
maJOmus (l4, 5, S I ,  2; Infenor gluteal neNe). With the subject prone, the knee IS lifted off the table agamst 
reslslance (C) 'Hamstnng' group (l4, 5, S I ,  2; sCIatIC neNe), With the subject prone, the knee IS flexed against 
resistance. (D) Gastrocnemius (l5, S I, 2; tibial neNe). With the subject prone, the foot IS plantar-flexed against 
resistance (E) Flexor dlgltorum longus (S I ,  2, tibial neNe), The toe JOInts are plantar-flexed against reststance 
From ChUSld 1964 WIth oermlSSlOO 
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FIg 431 {Al flexor halluCis longus (lS. 5 I, 2. tIbIal nerve). The great toe IS plantar-flexed against resistance. The 
second and third Ices are also flexed (B) ExtenSOf halluclS longus (l4, 5, 5 1 ,  deep peroneal nerve) The large toe 
IS dorstflexed against resIstance (e) ExtenSOf dlgrlOfum longus (l4, S. 5 I ,  deep peroneal nerve) The toes are 
dorSlflexed against resistance (0) TIbialis anterIOr (l4, 5; deep peroneal nerve). The foot IS dOfSlflexed and Inverted 
against resIstance applied by gnppm9 the foot WIth the examiner's hand (E) Peroneus longus and breviS (l5, 51 ,  
superfICIal peroneal nerve) The fOOl IS everted against resIstance applied by gnpplng the foot WIth the examiner's 
hand IF) Tibialis posterIOr (lS, 51 .  tibial nerve), The plantar-flexed foot is Inverted against resIstance applied by 
gnppmg the foot With the eKilmlner'S hand 
From ChuSld 1964 WIth pt>rml� 

T�sting Reflexes 

--

) 

\. 

A B 

Fig 4 32 (A) Testing the biceps reflex. (8) testing the supinator reflex. 

(continued) 
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Fig 4 32 Cont'd (e) testmg the tflceps reflex, (0) tesllng the knee reflex. (E) the ankle reflex and three ways to get It From ChUSld 
1964 WIth permlsSIOO. 
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Introduction 

The conversion of extemal stimuli to neuron activity ocrurs in specialized structures called 
receptors. E.1ch different type of receptor has a specialized ability to detect a specific modality 
or type of stimulus. Light receplors are most sensitive to light. pressure receptors are most 
sensitive to pressure, etc. Ilowever, each type of receplOT may be excited by other modalities of 
stimulation if the stimulus is of sufficient amplitude. Try closing your eyes and rubbing with 
gentle pressure over your eyelids. Some of you will perceive flashes of light floating across your 
visual field. This sensation is caused by the light sensitive cells in your relina depolarizing due 
to the pressure rnal you have exened on your eyeball. The pressure causes the cells to 
depolarize but you do not perceive pressure but flashes of light! "Ihis is due to the hard wiring 
of these cells to your visual cortex which normally receive anion potential activity for light 
stimu)ation.'11e cells in your visual cortex quite naturally 'believe' that the reason they have 
received an increase in action potential activity is due to light stimulus SO you perceive light! 
We will see that we often do not construct a true representation of the outside world in our 
minds. Our mind's interpretation of the stimulus becomes our perception and thus our reality. 

The common modalities consciously perceived by humans include light, pain, 
pressure, vibration, taste, touch, smell, hearing, and temperature. Some modalities such as 
muscle length, joint position sense, and internal organ function are not always 
consciously perceived but are none the less essential for normal function. With very few 
exceptions, each of these different modalities is detected by the receptors of a distinct set 
of dorsal root ganglion or primary afferent neurons. 

Sensory information is essential for a variety of reasons such as to construct a 
perception of ourselves in the universe, muscle movement control. internal organ and 
blood flow functionality, maintaining arousal, and developing and maintaining survival 
and plasticity in neural networks. 

Clinically, we can Ulilize the various modalities and how they are perceived by our 
minds to test the functionality of various pathways, to localize dysfunction in the system, 
and identify intact pathways for utilization in treatment of dysfunction. It is important to 
remember that malfunction at any level in the system from receptor to perception may be 
the cause of a patient's symptoms or dysfunction. 

In this chapter we will examine the different types of receptors and the characteristic 
modalities that they detect and outline where and how this information is integrated in 
the brain to form a perception. 

Reception and Sensation of Afferent Stimulation 

The physical propenies of the stimuli detected by our receptors often differs dramatically 
from the perceptions that we form from these stimuli. For example. our retinal cells detect 
electromagnetic radiation patterns but we perceive the Mona Lisa. Our ears detect sOllnd 
wave variations and patterns but we perceive a Mozan symphony. Our nociceptors detect 
chemical imbalances but we perceive pain.,nis amazing ability of our brain to process this 
information in an individually unique but universally characteristic fashion is one of the 
fundamental attributes thai determines our humanism. Colours, sounds, feelings, pain, and 
all other human perceptions do not exist outside of the human mind. Thus our perception 
of our universe is not a true representation of our physical universe but a mental construct 
composed by our mind's interpretation of all of the integrated nervous input available to it 
at any given moment (Martin & Jessell 1995), It is important to remember this when a 
patient presents with symptoms that cannot be explained by our traditional understanding 
of neuroscience or neuroanatomy. The patient's perception is their reality. For example, in 
people with fibromyalgia, the detection of movement by their joint receptors is perceived as 
pain in their mind. To this patient this perception of pain is very real. 

The Sensory Neurons 

Vinually all of the afferent or sensory information that reaches the spinal cord arrives via 
the dorsal root ganglion or primary afferent cells. All other afferent infomlation reaches 
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Somatic Sensation QUICK FACTS 1 

Somatic sensibility ha'.i four major types of modalities: 

1. Discriminative touch-Discrimination of size, shape, texture, and movement 

across the skin. 

2. Proprioception-The sense of static and kinetic position of the limbs and 

body without visual input. 

3. Nociception-The signalling of tissue damage or chemical irritation, typically 

perceived as pain or an itch. 

4. Temperature sense-Warmth and cold perception. 

the central nervous system via embryological homologues of the dorsal root ganglion 
cells. the cranial nerve nuclei. localed throughout the brainslem. 

The cell bodies of the primary afferent neurons of the spinal cord live in the dorsal 
root ganglia situated adjacent to the spinal cord in the immediate vicinity of the 
intervertebral foramen from which they enter the spinal canal (Schwartz 1995). The 

primary afferent neurons are classified as pseudounipolar celJs because they give rise to 

only one axon that transmits information from the periphery to the spinal cord. The 
segment of the axon that transmits information from the peripheral receptor towards 

the cell body is called the peripheral axon branch, and the portion of the axon 
transmitting information away from the cell body towards the spinal cord is called the 
central axon branch. The dorsal root neurons do not form dendrites as most other 
neurons do; thus any modulatory activity occurring at these neurons must occur at the 
cell body or presynaptically on the central process as it enters the grey matter spinal 
cord. Most of the central processes of the primary afferent develop collateral axon 
branches as they enter the spinal cord (Fig. 5.1). These collateral branches synapse with 

a variety of other neurons depending on the type of modality that the primary afferent 
cell is relying. The: collateral branching and synapse formation of each type of primary 

afferent will be described in detail as each individual modality is described below. 
The axons of the various primary afferents display a variety of different diameters and 

myelination densities. Functionally, these morphological differences result in axons that 
transmit impulses at different rates of speed or conduaion velocities. Table 5.1 outlines 
the various conduction velocities and diameters of different primary afferent axons. 

Becallse of different growth rate patterns between the spinal cord and the vertebral 
column the dorsal root ganglion cells belowT3 are located at increasingly further 

To Clark's column 

To renshaw 
cell 

To homomonous alpha 
motor neuron 

.._--_ .�Dorsal root ganglion 
cell body 

Afferent information 
from receptor 

Fig 5 I Dorsal root ganglion neuron. ThiS IS a dlagrammatlC representation of a dorsal root ganglion cell illusuating 
the unique properties associated With thiS type of neuron. Note the axon IS both afferent (penpheral axon branch) 
and efferent (central axon branch) In nature. The central axon branch has a number of collateral axon branches 
that prOject to a vaflety of other neurons. both segmentally and suprasegmentally thiS Illustrates the pnnclpal of 
dlverQence of re<:eptor Information In the neuraxIs 
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ProprIoceptIon, 
somatiC motor 

Touch, pressure 

Motor to muscle 

spindles 

Pain, temperature, 
louch 

Preganglionic 
autonomiC 

Pain, reflex 
responses 

PostganglionIC 

sympathet,cs 

distances from the segmental spinal cord levels that they supply. This results in the 
progressive lengthening of the central processes of the primary afferents and in the 
formation of the cauda equina after the spinal cord ends at the level of LI-L2 in most 
people. It is these central processes that may experience compression from a posterior 
central or posterior lateral venebral disc herniation (Figs. 5.2 and 5.3). 

Spinal cord 
level 

c, 

Vertebral 
level 

Fig 5 2  length of central axons of dorsal root ganglion neurons This figure demonstrates the fact that the spmal 
vertebra continue to grow after the spinal neurons have established their connections to the dorsal root ganglIOn 
neurons. The central axon prOjectIOns of the dorsal root ganglion neurons must elongate to keep pace With the 
grOWing vertebral column. This results In a phYSical separation of the spinal cord level neurons With the dorsal rool 
ganglion neurons, which remam at thelf onglnal locatlon In the vertebral foramina of the spinal column Thus 
spinal root level and spinal cord level functional UnitS are located at dlHerent phy5lcal locallOns 
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FIg 5 3  Cauda equlna The relationship between the spinal cord and spinal venebral levels IS shown a lateral VIew Also 
Illustrated Ii the cauda eqWIa, v·,tllch IS formed by the elongated central processes of the donal root ganglion netJrOll!l 

from the lumbar. sacral, and coccygecll vertebral spinal levels and the efferent motOl' prOjectlOll of the ventral horn cells 
of the lumbar. sacral, and coccygeal spinal cord levels. Note as the spinal column grows the efferent fllxes arrSlng from 
the ventral hom neurons must also elongate to e� the vertebral column at the c1ppi"opnate foram.nal level 

Receptors of Primary Afferent Input 

StruCIUf<ll1y. receptors can be classified into three basic morphological forms: neuroepithelial 
receptors. visual receptors. and primary afferent receptors. In the case of the neuroepithelial 
receptor, the sensory sensitive dClcaion apparatus is contained in the neuron cell body itself. 
'J"ese types of neurons are situated near the sensory surface with their axons projecting back 
to\-\'ards the central nervous system. TIle unique quality of these receptOrs is that the neuron 
cell body has derived rrom epithelial tissue and remains in that tissue as a receptor organ. 
In humans the only known example ofLhis type of sensory reception can be found in lhe 
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Regardless of modality all somatosensory information from the limbs and trunk is 

conveyed to the eNS via dorsal root ganglion ( DRG) cells. 

Somatosensory information from the cranial structures (face. lips. oral cavity, 

conjunctiva, and dura mater) is transmitted via trigeminal sensory neurons, which 

are structura lly and morphologically equivalent to DRG neurons. 

sensory cells of the olfaaary epithelium. Here the axons of these neurons which form the 
olfaaory nerve or 1st cranial nfIVe (eN I) traverse the cribriform plate of the ethmoid bone 
.0 synapse in the glomeruli or.he olfaaory bulb (Williams & Warwick 1984) (Fig. 5.4). 

The second type of receptor can be classed as visual receptors. These receptors are 
similar to the neuroepithelial receptors in that the receptive apparatus is in their cell 
bodies; however, in this case, their cell bodies are derived from neuroectoderm of the 
foetal ventricles which form the foetal brain and migrate to the retinal areas (Fig. 5.5). 

In the third type of receptor, which may be classified as a primary afferent receptor, the 
cell body is located near 10 or in the central nervous SYSlem. Long peripheral processes 
extend to the receptive area and form the specialized receptive slructures lhal aCI as the 
receptors. All cutaneous and most proprioceptors are composed of this type of receptor 
(Williams & Warwick 1984) (Fig. 5.1). 

A variety of different receptor types and axonal and neuronal specialization give rise to 
a vast array of sensory information reaching the spinal cord via the primary afferent 
neurons. The primary modality types are outlined below. 

The Muscle Spindle 

Muscle spindles provide the nervous system with information concerning the 
instantaneous static length of a muscle at any given momenl and the rate of change of 
muscle length during any movement. 111e output ohhe muscle spindle is simultaneously 
transmitted to a variety of interneuron networks in the spinal cord. This information is 
then relayed to areas in the brainstem, cerebellum, and basal ganglia. 111e axons of the 
primary afferent neurons that relay muscle spindle information to the spinal cord form 
many collateral branches as they enter the spinal cord. Some of these collaterals proceed 
without synapsing on an interneuron to synapse directly (monosynaptic connection) on 
the alpha motor neuron pools of the muscle fibres from which they are relaying 
information (homonymous muscle), resulting in an excitatory stimulus (Fleshman et al 
1981). Other collaterals first synapse (polysynaptic connection) on interneurons in 
lamina VIII of the grey matter of the spinal cord referred to as Clark's column. "nlese 
interneurons then project to the brainstem reticular formation nuclei, various cortical 
areas of the cerebellum via mossy fibres, and the basal ganglia (Cram & Kasman 1998). 
The spinocerebellar tracts are formed from the axons of these interneurons in Clark's 
columns. The anterior spinocerebellar tracts receive axons from both ipsilateral and 
contralateral lamilla VIII neurons. The posterior spinocerebellar tracts receive axons from 
only ipsilateral lamina VIII neurons. This is an example of reciprocal innervation that 
occurs when vital information transfer is required (Fig. 5.6). All regions other than the 
segmental interneurons and their associated alpha motor neurons receiving input from 
the primary afferenls at that level are referred 10 as suprasegmental to the input. Most 
suprasegmental integration is involved with modulation of movement, or in feedback 
control of the accuracy of the movement generated. orne controversy exists as 10 whether 
the receptive inpul of muscle spindles can be consciously perceived. Since muscle spindles 
do not project directly to the somatosensory conex, their activity was thought not 10 be 
consciously perceived. However, some research has indicated thai conscious perception is 
possible (Williams & Warwick 1984). 

The specialized receplors on the muscle spindle afferent axons are associated with the 
intrafugal fibres of the muscle. These intrafugal fibres are interposed between the major 
contractile tissues referred to as the extrafugal fibres of the muscle. TIle intrafugal fibres 
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Olfactory receptors 
rO�actc,ry bulb 

B. Schema of section 
through oHactory mucosa 

'--. Crliliform plate 

_----SCh,wann cell 

___ - Urlmy ,elim"ed olfactory 
axons 

_T.,mllo ,11 bars 
(desmosomes) 

___ ·O�"cto;ry rod (ves�le) 

Fig. SA Formation of the olfactory nerves from the olfactory cells. Note the passage of the myelinated axon 
complex through the Cribriform plate. 

are surrounded by a sheath that separates them from the extrafugal fibres, which is filled 
with a fluid rich in hyaluronic acid. The intrafugal fibres can be classified into nuclear 
bag and nuclear chain fibres. Nuclear bag fibres have their nuclei clustered in the central 
arca of the fibre, giving them a fusiform appearance. Within the nuclear bag fibres a 
further distinction between static and dynamic fibre types can also be made. The nuclear 
bag fibres are much longer then the nuclear chain fibres and extend beyond the capsule 
of the spindle to attach to the endomysium of the surrounding extrafugal fibres. The 
nuclear chain fibres have their nuclei lined up centrally along the midline of the length 
of the fibre and are attached to the nuclear bag fibres at their poles. Sensory endings in 
the muscle spindles give rise to two types of afferent axons emerging from a muscle fibre. 
The large myelinated, type la afferent fibres-also known as annulospiral endings
innervate all types of primary sensory endings in an illlrafugal muscle fibre and are rapidly 
adapting and extremely sensitive to changes in muscle fibre length (Banks et al 1981). 
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������������;�� Innerhmillng membrane 
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Axons at surface of retma 
paSSIng VIa optic nerve, 
chiasm and tract to lateral 
geniculate body 
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-..... r�j��I-�:-Muller ceU (supporting 
glial cell) 

Amacnne ceU 

BIpolar cell 

Horizontal cell 

Rod 

Cooe 

Pigment cells 01 choroid 

Fig 5.S The (Omplek array of neurons and other cells that form the retma of the eye 
Note the formation of the optIC nerve from the axons of the ganghon cells 

The type II afferent fibres-also known as nower spray endings-emerge from the sensory 
endings of nuclear chain and static nuclear bag fibre lypes and are slow adapting and 
highly sensitive to static muscle length (Cooper & Daniel 1963; Boyd 1980) 
(Fig. 5.7). tluman muscle spindle sensory endings also respond to tendon percussive 
stimulation, vibration, and olher forms of rhythmic stretch (Burke 1981). Most types of 
human muscle tissue have one nuclear bag dynamic fibre, one nuclear bag stalic fibre, and 
a number of nuclear chain fibres per muscle spindle (Chez & Corden 1995). When the 
intrafugal fibres become stretched, the nerve endings depolarize and an increase in action 
potential firing occurs. This process is known as 'loading' the spindle. 'linioading' the 
spindle occurs when the imrafugal fibre returns toward its normal length. l11is results in a 
decrease in the adion potential frequency of firing in the afferem nerve fibres. 

Gamma Motor Fibres Can Change the Sensitivity and Gain of the Muscle Spindle 
The intrafugal fibres contain specialized areas of contractibility innervated by e(ferem 
motor fibres referred to as gamma motor fibres (Matthews 1981). Each intrafugal fibre 
receives motor innervation from more than one gamma motor axon This is termed 
polyneuronal innervation and is peculiar for the most pan 10 the intrafugal fibres o( 
muscle. (Polyneuronal innervation does occur in extra fugal fibres in neonates before 
funClional maturation has occurred and occasionally in the early stages of reinnervation 
of muscle tissue (ollowing injury (Burke & Lance 1992).) -Il,ese gamma motor fibres 
release acetylcholine at their synapses and arise from gamma motor neurons that live in 
lamina IX of the anterior grey matter o( the spinal cord of the same segmemal level as the 
alpha motor neurons supplying the extra fugal fibres (rom the homonymous muscle (liunt 
1974). The contractile elements of the nuclear bag fibres are rich in mitochondria and 
oxidative enzymes, whereas the nuclear chain fibres have more extensive sarcoplasmic 
reticulum and T·fibre developmem but fewer mitochondria and oxidative enzymes. This 
results in a slower contraction o( nuclear bag fibres than nuclear chain fibres when the 
spindle is stimulated (Williams & Warwick 1984). 
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fig 56 The spinal pathways taken by afferent axons from a variety of proprloceptors In muscles to the cerebellum 
Note the axons that form the ventral and dorsal spinocerebellar tracts and the cuneocerebellar tracts, and the 
afferent axons that form the Infenor, middle, and superior cerebellar peduncles 

l1u:� gamma motor input to the intrafugal fibres is involved ..... ith adjusting the 
appropriate length of intrafugal fibres in order to maintain an accurate measure of the 
degree of contraction of the muscle. If the length of the intrafugal fibre was not 
constantly adjusted as the exuafugal fibres cOnlracted, it would become slack and fail to 
accurately record further cOlllraction or the static state of the muscle at that instant. 
Loading of the intrafugal fibres may occur by increasing the stretch on the extrafugal 
fibres or by increasing the activity of the cOlllraaile e1emellls of the il1lrafugal fibres 
by increasing the gamma motor activity. Increasing the gamma mOLor activity results in 
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Alpha motor neuron 10 extralusaJ muscle fibre end plates -+-t�-\� __ -::�,..'""��:��ijr 

Gamma motor neuron to inlrafusal muscle fibre end plates -1-�o3\ 

II (All) fibre Irom lower spray endings -------+--' ...... ,:::::� .. -:"....""'.� 

la (An) fibre from annulospiral endings ----------:: 

�-L .mnh space 

��Iucl',.' bag fib,e 
'-I"�!I • ., chain fibre 
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Fig 5 7 The afferent and eHerent innervation of extrafusal and Inlrafusal muscles The alpha motor neuron 3lConS 
form the efferent supply to the extrafusal muscle fibres The gamma motor neuron axons form the efferent 
prOjectIOnS to the tnttafusal motOl' fibres The afferent sensory InfonnattOn from the annutosplral endings of the 
Intralusal fibres IS transmitted to the neuraXIS Via the type iii fibres and the afferent Information from the flower spray 
endings of the Intrafusal fibres IS transmitted to the neuraxis via the type II fibres 

QUICK fACTS 3 Two Classes of Somatic Sensation (an be Distinguished Neurologi(ally 
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1. Epicritic sensation-Involves fine aspects of touch and is mediated by 

encapsulated receptors; for example : 

a. Topognosis (gentle touch, localizing position of touch) 

b. Vibration sense (f requency and amplitude) 

c. Two-point discrimination 

d. Stereognosis (recognize the shape of objects held in the hand) 

2. Protopathic sensations-Involve pain, temperature, itch, and tickle sensations 

and are mediated by receptors with bare nerve endings. 

a high speci fici ty of muscle activi ty with a small amplitude of sway variation in 
maintaining exlrafugal to intrafugal muscle length within a tight oscillating pallern. 
The degree of oscillation occurring in a muscle is referred to as gain. Thus with increasing 
gamma activation the specificity of movement or sensitivity increases and the gain 
decreases. ll1is interaClion provides for the occurrence of a reOex compensation for small 
irregularities of movement that may occur between the suprasegmental programming 
and the performance of the actual movement (Burke & Lance 1992). '111 is modulation 
circuit is referred to as the motor servo mechanism (see Chapter 6). In order to ensure 
that this system performs properly there is an interactive conneClion between the alpha 
and gamma mOlor neurons that results in a co-activation of both systems simultaneously. 
So imponant is knowing the moment to moment state of our muscle position to the 
nervous system that nearly 30% of all descending efferent motor control systems are 
associated with the gamma motor modulation of spindle fibres and the feedback 
information from these fibres is trallSmilled from the spinal cord to the suprasegmental 
areas via redundant pathways. As a general rule only information crucial to the nervous 
system is transmitted by more than one pathway. As previously mentioned, when 
information is transmitted through more than one pathway it is referred to as redunda11l 
transmission. To exemplify this point the information frol11 the muscle spindles below 
vertebral level of 1'1 travels up the spinal cord via the ipsilateral dorsal or posterior 
spinocerebellar tract and bilaterally in the ventral or anterior spinocerebellar tracts to the 
cerebellum. "'''e axons of the posterior spinocerebellar tracts and the ipsilateral anterior 
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spinocerebellar tracts pass through the ipsilateral inferior cerebellar peduncles (0 reach 
the ipsilateral cerebellum. The axons of the contralateral anterior spinocerebellar tracts 
cross back 10 the side of their origin in the superior cerebellar peduncles and thus 
maintain the rule thai cerebellar input from muscle spindles occurs ipsilaterally. The 
paravertebral muscles of the spine have onE: of the highest concentrations of spindle 
receptors in the body and the upper cervical region of the spinal cord has the highest 
density of muscle spindle receptors in the spine (Kulkarni et al 2001). 

'111e muscle spindles of humans are usually well developed at birth. The development 
of the spindles in the foetus depends solely on the presence of the primary afferent axon. 
After the spindles have formed they can tolerate periods of denervation; however, they 
often undergo marked changes in function and reactivity even when reinnervation occurs 
by the original axon (Milburn 1973). n,e altered functional activity in muscle spindles 
following injury can cOlllribute to asymmetries in cortical afferent input, resulting in 
hemispheric asymmetry. This presents one of the clinical challenges facing a patient 
following axon injuries or demyelination conditions. 

Free Nerve Endongs QUICK FACTS 4 

Colgi Tendon Organs 
These specialized receptors are found extensively in the collagen fibres of the muscle 
tendon junction. 11,ese receptors align themselves in series with the muscle fibres in such 
a way that stretching the tendon results in depolarization of the receptors (Barker 1974). 
Some tendon organs are activated with even the weakest of contractions. The total 
discharge frequency of the organ increases with the strength of contraction of the 
homonymous muscle. The tendon organs are generally silent in relaxed muscle. There is 
some controversy as to when the tendon organs actually become activated. It has been the 
prevailing view that tendon organs become aClive whenever the muscle is stretched either 
by active contraction or by passive stretch (Malthews 1972). However, another opinion 
which states that tendon organs usually will not activate even if the muscle is stretched 
unless the muscle contracts during the stretch has recently arisen. Thus, the newest theory 
is that these organs monitor muscle contraction in conjunction with tendon tension and 
not just tendon tension in isolation (ilouk & Crago 1980). One of the actions of 
stimulating the tendon organs of a muscle is a reflex inhibitory feedback stimulus on the 
alpha motor neurons conLIolling the homonymous muscle (Fig. 5.8). 

lhe sensor y organs of Colgi tendon organs give rise to type Ib afTerent fibres, whicll are 
myelinated but slightJy smaller in diameter than the type la fibres of the muscle spindles. The 
fibres intertwine between the collagenous fibres of the tendon muscle junction where tJley 
are unmyelinated and highly branching. As they emerge from the collagen fibre network they 
bundle together and fornl a single mye.linated axon. Usually, each individual tendon organ 
gives rise to one type 1b axon (SchoullZ & Swett 1974; Chez & Corden 1995). Although the 
receptor information from the Colgi te.ndon organs does not reach the somatosensory conex 
directly, and thus is not consciously perceived, the information supplied by the Golgi tendon 
organs is very important in the integration of inhibition of motor activity. l"is is especially 
apparent when learning how to perform a new motor function. For example. when learning 
how to hit a tennis ball, the player learns after many attempts not only how to perform the 
coordinated actions of tJle muscles involved in the correct swing, but also the 'feel' of the 
muscle tensions involved in the. correct swing (see Chapter 6). 
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lendon 
organ 

1b fibres 

1 a fibres ++++ --+ 

t----E>flraflJsall mLlscie fibre 

+----lnlll.lu5.11 muscle fibre 

motor neurons 

FIg 5_8 S�mental reflex actMty Both mtrafusal and extrafusal muscle fibres stretched. spindles actIVated Reflex 
via fa fibres and alpha motor neurons causes secondary contraction (baSIS of streICh refle1te5. same as knee Jerk)_ 
Stretch IS too weak to activate Golgi tendon organs 

Tactile (Meissner's) Corpuscles 
These receptors are present on all pans of the hands and feel, on the forearm, the lips, and 
the tip of the tongue. The corpuscles consist of a capsule and a core ponion. The capsule is 
fomled by layers or lamellae between which substantial amounts of collagen have been laid 
down. TIle core consists of epidermally derived cells and nerve fibres. Each corpuscle is 
supplied by several large. heavily myelinated nerve (An) fibres and a few small unmyelinated 
(C) fibres. These receptors are low threshold, rapidly adapting and thus provide information 
concerning the change of mechanical pressure on the overlying skin. Interestingly these 
receptors are formed in abundance at binh and over our lifetimes reduce in number by some 
80% unless conslamiy maintained by stimulation (Gauna 1966) (Fig. 5.9). 

QUICK FACTS 5 Merkel Discs 

• Slow adapting mechanoreceptor 

• Deformation of the skin surface 

• Large to medium diameter axon 

• Aa/group I. Ab/group II 

• 30--120mls 

• One afferent fibre forms from branches of several Merkel discs 

• Touch 

• Pressure 

QUICK FACTS 6 Meissner Corpuscles 

132 

Copyrighted Material



Neurology of Sensory and Receptor Systems I Chapter 5 

Hair 
1 

corpuscle 

Glabrous skin 

Epidermis 

r+-+- Free nerve ending 
1t'{J'.;'''--t-/- Kraus bulbs 

Dermis iII�--t- Ruffini ending 

nerve bundle 

Fig 5 9 Receptors of the skm. A vanety of penpheral re<:eptors In<iudlng Ruffini endings, Pacrman corpusctes, free 
nerve endings, Merkle dlso are shown Note the axons of all of these receptors contnbute to the formation of a 
penpheral nerve fibre 

Pacinian Corpuscles 
l'hese receplors are sensitive (0 changes in pressure in a variety of tissues in the body. 
Pacinian corpuscles are found on the palmer aspects of the hands and feel, the genital 
organs of both sexes, and buried deep in most muscle tissues. lllcse receptors are 
extremely sensitive to mechimical disturbances and are particularly sensitive to vibration 
(Cray &. SalO 1953). In muscle tissue they give feedback on the internal pressure changes 
inside the muscle fibres during both stretch and contraction. 

Each corpuscle consists of a capsule and a central core containing a nerve fibre. The 
capsule is lamellar in nature. with the lamellae separated by layers of col lagen . The 
amounts of collagen deposited between the lamellae increases with age, decreasing the 
sensitivity of the receptors. Each corpuscle is supplied by one thickly myelinated nerve 
fibre of the An type (Williams & Warwick 1984) (Fig. 5.9). 

Merkel Cell Endings 
'Illese receptors are found immediately under the epidermis or around the base of cenain 
hair follicles. 1ne nerve fibres expand at their periphery into flattened disc-like Stnlc(Ures 
that come into close association with a non-neural type cell called the Merkel cell. The 
Merkel cells have a number of interdigitating processes that contact other neighbouring 
cells. 'nle nerve/Merkel cell units together are called Merkel discs and are sensitive to 
venical pressure. TIle receptors are slow adapting and transmit information via large, 
myelinated (Au) afferent fibres (English 1977) (Fig. 5.9). 

Krause End Bulbs QUICK FACTS 7 

Ruffini Endings 
'nle Ruffini system of receptors including the Ruffini endings and Ruffini nuclei are found 
in each and every joint complex and in the dermis of hairy skin. These receptors respond 
to changes in stress levels in collagen. In joint capsules they are very sensitive to capsular 
deformation and may be activated by changes in the degree of arc about a joint. In most 
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cases involving peripheral joints they can detect a 1" change of arc about the joint In the 
case of certain types of receptors in the upper cervical spine as lillie as a 0.4" change of arc 
has been shown (0 cause activation. This is probably due LO the high concentration of 
joint receptors in the upper cervical spine region which has been shown lO contain the 
highest concentration orjoinL receptors in the spine (Vele 1970). 'nH!Se receptors are 
slowly adapting and utilize large, myelinated (An) afferent fibres for transmission 
(Chambers e! aI1972) (Fig. 5.9). 

Joint Receptors 
A complex system of specialized receptors lhal supply feedback concerning the static and 
dynamic position of joints has been described by Wyke (1966). His description involves a 
classification of four types of joint receptors, ",hich are described as follows. 

Type 1 or tonic receptors have a low threshold and are slow adapting. These receptors are 
active bOlh at rest and during changes of joint arc. Thus when the joint arc changes, these 
receptors show an initial burst of activity and continue to fire at a reduced but specific 
frequency until another change in joint angle occurs.lhese types of receptors are 
multibranched, encapsulated Ruffini ending type receptors. ll1ese receptors appear to be the 
most abundant type of joint receplOr and are 1110st highly concentrated in the weight
bearing joints where stalic postural information is crucial. It is thought that the infomlation 
transferred by these receplOrs may reach conscious perception (Skoglung 1973). 

Type II joint receptors are similar to Pacinian corpuscles but much smaller in size and 
have a low threshold but are rapidly adapting. Their activity increases at both the 
initiation and cessation of movement. They are highly sensitive to movement and pressure 
changes in the capsule and are thought to detect duration of movement. -me information 
from these receptors is thought notlO reach conscious awareness (Skoglung 1973). 

Type III receptors have a high threshold and are slowly adapting to stimuli. They are 
inactive in non-moving joints and fire only at extremes of joint motion. They are similar 
in structure LO the Colgi tendon organs of tendons and cause a renex inhibition of the 
homonymous muscle when highly stimulated (Williams & Warwick 1984) (Fig. 5.10). 

Type IV receptors are nociceptive in function and have a high threshold and do not 
adapl. These types of receptors are free nerve endings that invade the synovial layers, 
blood vessels, and fat pads surrounding the joint and are normally illaaive. 111ey seem to 
be 1110st sensitive to excessive joint movement and all causes of damaging stimuli that 
result in the perception of joint pain (Wyke 1966; Newton 1982; Fitz-Ritzon 1988; 
Mclain & Picker 1998; Eriksen 2004). 

This diverse variety of receptors in the joint capsule allows these receptors to supply the 
nervous system with a continuous input Stream regarding joint position .u any given 
moment in time. Some of the input from this system of receptors can be volitionally 
perceived although most of the time we are nOt consciously aware of the position of each 
of OUf joints (Fitz-RiLZon 1988). 

Free Nerve Endings 
Free nerve endings are found in all types of conneClive tissue including dermis, fascia, 
ligaments, tendon sheaths of blood vessels, meninges, joint capsules, periosteum, 

1 b fibres ++++ _ I Alpha and gamma 
, activation from brain 

1 a fibres ++++ -

F-I-l __ -- E'rtrallusal muscle fibre 

+--· lntraILlsal muscle fibre 

Alpha motor neurons ++++ -

neurons ++++ -

Fig. 5.10 Supraspinal modulation of reflex control. Intrafusal as well as extrafusal fibres contrad; spindles activated, 
reinforCing contradion stimulus via la in accord With resistance. Tendon organ activated, causmg relaxation if load IS 

too great. 
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perichondrium. I laversian systems of bone and endomysial tissue of all muscles. Nociceptive 
fibres may be depolarized by a number of different modalities lcmled nociceptive stimuli 
such as aherations in pl-i (acid or base environment), the presence of chemicals or 
collagenous deformation such as those associated with swelling and inflammation, heat, 
physical damage. and some chemicals normally contained inside of cells. 

l1uee differenl lypes of nociceplOrs can be distinguished by the various stimuli to which 
they respond. lhese are mechanical, thermal, and polymodal receptOr types (Gardner el al 
2000). Mechanical receptors are responsive to sharp penetration of objects into the skin or 
tissues. "Illey are also sensitive to pinching or squeezing anions. The axons are mechanical 
nociceptors, are myelinated, and thus are the fastest conducting fibres of the nociceptors 
receptors. lhermal receptors are excited by extremes of temperature. "nle two different types 
of thermal rece:pLOrs respond to cold and heat. Polymodal receptors respond to a variety of 
stimuli including mechanical, chemical, and temperature exuemes. TIlese receptors evoke 
the sensation of deep burning pain when their activation becomes perceived consciously. 

Some of the nociceptive input may reach the somatosensory cortex where it is consciously 
perceived most commonly as pain (Cauna 1966). Nociceptive information is conveyed from 
the spinal cord to the thalamus and then to the sensory cortex. The spinal traas that convey 
this infomlation to the thalamus or hypothalamus include the spinothalamic. spinorelirular, 
spinomesencephalic, cervicolhalamic, and spinohypothalamic tracts. 11lE: most prominent 
nociceptive tract is the spinothalamic traQ of which both anterior and lateral divisions 
participate in nociceptive signal transmission (Basbaurn & Jessell 2000). 

i\ good illustration of the chemical activation of nociceptors involves the build-up of 
lactic acid inside a working muscle. When a muscle contracts in an anaerobic 
environment, lactic acid is produced as a bi-product. When this substance builds to a 
threshold value usually due to a lack of circulation caused by sustained muscle 
contraction, the nociceptors fibres depolarize and fire a series of action potentials along 
the peripheral branch of the primary nociceptive afferent neuron's axon which arrive 
eventually in the dorsal horn of the spinal cord. I lere the fibre synapses with a variety of 
cells in the interneuron pools of the substantia gelatinosa. Some of these neurons send 
inhibitory stimuli back to the muscle while others project via the contralateral lateral 
spinothalamic pathways to the ventral posterior lateral nucleus of the thalamus. I lere 
depending on the central integrative state of the thalamus further stimuli may or may not 
be relayed to the somatosensory cortex where perception of the pain may occur. 

Integration of Receptor Input 

Natural movement is accompl ished by active and passive changes in the length of muscles 
surrounding a joint which aa to cause the desired change of arc and appropriate 
stabilization to allow the desired motion to occur. While this motion is occurring other 
changes to the joint and its surroundings are also occurring such as deformation of the 
joint capsule, and deformation of the skin around the joint and tensions and lengths of 
the homonymous and stabilizing muscles and tendons of the joint. All or these changes in 
collagen tension, deformation, and movement are being detected and transillitted to the 
spinal cord and central nervous system by the various receptors previously discussed. 
All of this afferent information acts 10 modulate the excitability of the alpha and gamma 
motor neurons either via segmental or sllprasegmental integration. 

How do We Begin to Understand the Complexity 
of the Integration that Must be Occurring for 
Even the Most Primitive Type of Movement? 

At this point we will start to investigate this marvelous feat of integration with two 
relatively simple spinal reflexes, the deep tendon or muscle stretcll reflex and the Colgi 
tendon inhibition reflex. 

'nle muscle stretch reflex ocmrs because the group la (primary afferent) fibres (rom the 
muscle spindles have an overall excitatory effect 011 the motor neuron pools of the 
homonymous and heteronymous (synergistic) musdes and an overal l  inhibitory effect on 
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the antagonistic mOlOr neuron pOOIS. nlC eXcilJlOry effects are produced through a number 
of pathways i ncluding monosynaptic and polysynaptic connections (I.lnkowska el al 1 9 8 1 ) .  

'l1le spindle afferent fibres branch to form collateral fibres o n  entering the grey area o f  the 
spinal cord. Some of these fibres proceed to synapse directly on the homonymous and 

heteronymous alpha motor neuron pools, forming an excitatory monosynaptic 
connection. Other collaterals synapse on interneurons called III inhibitory interneurons. 
Ihe spindle collaterals excite the Ill. inhibitory interneuron pools that in turn C�luse <111 
inhibitory stimulus to be received by the antagonist motor neuron pools. A collateral axon 
from the alpha motor neuron also synapses with another i11lerneuron called a Iknshaw cell 
that in turn inhibits both the original alpha motor neuron and the la Interneuron. -rhus the 

inhibiLOry pathway from the agonist to the antagonist is momentarily opened and that 
from the anlagonist to the agonist is mome11larily closed until the activity of the Renshaw 
cell returns the cycle to neutral (Crone et al 1 987) ( I:ig. 5.IO). The overal l  response 
produced by this activity of stretching the spindle fibres is an increase in the probability of 
both a c011lraction of the agonist and inhibition of the antagonist muscles surrounding the 
joint in question. ("his is the response normally observed when we strike the tendon of a 
muscle with a renex hammer 1l1e imp.tel of the hammer resuits in a momentary 
lengthening of the spindle fibres, which sets in motion the event!, previously described. 
Ihis sequence of events can be modulated by input from other neurons in either segment.1!  

or suprasegmentJI pools via presynaptic modulation at  the primary .1ffcrcnt central process, 
modulation of interneuron pool cemral integr<llive states, and modulation of the alpha 
and gamma motor neurons directly (reMson & Gorden 1 991 ). 

Activation of the Colgi tendon organs leads to an inhibitory stimulus at the 
homonymous muscle. This inhibilion is accomplished through the excit<lIion of an 
interneuron called a Ib inhibitory interneuron. When the .lfferent fibre of the Co!gi 
lendon organ enters the grey area of the spinal cord it synapses on a Ib interneuron, which 
then in turn synapses on the homonymous alpha motor neuron. incre.lsing the 
probability of the cell not reaching threshold. The i ntegration of this rencx is complic.lled 
because the Ib interneuron pool also receives modulatory input frol11 other interneuron 
pools Ihal receive their stimulus from joil1l receptors, muscle spindles, and ClH.lIleous skin 
receptors and from descending supraspinal neurons ( rig. 5.8) 

Clinical Application 

Activation of both of the above reflex mechanisms may be lost because of a neuropathy or 
dysfunction affecting the large afferem fibres. Any situations in which the motor neurons 
are deprived of the primary afferent loops results in abolishment of the myotactic (stretch 
and Colgi) reflexes (Sherrington 1 906). Muscle stn?lch reflexes may be .lbsent even in the 
presence of upper motor neuron disease, which usu.ll1y l11i1nifests ilS <1 hyperactive reflex, if  
afferent dysfunction coexists. Examples of conditions that afferent dysfunction and upper 
motor netlTon lesions may coexist include subacute combined degeneration and 
I'riedreich's al�xia (Williams & Warwick 1 984). I'osterior root compression by extruded 
disc material or lumour may impair the conduction of large-diameter fibres before 
affecting the smaller, slower fibres. Thus stretch reflexes or vibration sense may be lost 
before loss of pain and temperature sensation. Other compressive or traum,ltic lesions of 
the spinal cord may abolish these reflexes by interrupting the reflex Me at the segment,ll 
roOt level, thus identifying the level of the lesion (Nakashima et ill 1 989) 
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Introduction 

1-luman motion is a miraculously complex interaction of a muhitude of neuronal circuits. 
'ne control and integration of these complex interactions are investigated in this chapler 
by breaking down and analysing the components of a simple human movement, that of 
reaching for and pinch-grasping an object bel\..;een the thumb and first finger. 

Many questions immediately spring LO mind such as what motivated him or her to 
reach out and grasp me object in the first place. Was it hunger? Was it curiosity? Was it 
habit? I low did the message of waming to grasp the object find its way to producing the 
muscular contractions, co-contractions, and inhibition necessary to actually performing 
the function? 'lhese are perplexing questions and indeed the answers lO these questions 
for the most part remain cloaked in mystery and complexity of the human nervous 
system. However, this mysterious cloak of secrecy is slowly but surely being unravelled 
and maybe one day someone will be able to answer these questions withollt the slightest 
hesitancy or uncertainty that his/her story is the right one. Until then we tell the sLOry of 
our time and understanding which has almost as many endings as storytellers. Our Story 
begins with the limbic system and mOlivation, travels through the hierarchies of the 
cortex, thalamus, cerebellum, and brainstem and ends with the final C0l111110n pathways 01 
the alpha motor neurons of the spinal cord. 

Postures and Movements are Controlled by 
a Hierarchy of Systems 

Postures and movements are controlled simultaneously by different levels of nervous 
organization including the COrtex (cognitive control), the sensory system (sensory 
control), and the emotional system (emotive control). '111ese levels orthe organization 
first suggested by Jackson are classified into a vague three-tier system. 

The highest levels of cognition are concerned with the relevance and importance of the 
task to the present situation. This analysis seems LO occur prior to communicating with 
the lower levels of the hierarchy. The 'cognitive 'component is composed of sensory, 
motor, and associative systems and the 'emotive' component is largely composed of 
limbic circuits (Fig. 6.1). 

Limbic and Hypothalamic Involvement in Movement 

The limbic system has been traditionally described as involving a complex network of 
neural ciralitry composed of the parahippocampal gyrus, the cingulated gyrus, the 
subcallosal gyrus (which is the anterior and inferior continuation of the cingulate gyrus), 

Cognitive r---
Association corteK 

f--Frontal corteK 

t • 
Umbic system 
Hypothalamus 

Emotional 

t • 
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Mechanical L-. 
Brain stem 
Cerebellum -
Spinal cord 

Fig 6 1 Jackson's hierarchy of movement The relatIonships of the emotional, cognitive, and me<:hanlcal 
components of Jackson's hierarchy of movement to the phYSICal locatiOns 01 the neuraJUs thought to be Involved 
are outlined. Note that although the different parts of the system are diagrammatically segregated Into 
components, all components 01 the system are Interconnected, and functionally act as a Unit. 
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the hippocampal formation (which includes the hippocampus proper, the dentate gyrus, 
and the subiculum), various nuclei of me septal region, the nucleus accumbens (which is 
an extension of the caudate nucleus), neocortical areas such as the orbital frontal cortex. 
subcortical Slntctures such as the amygdala, and various nuclei of the hypothalamus 
(Iversen el al 2000) (Fig. 6.2). 

'111e hypothalamus contributes to limbic system function primarily through controlling 
influences on the pituitary gland. Neurons in the medial basal region of the hypothalamus 
release peptide neurohormones that act as stimulators or releasing faoors that act on the 
cells of the anterior pituitary gland or adenohypophysis. The pituitary cells then release a 
variety of hormones including luteinizing hormone (L1!), the growth hormone (Gil) 
somatotrophin, adrenocorticotrophic hormone (ACfH), thyroid stimulating hormone 
(TSII), follicle-stimulating hormone (FSII), and prolactin. Axons of neurons in the 
supraoptic and paravemricular nuclei release the neurohomlone oxytocin and the 
amidiuretic hormone vasopressin (Fig. 6.3). 

The hypothalamus also functions as a communication relay by funnelling information 
from the cortex via the cingulate gyrus, to the hippocampal formation, where the 
information is processed and reciprocally fed back to the cingulate gyrus via the 
mammillary bodies and anterior thalamic nuclei. 

Neurons in a variety of hypothalamic nuclei also project to the intra medial lateral 
(IML) cell columns of the spinal cord grey regions where they modulate the activity of the 
pre-ganglionic neurons of the sympathetic nervous system, which control a variety of 
functions including blood flow to virtually all areas ohhe body. This pathway is 

important in modulating blood flow to various muscle groups and organs including the 
brain, prior to and during movemenl.l11e control ohhe blood flow to the hypothalamus 
arises from post-ganglionic sympathetic neurons located in the superior cervical ganglion, 
which are under the influence of the hypothalamus itself (Fig. 6.4). 

The Development of Motivational Drives 

The limbic system is deeply involved in the creation of motivational stales or drives that 
modulate the central integrative states of neurons in wide-ranging areas of the central 
nervous system (eNS) that produce a variety of behavioural responses such as movemelll, 
temperature regulation, active prorurement of food, sexual drive, emotional COnlext, and 
curiosity (Swanson & Mogenson 1981; Brooks 1984; Kupfermann et aI2000). 

Motivational drives produced in the limbic system appear to be the products of 
integrated sensory and emotional cues, which have been triaged into some order of 
importance that result in the activation ohhe appropriate areas of cortex to a readiness or 
activation mode. Thus, through motivational activation from the limbic system the 
appropriate areas of cortex increase their central integrative state to a Slate of awareness 
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Fig 62 Traditional limbIC structures The traditional components of the limbIC system and the prOjectIOns thought 
to eXist between the anatomical components are Illustrated The projections shCl'Nn are probably Incomplete as the 
limbIC system, like most other functIOnal neural CIrcUits, functIOns as a unit, utilizing a vanety of components 
Simultaneously or Independently as necessary. 

141 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

142 

Releasing factors 
from hypothalamus "'.1'1"" ' . ... Axons from 

hypothatamus 

Anterior pituitary 
(adenohypophysis) 

prOlactin'i 
Lulinizing hormone 
(LH) 

Growth hormone 
(GH) 

Adrenocorticotropic 
hormone (ACTH) 

Posterior pituitary 
(neurohypophysis) 

Anti diuretic hormone 
(ADH)(vasopres�n) 

Follicle stimulating 
hormone (FSH) 

Thyroid stimulating 
hormone (TSH) 

Fig 6.3 Hormones of the pituitary gland. The relationship between the hypothalamus, the pitUitary gland, and the 
hormones secreted from the pituitary gland IS illustrated. The pituitary gland IS often referred to as the 'master 
gland' of the endOcrine system because It coordinates many fundlOns of the other glands. The endocrine system 
Itself conSists of a group of organs whose main function IS to produce and secrete hormones directly mto the 
blood that ad to (antral a 113nety of functions all over the body The major organs of the endocrme system are the 
hypothalamus, the pitUitary gland, the thyroid gland, the parathyroid glands, the islets cells (Beta cells) of the 
pancreas, the adrenal glands, the testes, and the ovaries. The hypothalamus releases messengers that act as 
releaSing or stimulating agents on the pitUitary as well as inhibiting faaors that Inhibit the activation or release of 
certam hormones of the pituitary. Not all endocrine glands are under the sole control of the pituitary Some glands 
such as the Insulin-secreting (Beta) cells of the pancreas also respond to local levels of glucose and fatty aCids; the 
parathyroid glands also respond to local concentratIOns of calCium and phosphate m the blood; and the adrenal 
medulla or the adrenaline-produCing cells of the adrenal glands also respond to direct stimulation from the 
sympathetiC nervous system 

Hypothalamus 

region 

T, spinal 
cord level 

Fig 6,4 Control of blood flow to the hypothalamus. The cells of the hypothalamus prOject directly to the 
presynaptic sympathetiC neurons In the mtermedlolateral (IMl) cell column of the spinal cord. These neurons 
prOject to the postsynaptIC cells of the sympathetiC system located In the superior cervical ganglia. The axons of 
these neurons follow a variety of blood vessels Into the skull and Innervate the blood vessels supplymg the 
hypothalamus. 

looking for something about to happen such as a change in posture or a change of 
emotional state. 

'l1le transition from motivation to the initiation of movement involves pathways from 
multiple premotor regions of the cortex to the mOtor regions of cortex. 

'Ine majority of the neurons in the inferior and posterior regions of the intraparietal 
sulcus (Brodmann area 7) show an early response to sensory cues that relate to the 
execution of movement (Mountcastle et al 1975). Smaller numbers of neurons in area 
7 exhibited more complex response patterns, where activation only occurred in specific 
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B 

Sight 
of food 

Fig 6 5 Complex stimulus firing patterns demanded by some neurons before firing (A) Although hunger stimulus 
IS firing on thIS neuron, either other Inputs are not sufflClenl to stimulate an adlon potential or they are Inhibitory 
to the formation of an action potential threshold stimulus. No action potential IS generated. (B) All conditions are 
met In thiS neuron and an action potential fires. 

situations where a number of variables were met simultaneously, e.g. sight of food and the 
presence of hunger (Fig. 6.5). 

This type of processing suggests that motivational drives received from the limbic 
system are not blindly obeyed but are first presented to the association areas of premOLOr 
and parietal conex, where a rudimentary fOfm of judgment as lO the appropriateness of 
the behaviour required is made. 

Corticoneostriatal and Corticopontine Projections 

The judgment system seems to consist of a series of complex gate systems of 'and' or 'or' 
gates that are both involved directly in gating inputs and are indirectly gated themselves 
by being involved in the more complex array of interactions involved in the complete 
execution command required.'11is complex array of gated pathways in the association 
cortex projects directly to the mOlOr cortex via associalion fibres as well as lo the striatum 
and pontine nuclei. 'JllE�se projections to the striatum and pontine nuclei further project lo 
other areas of the nervous system and form indirect pathway projection loops from the 
association cortex lo the motor cortex (Rolls 1983; deZeeuw et al 1997). 

The firsl indirect projection loop involves the striatum (caudate nucleus and putamen), 
whose output nuclei the globus pallidus pars interna projeclS through the anterior 
division of the thalamic fasciculus to the pars oralis area of the veJ1lral lateral and ventral 
anterior thalamic nuclei. Neurons of the ventral lateral thalamic nuclei project their aXOI1S 
to the ipsilateral motor, premolOr, and parietal cortical areas (Fig. 6.6). 

The second indirect projection loop involves projections to the ipsilateral pontine 
nuclei via the corticopontine projection fibres, which in turn project to two OUlput 
nuclei of the contralateral cerebellum via the pontocerebellar fibre system. These deep 
cerebellar nuclei. the dentate, and the interposed nuclei (emboliform and globose 
nuclei) then project to the contralateral pars caudalis area of the ventrolateral thalamic 
nuclei via the posterior division of the thalamic fasciculus. Neurons of the ventrolateral 
thalamic nuclei project their axons to the ipsilateral motor, premotor, and parietal 
cortical areas (Fig. 6.7). 

To further complicate matters, the major indirect pathways from the premolar to the 
motor cortex involving the basal ganglionic and pontine.cerebellar loops are not 
equivalent in the cerebral conical areas from which they receive inputs nor the projections 
10 the cortex that arise from them. 

The Basal Ganglionic Loops 

111e basal ganglionic loops involve two distinct pathways. The first involves input 
pathways to the caudate nucleus (Fig. 6.6); the second involves input pathways through 
the putamen (Fig. 6.7). For instance, the caudate nudei receive inputs from many areas of 
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cortex including the association regions afme frontal, parietal, and temporal lobes. Most 
of the afferent or return projections from this loop arise from the globus pallidus pars 
interna of the basal ganglia and project lO the ventral anterior nuclei ohhe thalamus. 
Neurons in the ventral anterior nuclei orthe thalamus project to the premolor cortex 
(Brodmann area 6), 

The second p.nhway of the basal ganglionic loop involving the putamen receives the 
majority of its input from the sensorimotor cortex (Brodmann areas 3, 2, 1, and 5) and 
projects via the globus pallidus pars interna to the ventrolateral nuclear group of the 
thalamus. The ventrolateral group of thalamic neurons then project to premotor areas 
including Brodmann area 6 (Delong et al J 983). This projection loop is very important 
for basal ganglionic modulation of motor conical output since the basal ganglia do not 
possess direct projections from the thalamus to primary motor cortex (Schell & Strick 
1984). 
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The ponLine: and cerebellar loops receive the majority of their inputs from the primary 
motor (area 5), somatosensory areas (areas 4, 3, 2, and 1), and some input from 
association and visual areas (areas 17 and 18). Very IitLle input to the pontine and 
cerebellar loops comes from high-level association areas (Rolls 1983). 

The Thalamocortical Projections 

All of the indirect loops described above contain reciprocal innervation pathways above 
the thalamus (thalamus to cortex, cortex to thalamus) and only unidirectional pathways 
below the thalamus (basal ganglia to thalamus, pontine nuclei to thalamus) (Sherman 
& Cuillery 2001) (Fig. 6.8). In fact, the thalmocortical projections form a loop in which 
the 'feedforward' portion is pan of the classic pathway relaying sensory informalion to the 
cortex and the 'feedback' portion is composed of cortical control or modulation over 
thalamic operation. This feedback comrol can be either excitatory or inhibitory depending 
on the central integrative state of the cortex and is modulated itself by sensory input from 
the thalamus (Uinas 1991; Oestexhe 2000). This results in a variety of intrinsic 
thalamocortical and corticothalamic oscillations that can be observed via 
electroencephalograph (EEC) and qualitative electroencephalograph (qEEC) recordings 
over the cortex (Oestexhe & Sejnowski 2003). 

A Brief Summary Thus Far 

To summarize thus far using our example of a pinch grasp of an object between the linger 
and thumb, the neural activity involved depends on the motivation for the movement in 
the first place. Is the object food and is the subject hungry? Is the subject just curious as to 
what the object is? The pathways through which movement is initiated depend on a 
number of variables such as prelearning of movement components, the relevance and 
importance of the movement at the time, and whether a variety of movement choices must 
be considered. Once initiated the plastic nature of me system provides a multitract system 
(basal ganglionic and pontine/cerebellar) which can consider a multitude of physical 
variables as well as the initial motivation in order to complete the desired movement. 

Once the 'what am I going to do' instructions have been established, integrated, and 
weighed with respect to relevance and appropriateness by the limbic system and high-level 
association corlex, the high-level areas of the hierardlY, the neural information is 
transferred to the middle layers of the hierarchy which involves the creation of the 'how 
am I going to do it' oUlnow. 

Formulation of the 'how to' instructions involves the premotor cortex (area 6), which 
actS as an organizer for the principal output area, the primary motor cortex (area 4) 
(Brooks & Thach 1981). 

Instructions for acts of different complexity enter the middle-level areas via separate 
rouies. For example. motor programmes for complex movement patterns enter from the 

� 

Cortex 

t J 
Thalamus 

/ '" 
Basal ganglia Pontine nuclei 

and cerebellum 

Fig 6 8 All of the Indirect loops described (ontain reciprocal InnervatIon pathways above the thalamus (thalamus 
to cortex, cortex to thalamus) and only unidirectIOnal pathways below the thalamus (basal gangha to thalamus, 
pontine nuclei to thalamus). 
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caudate circuit of the basal ganglia, whereas instructions for less complex actions enter the 
premOtof area via the putamen circuit oflhe basal ganglia as well as the lateral cerebellum 
pamine nuclei circuit (Brooks 1984). 

Changes in neuron potentials have been recorded over the motor cortex 800 ms before 
the onset of voluntary movement (Krakauer & Chez 2000). In this period before the onset 
of movement the higher (eolJes seem to be presetting the neuron response pattems in 
relation to the specific preset programmes that specify the intended movement. The seL of 
preset programmes that describe a specific movement are: referred to as a motor set. 

'1lUs, the various levels of instruction from the basal ganglia, the cerebellum, and 
transcortical input from association areas integrate to prepare the motor cortex prior to 
the initiation of movement to ensure the correct motor sets will be initiated at the right 
time and in the right sequence. 

Output Commands from the Motor Cortex 

The output instructions from the motor cortex are relayed through two different 
component systems. The first component arises from the postcentral cortical areas and 
projects through the pyramidal and extrapyramidal pathways to areas in the dorsal grey 
matter of the spinal cord where modulation of the central integrative state of spinal dorsal 
hom cells takes place. The second component is the slower precentral system, which 
modulates the central integrative state of alpha motor neurons in the anterior horn of the 
grey matter via the axons of the corticospinal tracts (Brooks 1984). 

The organization of the neurons in the cortex of area 4 is somatotopic due to the 
extensive and specific synapses formed on the spinal motor neurons via the corticospinal 
tracts. This somatotopic representation is known as the motor homunculus of man 
(Fig. 6.9). Neurons in the somatosensory cortex receive information in a somatotopic 
array called the sensory homunculus of man (Fig. 6.10). 

'Ille neurons of t.he motor cortex are grouped into arrays of perpendicular columns 
called conical efferent wnes or motor columns. Axons from the thalamus and ot.her 
cortical areas tenninate in the superficial layers of the cortical efferem zones by synapsing 
with dendrites of the pyramidal neurons and on a wide variety of cortical interneurons. 
These imerneurons then send impulses in a cascading fashion to other interneurons 

Fig 6.9 The motor homunculus. The motor homunculus showlng proportIOnal somatotopical representatJon In the 
mam cortIcal area (After W Penfield and T Rasmussen, The Cerebral Cortex of Man, MacmIllan, 1950.) 
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Fig 6 10 The sensory homuncul�. The sensory homunculus showing proportional somatotopical representation 
In the somesthelle cortex, (After w. PenfIeld and T. Rasmussen, The Cerebral Cortex of Man, Macmillan. 1950.) 

radially down the conical columns where they finally reach the pyramidal and large 
pyramidal neurons. The pyramidal neurons have different adaptation patterns which seem 
to depend on the diameter oflheir axons. Pyramidal neurons with larger diameter axons 
(end 10 fire when transient high frequency input is received and adapt very quickly to this 
stimulus, whereas smaller diameter axons respond to low frequency input and adapt 
slowly (Krakauer & Chez 2000). 

How Do Pyramid Cells Fire to Produce Complex Movements Such 
as a Pinch Grasp? 

Most probably, conical motor columns are directionally oriented so that increasing the 
central integrative state (CIS) results in an increased probability that the preferential 
direction represented by the column will be reproduced by the somatotopic corticospinal 
projections to the appropriate motor neurons. When a particular movement direction is 
desired, the firing frequency in the appropriate cortical column which represents 
the desired direction increases. Interneurons contained within the desired conic...'ll column 
that project to antagonist motor columns are also brought to threshold and fire inhibitory 
barrages. Individual neurons do not seem to encode direction individually but require a 
population of neurons firing in a coordinated fashion to generate a desired directional 
movement,lne end result of this activity is that the alpha motor neurons in the spinal 
cord that represenlthe desired direction have an increased probability of reaching 
activation threshold and those representing the opposite direction have a decreased 
probability of reaching activation threshold. The corticospinal tract is only one of several 
tracts that synaptically modulate the alpha motor neurons to detennine their CIS. It may 
be recalled that dorsal root ganglion cells arising from the tendons and the muscle 
spindles also project either directly or indirectly to modulate the CIS of the alpha motor 
neurons, as do neurons in the reticular formation and vestibular areas. It has been 
estimated that approximately 10,000 synapses, some inhibitory and some excitatory, 
converge onto each alpha motor neuron. lne cumulative effect of all of this synaptic 
activity largely determines the CIS of the neuron at any given moment. Other factors 
innuencing the CIS include the nutritional. biochemical, and oxygen status of the neuron. 

The timing and the pattern of activation of the desired muscles during movement are 
largely controlled by the cerebellum. 
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Timing and Pattern Control of Movement 
Involves the Cerebellum 

lhe cerebellum receives input from all areas of motor and association cortex via 
conicoponto and corticoolivary tfact projections. TIle inferior olivary nucleus receives 
input from the midbrain reticular neurons and the conex as well as feedback information 
from the muscle spindle organs. This type of input information allows the cerebellum to 
act as a comparator centre where comparisons between commands sent and action 
produced by the muscles can be evaluated and corrected while still in motion if necessary. 
lne cerebellum also contributes in the control of the initiation, trajectory correction 
following perturbation, and the stopping or braking of movement. 

The Fine Tuning of Motor Control and the 
Basal Ganglia 

The basal ganglia are a group of nuclei situated deep in the brain at the junction of 
telencephalic and diencephalic functional areas. 'Illese nuclei include the caudate and 
putamen, which are composed of similar cell types and fused anteriorly, the globus 

pallidus, the subthalamic nuclei, and the substantia nign' (Anderson et al 2003). All input 
to the basal ganglia projects onto either the caudate nucleus or the putamen. '111e input 
arises from four main areas which include wide areas of motor and association cortex, the 
midline intralaminar thalamic nuclei, the zona compacta of the substantia nigra, and the 
raphe nuclei of the midbrain. 'me basal ganglia do not project directly to neurons that 
would allow them to effect control of motor activity but seems to act in a coordination 
role between the cortex and the thalamus by filtering or gating the information stream 
that the thalamus receives from the periphery (Fig. G. 11). 'Ille basal ganglia afe also 
involved in the coordination of movement necessary in the maintenance of static 
postures and the initiation of controlled or detailed movements (Martin 1967; 
Kornhuber 1971). 

"--:=::--;�,..-___ Thalamocortical 

Cortex 

N.S - Neostriatum 
S.N - Substantia nigra 
STN - Sub thalamic nucleus 
GPE - Globus paJidus pars eKlema 
GPI - Gtobus paJidus pars inlema 

Thalamus 
Vemal anterior 
nucleus 

lnlralaminar 
nucleus 

Ventral �Ieral 

Afferent stimulus 
Irom penphery 

Fig. 6 11 Diagram outlining the gating action of the basat gangtla on the thalamus. There are two predommant 
pathways (direct and Indirect) from the neostriatum to the output nuclei of the basal ganglia, the globus palhdus pars 
Internus (GPi) and the substantia nigra pars reticulate (SN). The direct pathway Involves the neostnatal prOjectIOns to 
the GP'I, which In turn prqects to the thalamiC nudel. The Indirect pathway Involves the neostnatal proJectlons to the 
globus palhdus pars externus (GPe). The GPe then prOjects to the subthalamiC nuclei, which In turn prQ1eCt5 to the GPI 
The GPt then completes the loop to the thalamus. Because of the different neurotransmitters released through the 
loops they each result In a dIfferent modulatory actllllty on the thalamus (see Chapter 11). 
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The Final Common Pathway and Supraspinal 
Modulation 

All of the processing. integration, and complex dedsion making involved in movement 
generation and (omrol by the higher cenLres is finally conveyed to the final common 
pathway known as the alpha motor neurons. 

Supraspinal pathways descend in two major groups, the ventromedial group of axons 
and the lateral group of axons. '[he ventromedial group arises from nuclei in the 
brainslem and descends in the ipsilateral ventral funiculi of me spinal cord and mainly 
It':rrninales on the medial motor neurons, the interneurons, and propriospinal neurons of 
the intermediate zone of the spinal cord grey mauer. These pathways express the general 
characteristic of functional divergence of their nerve: terminals, giving off many collateral 
axons and innervating wide-ranging areas. 'nlis type of distribution is best suited for the 
control of a variety of synergistic muscular activities like those involved in postural or strut 
stabilization roles rather than finely controlled movements. TIlese pathways involve the 
tectospinal, pontoreticulospinal, medullary reticulospinal, and the lateral and medial 
vestibulospinal trads. 

lhe second group of pathways arises from neurons in the cortex and the red nucleus 
and descends in the contralateral lateral funiculi of the white matter. These axons tenninate 
in the intermediate zone of grey matter and on the motor neurons innervating the more 
distal muscles. The tracts of this group include the lateral cortkospinal tracl and the 
rubrospinal tract. The conicospinaitracts arise from the pyramidal neurons of the sensory
motor cortex and are characteristically focused on a small number of muscle groups and 
are thus suited for delicate fine movement control. Another pathway that arises from the 
pyramidal neurons in the motor cortex descends ipsilaterally in the ventromedial aTea and 

is called the ventral corticospinal lracl.lllis tract is mostly involved in intricate control of 
postural musdes of the spinal column (Fig. 6.12). 

Neocortex 
(frontal and 
parietal lobes) 

Red nucleus 

� Pootine reticular /" formation '>-�_C (cenlral nuclei) 

Lateral vestibular 
nucleus 

Medullary reticular --:;::����J=�l�� 
formation (cenlral nuclei) 

Pontine reliculospinal 
lract 

B 

£1�-t-I-t-A 
Lateral 
corticospinal 
Iract 

Ir'\;:iiii� __ Rubrospinal 
tract 

MedullaI'! 
reticulospinaJ 
tract 

Vestibulospinal 
tract 

B 

A 

Fig 6 12 Major bramstem descending pathways concerned With the control of movement In the human (groups A 
and 8) and their spmal terminatIOns 
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Supraspinal 
input �-----.. 

Fig 6 13 Feedback loop of the motor servo 

Do!sal root 
ganglion 

Ventral hom 
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Muscle spindle complex 
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In order for meaningful supraspinal coordination of movement to occur the 
intention command and the aaual movement performed must be compared and 
evaluated for accuracy. This is accomplished via feed forward activation, collateral 
aClivation, and feedback mechanisms. This requires that both output information and 
feedback information are accurate: and quickly corrected when they are not accurate. 
Correction of variances between the command and the actual performance is initially 
evaluated by a mechanism referred (0 as the motor servo loop. 111is loop involves 
feedback from the muscle spindle via the dorsal root ganglion cell w the alpha mowr 
neuron innervaling the same muscle. The muscle servo loop is usually self-correcling but 
is under the modulatory control of supraspinal neurons, which can aher the balance of 
the servo loop in ehher direction (Fig. 6.13). 

Another influence of supraspinal control of movement is the coordination of 
alpha-gamma co-activation of muscle groups whose actions oppose one another and w 
muscle groups providing supponive roles in the movement. This requires instructions to 
both the agonist and antagonist muscles as well as to the appropriate strut stabilizing 
muscles lhat will act to provide a stable foundation from which the desired contractions 
can occur. 

Summary 

Movement involves the enlisllnem and activation of an amazingly complex sequence 
of events. 

The motivation w move is established by internal interpretations of external 
stimuli lhat may involve accessing memory areas 10 recall the outcome of past 
performance in similar situations and a decision whether to move is determined. Next 
the plan or strategy which specifies the 'when', 'where', and 'how' of the movement is 
conceived. The necessary information is lhen integrated into packages of motor sets 
that will result in the completion of the desired movement and these cascades of 
neural activation aller the CIS of the alpha motor neurons in such a way that the 
neurons are activated or inhibited in the appropriate sequences that cause the 
movement to be accomplished. The spinal servomechanisms as well as the supraspinal 
motor centres monitor the progress of the movement based on the feedback received 
from a vast array of peripheral receptors, making corrections in the CIS of the 
appropriate ventral horn cells if necessary. ThroughoUl the entire process the 
nutritional and oxygen demands of the neurons involved must also be monitored, 
adapted, and maintained to ensure adequate adenosine triphosphate (ATP) supplies 
are available to fuel the process. 
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Introduction 

The spinal cord lIsed lO be thought of as simply a conduit for nerve pathways to and 
from the brain. lbe most elaborate neural integration thought lO ocror in the spinal 
cord was limited to simple renex muscle servo loops. It is now known that the 
spinal cord is a complex neural integration system contiguous with the neural structures 
or the brain and is an essential component ohhe neuraxis in humans. Long-term 
plasticity of both excitatory and inhibitory transmission, postsynaptic trafficking and 
recycling of various receptors, activation of immediate early genes in neurons, and 
constant changes in synaptic structure and connections aTe all active processes occurring 
in the spinal cord. 

The spinal cord is the first site of sensory modulation and the last site of motor 
modulation that influences perception and movement of the body pans. 

The brain and brainstem also play a pan in modulating other sensory systems that 
influence motor output via the spinal cord. 

'111e peripheral nerves transmit receplOr information lO neurons in the spinal cord. 
The peripheral nerves can vary in transmission speeds, size, and modalities that they 
transmit. The peripheral nerves are also very sensitive lO i njury. but have specific healing 
strategies to recover. 

The spinal cord also contributes to the imegration and modulation of pain. A variety of 
peripheral and central processes influence pain processing including receptor 
mechanisms. peripheral sensitization, central sensitization, neural plasticity, and the 
sympathetic nervous system. 

I n this chapter we consider all of the above processes. 

Anatomy of the Spinal Cord 

The spinal cord develops as a contiguous structure with the rest ohhe neuraxis. arising 
from the ventricular layer of ependymal cells and maintains the basic dorsal and ventral 
segregation of sensory and motor function as the brainstem (see Chapter 2). The result of 
this is that most afferent (sensory) infomlation arrives in the dorsal aspects of the cord 
and the efferent ( motor) information exits from the ventral aspects of the cord (Fig. 7. I). 
As the spinal cord matures during embryonic development the dorsal/ventral segregation 
becomes more defined and by about 3 months post-conception two discrete cellular areas 
can be determined. the alar lamina, which is located dorsally and contains the neurons 
that will receive the afferent (sensory) information, and the basal lamina. which is located 
ventrally and contains the neurons that will supply the efferent (motor) outflow from the 
spinal cord ( Fig. 7.2). 

QUICK FACTS 1 The Spinal Cord has the Following Functions 
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1. Is the final common pathway for the somatomotor system. 

2. Conveys somatosensory information from the body to higher centres. 

3. Contains preganglionic ANS neurons under segmental/suprasegmental 

control. 

4. Mediates spinal and segmental reflexes. 

5. Contains central pattern generators for rhythmic movement gait and 

posture maintenance. 
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Fig 7 1 A transverse section through the developIng sptnal cord of a human embryo 4 weeks old. 

A 

110,---Delrsall nerve rool 

.-..,rJ'rytf-\---Ce'ntral canal 

"':-J'f7J§f---t-EpeOdymaJ layer 

".I--�2/-f---a.,sallamina 

---Ventral spinal 

Posterior medium septum 

Fasciculus cuneatus 

lateral 
funiculus 

Yf--"---F=-H-Central canal 

Anterior column 
of grey matter 

neNe root ;;:<����:::::� 
"--Ante,;or funiculus 

B 
Fig. 7.2 Transverse sections through the developing spinal cord of human embryos. (A) About 6 weeks old. 
(B) About 3 months old. 

The spinal cord is composed of IWO major types of matter, one consisting of mainly 
neurons and neuropil, the grey matter, and the other consisting of mainly axons and 
supponing glial cells, the white matter. 111e grey matter forms the central regions of 
the cord and is surrounded by white matter for its entire course in the spinal cord. 
The spinal cord proper (medulla spinalis) begins at the superior border of the aLias or 
first cervical vertebra. and extends to the upper border of the second lumbar vertebra. 

For the first 3 Illonths of embryonic development the spinal cord and the vertebral 
column develop at the same pace and are roughly equal in length. During the rest of 
embryonic development the vertebra column grows in size faster than the spinal cord, 
resulting in the spinal cord terminating about two·thirds of the way down the venebral 
column (Chusid 1982).111e length of the spinal cord, which is usually between 42 and 
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45cm, can show significant variation between individuals with the end resulL affecting the 

level of termination of the spinal cord (Barson 1970). The variation in the termination of 

the spinal cord can range from the lower third of the twelfth vertebra to the disc between 
the second and third lumbar vertebra (Iii & Charnalia 1959). l11E: spinal cord terminates by 

converging into a cylindrical funnel·shaped stmcture referred (0 as the conus meclu1Jaris, 
from the distal end of which extends a thin filament, the filum terminale. to its 3ltachment 
on the first coccygeal segment ll1e spinal nerve roots radiating from the spinal cord and 
lhe dorsal rool ganglion neuron's central projections form a stmcture referred 10 as the 
cauda equina as they traverse the distance. through the spinal canal. between the spinal 
cord termination point and their exit vertebral foramina in the spinal column (Fig. 7.3). 

111e volume of the spinal cord is dependent on the number of neurons and axons that 

it cOl1lains at any one poinL. Because of the increase in afferent input and efferent output 
that occurs at the level of the cervical and lumbar cord levels. due to the innervation of the 
arms and legs, the spinal cord expands in circumference, resulting in the cervical and 

lumbar enlargements. 
On cross-sectional views of the spinal cord. the dorsal or posterior median sulcus. 

which is continuous with a projection of connective tissue that penetrates the posterior 

aspect of the cord, the dorsal median septum, symmetrically divides the dorsal cord into 
two halves. Ventrally, the ventral median fissure performs a similar function so that a line 

connecting it and the dorsal median sulcus effeaively divides the spinal cord into left and 
right symmetrical halves. It is convenient to divide the white mailer of the spinal cord into 
regions referred to as funiculi, so that each half of the spinal cord contains a dorsal or 

posterior funiculus. a posterior lateral and anterior lateral funiculus, and a ventral or 
anterior funiculus (Fig. 7.4). In the mature spinal cord the embryonic alar and basal 
plates, with a few exceptions, maintain their distribution of sensory and motor 
segregation. These areas can be outlined quite accurately by the funicular divisions just 
described (Fig. 7.5). 

The Grey Matter of the Spinal Cord Is Composed of a High 
Proportion of Neurons, Neuroglia, and Blood Vessels 

Centrally the butterfly-shaped grey matter of the cord is divided in the midline by the 

central canal. The grey mailer passing dorsally to the central canal is referred to as the 
posterior grey commissure and the grey matter passing ventrally 10 the central canal is 
referred to as the anterior grey commissure. Arising from lhe area of the ventral lateral sulci 

QUICK fACTS 2 Spinal Cord Development 

• Medulla spinalis extends from the upper border of atlas to the conus 

medullaris opposite the L l-L2 disc. 

• Filum terminale extends to the tip of the coccyx. 

• Cord shows cervical and lumbar enlargements. 

• In early embryonic development the cord is as long as the vertebral canal 

but as development proceeds it lags behind the vertebral column. 

QUICK fACTS 3 Internal Structure of the Spinal Cord 

158 

• Spinal cord consists of a core of neuropil (grey matter) surrounded by an outer 

axon fibre layer, the white matter. 

• The white matter decreases in proportion as the spinal cord lengthens except 

at the cervical and lumbar enlargements. 

• Grey matter is composed of neuron cell bodies, dendrites, and efferent and 

afferent axons of the neurons. 
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Fig 7.3 A lateral Vlevv of the spinal column Note the different phYSical 
location of the spinal cord and spinal vertebral levels. 

Fig. 7.5 The distribution of the alar and basal areas In the mature spinal cord 

Note that the predominant tram are Input or afferent In the alar area and the 
predominant fibre tracts are output Of efferent In the basal area. The mixed 
areas contain both motor and sensory fibre tracts 

are the ventral roots of me spinal cord, which just as they exit the vertebral foramina 

combine with the afferent axons of the dorsal root ganglion neurons as they enter the 
vertebral foramina to fonn the roOl of the spinal nerve. Entering the spinal cord at the dorsal 
lateral sulcus are the sensory dorsal roots, completing their journey to the cord from the 
dorsal roOt ganglion cells (Fig. 7.6). The areas of grey matter that give rise to or receive the 

afferent and efferent input resemble me shape of a hom and are thus tenned the anterior 

and posterior horns 111e anterior hom does nOl extend through the anterior funiculus and 
reach the surface of the cord. l'he posterior horn projects mudl more deeply into the dorsal 

funiculus and except for a small band of translucent neurons, me substantia gelatinosa, it 
would extend to the posterior surface of the cord. A small angular projection from the 

intermediate areas of the cord fOnTIS the lateral hom of grey matter that only occurs between 
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Fig. 7.6 The vanous struaures and nerve fibre pathways In a cross·secuonal VIeW of the spinal cOI'd 

• .,. --------- Subslantia gelalinosa 

r:--------NllclOlJSproprius 

------ NllcleIJs thoracicus 

Fig. 7.7 The various locations of grey matter nuclei of the spmal cord. 
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the levels of the first thoracic to the second lumbar segment.ll1is lateral outgrowth of grey 
mailer houses many of the presynaptic neurons of the sympathetic nervous system. 

111e neurons orthe grey matter form a complex intermingled array involving multiple 
synapt.ic connections with many of the axons crossing the midline via the anterior and 
posterior commissures. Some of the neurons are intrasegmental and their axons and 
dendrites remain within the same segment of the spinal cord as the neuron soma. Other 
neurons are intersegmental and their axons and dendrites spread over many segments 
both rostrally and caudally. In many pans of the neuraxis groups of neurons, usually with 
a related functional activity, cluster together into nuclei or when large enough ganglia. 
Several nuclei have been identified in the grey maller of the spinal cord. The 1110st 
predominant neurons in the ventral grey areas are the large multipolar neurons whose 
axons emerge from the spinal cord 10 form the anterior horn, and contribute 10 the spinal 
nerves, to ultimately innervate the skeletal muscles of the body. These neurons are also 
referred to as alpha-efferents or alpha mOlOr neurons. Also present in large numbers in 
the anterior horn are slightly smaller neurons whose axons supply the intrafusal fibres of 
the muscle spindle c.."llled gamma-efferents or gamma motor neurons (Fig. 7.7). 

'Ine neuron groupings in the posterior horns involve four main nuclei, two of which 
extend through the length of the cord and two that are presem only at seieoive levels of 
the cord. The substantia gelatinosa of Rolando extends throughout the cord and composes 
the extreme tip of the dorsal horn. These neurons are involved with signal processing of 
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afferent information from the dorsal root ganglion neurons and are thoughl lO play an 
essential role in the initial processing of pain due to extensive connections with incoming 
axons destined to form the spinOlhalamic tracts (Fig. 7.7). 

A second nuclear group thal extends throughout the spinal cord is located ventral to 
the substantia gelatinosa and is referred to as the: dorsal funicular group or the nucleus 
proprius (Fig. 7.7). Lying ventral to the nucleus proprius in the basal region of the dorsal 
horn and extending from the eighth cervical region of the cord to the founh lumbar 
region of the cord is the: nucleus dorsalis or Clark's nucleus (Fig. 7.7). Finally. a small 
group of nuclei known as the visceral grey area, or nucleus centrobasalis, is present only in 
the lower cervical and lumbosacral segments of the cord. 

'T1te intermediate region of the grey maller is composed of relatively small neurons that 
function as the presynaptic sympathetic neurons of the autonomic nervous system. Two 
regions are usually idemified, the intermediolateral group (IML), which houses the 
presynaptic sympathetic neurons and the intermediomedial group (IMM), where similar 
small neurons lO the IML reside and probably act as multi modal integrators for the output 
IML neurons. Neurons from both the IML and IMM send axons via the white rami 
communicants to the paravertebral ganglia that extend from T I  to L2 vertebral levels. 

Rexed's Laminae Can Be Used to Classify Functional Aspeds oferey Matter 
In the 19505 and early 19605 an architectural scheme was developed to classify the 
structure of the spinal cord, based on the cytological fealures of the neurons in different 
regions of the grey substance. It consists of nine laminae (I-IX) that extend throughout 
the cord. roughly paralleling the dorsal and ventral columns of the grey substance, and a 
tenth region (lamina X) that surrounds the central canal (Rexed 1964) (Fig. 7.9). 

A brief description of the functional characteristics of these laminae follows. 

Alar and Basal Plate Development QUICK FACTS 4 

Lt""inae I-IV 

Dorsal foot ganglion sensory 
neurons from neural crest 

These areas are considered the main receiving junctions for primary afferent infonnation. 
1"11is region is characterized by complex multisynaptic networks of both imra4 and 
intersegmental neurons. Many of the pathways cross the midline of the cord and ascend 
or descend in comralateral tracts (Fig. 7.10). 
ulminae V (IIul VI 
These areas receive proprioceptive primary afferent information as well as descending 
collateral input from axons of the conicospinal and reliculospinai lraas. This area is probably 

very involved in multi modal integration and regulation of movement (Fig. 7.10). 
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QUICK FACTS 5 Various Rexed Laminae Can Be Referred to by More Than One Name 

l...ami,w VII 
The lateral aspect of this area receives extensive efferent and afferent connections frolll lhc 
cerebellum, spinocerebellar, spinotectal. spinorcticular, and rubrospin<ll tracts ,111d is 
involved in the rnuhimodal integration of posture and movement 

Inc medial aspect of this area contains numerous complex networks of connections 
between propriospinal neurons. Hlis area is probably involved in the integration oCthe 

complex propriospinal renex network of the spinal cord concerned wilh both movement 
and autonomic function (Fig. 7.10). 
Lm1lina VIII 
This area receives collateral projections from adjacent laminae, mediilllongiludinCl\ 
fasciculus, and vestibulospinal and reticulospinallracts and profuse projections from the 
contralateral lamina VIIl region. Output of this Mea influences both ipsilateral and 
contralateral neuron pools through both direct projections to the alpha motor neuron!; 
and projections to the gamma motor neuron pools (rig. 7 10). 

-I � I I  

� 
I 

::::---rvt , 
, VI 

'- ' 
�? VII , 0 

1 \:l8 
A B 
FIg 7,9 The laminar dIVISIons of the spinal grey matter as per Rexed 
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Ftg 7 10 Another View of the grey matter laminae whICh 
Illustrates the groupings of neurons fOnTllng small 
nuclear units 
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IAmi"" IX 
'111is area is populated with both alpha and gamma mowr neurons as well as interneurons. 

IAmilla X 
11lis area comprises the grey matter in close approximation to and surrounding the central 
canal. This area also consists of the dorsal and ventral commissures and the central 
gelatinous substance. 

The White Matter of the Spinal Cord is Composed of 
Axon Fibre Tracts 

'I'he spinal cord itself consists of columns of cells and axon fibre tracts that allow 
communication throughout the length of the spinal cord and with supraspinal levels of 
the neuraxis. It is convenient La describe the axon fibre tracts of the spinal cord with 
respecllO the funiculus in which they are located. 

Axon Fibre Tracts of the Dorsal Funiculus 
'Ille dorsal coiwtllls are composed of the medially located fasciculus gracilis and the more 
laterally located fasciculus cuneatus (Figs 7.11. 7.12, 7.13). "Illese pathways transpon 
information from receptors in the periphery about fine and discriminative touch. 
conscious proprioception, pressure, two·point discrimination. and vibration sense. 
"nle primary afferent axons enter the spinal cord grey matter through the dorsal horn 
and synapse on the neurons in laminae V and VI. "111e secondary afferents ascend in the 
ipsilateral dorsal columns. Information from the lower limb and trunk is carried in 
the gracile funiculus and information from the upper limb and hand by the cuneate 
funiculus and synapse ipsilaterally in the gracile and cuneate nuclei of the caudal medulla. 

Neurons then decussate in the caudal medulla as the internal arcuate fibres and ascend 10 
the contralateral thalamus via the medial lemniscus of the brainstem. Some fibres contained 
in the cuneate fasciculus arising from proprioceptive afferents project to the cerebellum. 
1nese projection fibres form the external arcuate fibres and form the cuneoce.rebellar trao. 

faSCICle Dorsal 

Ventral 

Lower 
medulla 

Cervical 
spinal 
cord 

Fig 7 11 The prOjectIOns of the dorsal columns to the neurons In the cuneate and gracIle nuclei In the caudal 
medulla regIon of the neuraxIs. 
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Fig. 7.12 The fibre tracts In a cross-sectional VIew of the spinal cord 

Axon Fibre Tracts of the Lateral Funiculus 

fasciculus } Dorsal 
,(;un"ot. fascICUlus columns 

spinocerebellar 
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reticulosplnallract 

(spinothalamic 

The Iwrero/lIleraf system contains the fibre tracts of the spillOlhalamic lrad and some orthe 
fibres comprising the spinorclicular and spinomesencephalic tracts. 'I"esc last two 
pathways provide the afferent limb for neuroendocrine and limbic responses to 
nociception (Figs 7.12 and 7.14). 

'11e spi1lotilalllmic pathway. from a clinical standpoint. carries pain and temperature 
sensation from the entire body, excluding trigeminal distributions. 10 the thalamus. 
Primary afferent fibres have cell bodies located in the dorsal root ganglion (DRe) and 
their central processes synapse in the dorsal horn laminae I, II, and V predominately. 
Secondary afferents, which form the spinothalamic tract proper, decussate (cross the 
spinal cord) about 2-3 levels higher in the spinal cord and ascend in the anterolateral 
funiculus to the ventral posterior lateral (VPL) nucleus of the thalamus. Sensory 
modulation can occur in the brain, thalamus, or spinal cord, especially in lamina II. and 
is also influenced by visceral afferents in lamina V where convergence of afferent 
information can result in referred pain phenomena. 

rille spinocerebellar pathways include the ipsilateral dorsal and the contralateral ventral 
pathways. 111ese p<\lhways convey unconscious proprioception mainly from the joint 
receptors and muscle spindle fibres of the muscles and joints of the body and 
integrated data from multi modal neuron systems in the spinal grey matter to the 
cerebellum. 

'me IJentmJ spinocerebellar pathway conveys information about the ongoing status of 
interneuronal pools in the spinal cord to the cerebellum. It therefore provides 
continuous monitoring of ascending and descending information concerning locomotion 
and posture. TIle neurons of this trad originate in laminae V-VII between L2 and S3. 
lheir prOjection axons decussate to the other side so that they ascend in the contralateral 
anterolateral funiculus. 11lese fibres then decussate again via the superior cerebellar 
peduncle to synapse on neurons in the anterior pan of the ipsilateral cerebellum (Fig. 7.12). 

The dorsal spinocerebellar tract neurons originate medially 10 the IML column of the 
spinal cord between C8 and L2/3. 

lne primary afferent cell bodies are located in the DRG and their central processes 
synapse with the above-mentioned neurons near the entry level or after ascending for 
a shon distance in the dorsal columns. Secondary afferents ascend in the ipsilateral 
dorsolateral funiculus, lateral to the corticospinal tracts, and enter the ipsilateral 
cerebellum via the inferior cerebellar peduncle. Via this pathway, the cerebellum is 
provided with ongoing information about joint and muscle activity in the trunk and 
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Fig 7 13 The pathway of the dorsal columnlmedlallemnlscal system through the vanous levels of the neuraXlS 

limbs. The cuneocerebellar pathway carries the same Lype of information from the upper 
limb and cervical spine via the cuneate fasciculus of the dorsal columns (Fig. 7 12). 

Motor Pathways 

'Ine anterior and lateral conicospinai trads are important spinal tracts in the control of 
volitional movement The fibre tracts are composed of axons from many different areas of 
the cortex as well as about 50% of their axons from unidentified areas. "ll1ese tracts 
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Fig 714 The pathway of the anterior and lateral splnallhalamlc tracts (anterolateral system) through the vanous 
le ... �s of the neuraxIs 

contain about 50% of their axon projections from the large pyramidal neurons of the 
primary motor cortex and association motor cortex. TIle /tHeml corticospu1tl/ (rdel 
descends in the spinal cord anterolateral to the posterior horn of grey maller and 
medial 10 the posterior spinocerebellar tract (Figs 7.12 and 7.15). It contains a large 
number or motor axon projections rrom conical areas 1-4 and 6 10 the hands, arms, legs, 
and reet. Its defining role is to convey motor signals to the ventral horn cells (Vile.,) at 
the lower aspect or the cervical and lumbosacral enlargements or the spinal cord, thus 
controlling distal limb movements and coordinating distal and proximal muscles to 
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Fig 7 15 The pathway of the anteoor (ventral) and lateral cortICospinal tfiKtS through the vanous levels of the 
neuraxIs 

achieve specific trajectories in space. Each conicomoloneuronal cell can achieve these 
complex goals by synapsing on interneuronal cells that communicatE: with whole groups 
ofVIICs. 

Axons from the projection neurons in the cortex descend in the internal capsule of the 
cerebnlln through the cerebral peduncle of the mesencephalon and conlinue through 
the ventral areas or (he pons until they enter the pyramids or the medulla oblongata. 
As (he fibres descend in (he medulla about 68% or the fibres cross to rorm the lateral 
corticospinal tracts in the lateral funiculus or the contralateral side or the spinal cord; 
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about 30% of the fibres do not cross and form the anterior corllcospuwf traclJ in the 
ventral funiculus of the ipsilateral side of the spinal cord. TIle remaining fibres continue 
as uncrossed fibres of the lateral corticospinal tradS (Fulton & Sheenan 1935). 

The amerior corticospinal traa runs adjacent to the anterior median fissure and 
descends to about the middle of the thoracic region. It contains most of the uncrossed 
motor projection fibres from the cortex and is thought 10 modulate axial mliscuialllrc 
involved in strut stabilization and postural control. 

Traditionally, the anterior and lateral corticospinal tracts wefe referred (0 as the 
pyramidal tracls.lnese tracts have the distinction among mOlOr pathways of forming 
a continuous non-interrupted pathway from the cortex to the grey m.llter of the spinal 
cor(1. A number of Dlher tracts also involved in motor control, including the mbrospini\1, 
vestibulospinal, and other tracts that form intermediate synaptic connections in the 
brainstem, are referred to as the eXlrapyrmnitlll!trm:ts. 

Most of the axons of both the anterior and lateral corticospinal tracts synapse on 
interneurons located in laminae I V  to VII of the grey matter of the spinal cord (Nyberg
Ilansen 1969). Most physiological evidence suggesls Ihat Ihe majority of the corticospinal 
fibres of bOlh tracts act to facilitate flexor groups of muscles and inhibit extensor groups 
of muscles, which is the opposite effect observed by projections of the vestibulospinal 
tracts. Injuries involving the corticospinal tracts affect the motor control of the peripheral 
muscles differently at differelll levels of the neuraxis. I njuries above the medulla 
decussation affect the contralateral peripheral muscles. Injuries below the decussation 
affect the peripheral muscles ipsilateral to the lesion. It must be remembered that not 
all of the corticospinal fibres cross the midline so that a lesion to a motor cortical are,l 
on one side of the corticospinal Iran above the decussation will affect the motor control 
on both sides of the body to a certain extent. I1lis contributes to the understanding 
of the ipsilateral pyramidal paresis observed when a decreased conical function 
(hemisphericity) occurs. 

Vestibulospinal Tract 
The vestibulospinal tracts, lateral and medial, descend in the ventral funiculus, and 
medi.lle renexes (vestibulospinal) thai enable an individual to maintain balance and 
posture despite the effect of gravity and changes in the centre of mass due to movement of 
the tmnk, head, and limbs. Ille lateral segments, lhe lateral vestibulospinal lract, descend 
from Ihe lateral vestibular nucleus uncrossed and exert modulatory effects on 
the ipsilateral anterior column neurons in the grey matter through the length of the cord 
'111£ medial segments of this pathway, the medial vestibulospinal tracts, arise from the 
medial and inferior vestibular nuclei and descend first in the rnedial longitudinal 
fasciculus before entering the vestibulospinal tracts of the cord. ·111is pathway is both 
crossed and uncrossed and only projects to the cervical and thoracic levels of lhe 
cord and as such is probably only involved with upper limb and neck movements 
(l'igs 7.12 and 7.16). 

QUICK FACTS 6 Spinal Nerve Roots 

168 

• There are 31 pairs of spinal nerves: 

8 cervical; 

12 thoracic; 

5 lumbar; 

5 sacral; and 
1 coccygeal. 

• Each root level possesses an oval enlargement of neurons, the dorsal root 

ganglion. 

• Nerve roots of the lower spinal cord exit the cord and form the cauda equina 

before exiting through their vertebral foramina. 
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FI9 7,16 The pathway of the vestibulospinal tracts through the various levels of the neuraxIs 

The vestibulospinal tracts transport afferent information from the vestibular apparatus 
of the inner ear and descending efferent information from the inferior and lateral 
vestibular nuclei. The pathway descends in the ipSilateral ventral funiculus of the spinal 
cord, dorsal to the tectospinal tract and immediately adjacent 10 the anterior median 
fissure. 111C axon projections of bolh pathways synapse predominately on alpha and 
gamma Viles of laminae VII and VIII. The physiological evidence to date suggests 
that this pathway has a facilitory effect on extensor muscles and an inhibitory effect on 
flexor groups. 

Tectospinal Tract 
l11e fibres of this tract originate from the deep layers of the contralateral superior 
colliculus in the dorsal midbrain (mesencephalon). The teclOspin<ll tract crosses in the 
dorsal tegmental decussation of the midbrain, which is ventral to the oculomotor 
nucleus and the medial longitudinal fasciculus (MLF). It maintains a close relationship 
with the MLF until it reaches the level of the internal arcuate fibres at the decussation of 
the medial lemniscus. AI this poilll it passes laterally so that it comes to lie in the ventral 
lateral white mailer of the spinal cord. It then descends in the contralateral medial ventral 
funiculus of the spinal cord, synapsing on illlerneurons in laminae VI to VIII that 
communicate with the alpha and gamma motor neurons of the cervical spine 
(Szentagothai 1948) (Fig. 7.17). 

'''e superior colliculus is a remnalll of the optic lobe in primitive animals and is 
involved in visual reflexes in addition to integration of somatic (especially neck and 
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Fig 7.17 The pathways of the mesencephalic, ponto, and medullary retlculospmal tracts (green) and the 
tectospinal tract (blue) through the various levels of the neuraxIs. 

head). auditory, and visual afferents for spatial orientation of incoming stimuli and 
associated reflex head and eye movements. II facilitates accurate head and eye movements 
in response to sound and light stimuli. 

Rubrospinal Tract 
The rubrospinal pathway has been rumoured to be vestigial in humans because of the 
evolutionary advancement of the corticospinal pathways; however, ils presence in 
primates probably indicates it will eventually be found in humans as well and an open 
mind needs to prevail. It originates mainly from the large (magnocellular) neurons of the 
red nucleus in the rostral mesencephalon, decussates slightly more caudally, and descends 
JUSt ventrally 1O the corticospinal fibres in the dorsolateral funiculus of the spinal cord 
contrala .. rally (Fig. 7.18). 

Neurons of the red nucleus share extensive interaction with the cerebellum and 
basal ganglia and partly mediate their control over spinal mOlor output. 'nle red 
nucleus is composed of a magnocellular or large cell and parvicellular or small cell 
components. Magnocellular components are homologous 1O the large diameter neurons 
of the primary motor conex, while the parvicellular components are homologous to the 
premOlor and supplementary motor areas of the cerebral cortex.lhe Jalter component 
acts as a relay and modulatory centre for feed forward connections between the cerebellum 
and the cortex. 
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The History of Motor Function of the Spinal Nerve QUICK FACTS 7 

The anterior spinal nerve roots contain only motor fibres and posterior roots only 

sensory fibres. 

• Charles Bell's work of 1811 contains the first reference to experimental work 

on the motor functions of the ventral spinal nerve without. however, 

establishing the sensory functions of the dorsal roots. In 1 822 Franc;ois 

Magendie definitively discovered that the anterior root is motor and that the 

dorsal root is sensory. 

• Magendie announced that 'section of the dorsal root abolishes sensation, 

section of ventral roots abolishes motor activity, and section of both roots 

abolishes both sensation and motor activity.' 

• This discovery has been called 'the most momentous single discovery in 

physiology after Harvey'. In the same volume of Journal de physio/ogie 

experimentale et de patho/ogie, Magendie gave experimental proof of the 

Bell-Magendie Law. 

• Magendie proved Bell's Law by severing the anterior and posterior roots of 

spinal nerves in a litter of puppies. Stimulation of the posterior roots caused 

pain. Magendie sums it up: 'Charles Sell had had, before me, but unknown to 

me, the idea of separately cutting the spinal roots; he likewise discovered that 

the anterior influences muscular contractility more than the posterior does. 

This is a question of priority in which I have, from the beginning, honored him. 

Now, as for having established that these roots have distinct properties, distinct 

functions, that the anterior ones control movement. and the posterior ones 

sensation, this discovery belongs to me' (F. Magendie (1847) Comptes rendus 

hebdomadaires des seances de I'Academie des sciences, 24: 3). 

Ihe rubrospinal tract acts much like lhe corticospinal tracts in that it affects enhancement 
flexor tone and inhibition of extensor tone, especially in the proximal limb muscles. 

Reticulospinal Tract 
I11e reticulospinal pathways can be divided inlo the medial or pontoreticular and lateral 
or medulloreticular spinal tracts. 111€:' ponrorelicular neuron projections comprise the 
medilll reuculospuwl pall/wars and are predominately ipsi lateral . -nley project to 
interneurons of laminae VII and VIII  where they act LO excite VI ICs on the same side of 
origin. Some fibres do cross one or two spinal segments above Lheir target destinations 
bUl the main modulating effects remain ipsilateral to the neurons of origin. The Imeml 
reufulospultll pmlm'rl),s arise from the neurons in the medullary areas of the reticular 
formation and in particular from the nucleus reticularis gigantocellularis region. The 
projections have been found in a variety of fibre tracts in the white mailer of the cord, 
but for the most part tmvel medial to the corticospinal tracts with a small tract 
occasionally travelling lateral to the corticospinal tracts in the lateral funiculus. In contrast 
with the medial reticulospinal tracts, the projections of the lateral traa are largely crossed 
with some ipsilateral representation (Fig. 7.17). Projections from each half of the 
medullary reticular formation exert inhibitory effect on spinal cord neurons bi lateral ly, 
probably through the activities of inhibitory interneurons (Renshaw cells) of lamina VII of 
the spin.ll cord. These projections also modulate the effects of afferent impulses arriving 
in these areas of the cord (Nyberg-I lansen 1965). The loss of inhibitory projections to the 
spinal cord from the cortex has been thought 10 play an important role in spasticity 
observed in lesions of the cord. brainstem. or cortex. I lowever, extrapyramidal, 
reliculospinai inhibitory dysfunction is also thought to be an important contributing 
factor. 1""'c differential activation ofVI IC groups by retirulospinal projections 
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Fig 7.18 The pathway of the rubrospinal tract through the vanous levels of the neuraxIs. 

(e.g. tocomOLOr and inhibitory systems) in combination with the effects of lesions of 
the corticospinal projections as previously discussed leads to a characteristic weakness or 
'soft' weakness patlern in the l imbs in response to spinal cord lesions, brain damage, 
or hemisphericity. 

Interstitiospinal Tract 
The fibres of this Ifact arise from the interstitial nucleus and descend in the medial 
longitudinal fasciculus. l11ey extend into the spinal cord from the NlLF into the ipsilateral 
fasciculus proprius, which terminates on a network of i nterneurons located in the dorsal 
horn. These interneurons are thought to participate in i ntersegmental coordination of 
various muscles. 

Descending Autonomic Modulatory Projections 

AUlOnomic modulatory projection fibres from SUpraSI)inal centres to the preganglionic 
neurons of the autonomic nervous system arc known to exist but have been very difficult 
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lO isolate: as a solid tract of fibres probably because they are composed of polysynaptic 
columns of neurons and interneurol1s that range throughout wide areas of the white 
matter. The best indications are that most or these projections arc located in the lateral 
fasciculus with a smaller number also located in the anterior funiculus. Some findings 
suggesl lhat some orthe pyramidal neurons in the frontal cortex that form the 
corticospinal tracts are actually autonomic modulatory neurons. Other projections are 
undoubtedly from various hypothalamic and reticular nuclei. 

Spinal Cord Reflexes 

Local spinal cord renex circuits are also important in volitional movement in that descending 
motor pathways converge on intemeurons to allow complex movement patterns to occur
Le., conicomotoneuronal cells of the brain alter the trajectOl), of a l imb in space by activating 
these reflex circuits involving agonist. antagonisl, synergist, and neighbouring joint muscle 
groups. Feedback and feed forward mechanisms are employed by the cerebellum to assist 
plastic d1anges in the brain and spinal cord. Some stereotypical reflexes mediated by the 
spinal cord are state- or phase-dependent For example, activation of Colgi tendon organs 
(cros) in the soleus and gastrocnemius muscles will trigger a different set of interneurons in 
the spinal cord. depending on whether the individual is i n  a state oflocol11otiol1 or is 11011-

ambulatory, and whether the individual is in the swing or Slance phase of gait (Fig. 7.19). 
This is analogous to the stumbling-correction reflex observed in cats. Sensory stimuli to 

the dorsum of the foot will activate a different set of interneurons, depending on whether 
the individual is in the slance or swing phase of gait. For example, during stance, the reflex 

Rubrospinal -+-'r--T 
fibres 
Reliculospinat 
fibres 

Corticospinal 
fibres 

Renshaw feedback neuron 

Alpha efferent fibre of lower motor neuron 
- the final common pathway 

Vestibulospinal, oIivospinal, 
and tectospinal fibres 

1-. Proprioc,epliv. information 
ascending to consciousness 
in posterior white column 

Sensory 
afferent 
fibre 

Gamma 
efferent 
fibre 

Neuromuscular spindle 

B Motor end-plate 

Fig 7.19 (A) The Simple muscle spindle (tendon) reflex The reflex hammer strikes the tendon and causes a 5tretch 
of the muscle spindle fibres. ThiS fires the afferenl nerve pathway, which then synapses on the ventral horn cell, 
causing a depolarizatIOn of the ventral horn neuron, which in turn procluces a contradlon of the exuafugal 
muscles Innervated by the ventral horn neurons. (B) The complex array of modulating Inputs that the ventral horn 
neuron 15 exposed to at any given moment. Thus even the Simple reflex arc that we are all familiar With IS much 
more complex than first Imagined. 
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would result i n  lower limb extension on that side, while during swing. the reflex would 
result in powerful flexion withdrawal response. 

Flexor reflex affere,u (FRA) responses result in a whole limb response of flexion and 
withdrawal. These FRA responses are stereotypical responses serving a protective function. 
An example includes the response to plantar stimulation of the foot, which results in the 
withdraw of the entire lower limb. 

Clinical Symptoms and the Level of Decussation 

When faced with motor or sensory signs and symptoms, it is important to consider the 
level of decussation in different pathways to assist in identifying the location of a lesion i n  
the various planes o f  the neuraxis. 

A unilateral spinal cord lesion may affect mOtor control, joint position sense. and 
discriminatory sensation ipsilaterally, while pain and temperature sensation may be 
affected comralaterally. 

QUICK FACTS 8A Summary of Afferent Tracts 

1 74 

Fig 1.20 Summary of afferMt lract'.i. The dorsal rool neuron rKeplors IMt dete<t pam and temperature 
synapse on neurons In the substantia geldtil"lO'.iol ar�a of the grey rnatt�f, These neUfon'.i then CfO'.i'.i the 
midline of the '.ipinal (ord to ascend In the contralateral spinothalamic Iracts to the contralateral thdlamu'.i. 
In comparison, the d� root ganglKM"l receptor\ that dete<t positJOn and Pf'oprllXl'phon prOject 
ipsitaterally to the appropriate nucleus (gracihycuneatus) In the caudal medulla The Pf'Ojectlons from the 
nudecw neurons then cross the midline and a5(end In the contr�atefal medial lemmscal tracts to the 
contralateral tha!amus. All of the neurons in the thalamus then protect to the appropnate area of the 
somalOWrlSOfY cortex. The reprf'SentattOn of the somatotopic map of the body In the cortex is referred to 

as thE' senSQ()' homuncurus. Note the neurons In th� trigeminal ganglia clre t� embryological homoIogues 
of the dOr5a4 root g.tnglion neurons 01 the spinal cord. 

Trigeminal _ 
gangloon 

Medial lemniscus ----\--I -/--- Medulla 

Dorsal columns -----\-

Spmai lTooctiIpropriocep� 
nerve �ajnll.mperalur. 71 

Dorsal root ganglion 

H---- Sj>nolhalam� Iraol 

Sj>nal cord 
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Summary of Efferent Tracts QUICK FACTS 88 

fig. 7 21 Summary of efferent tract'>, The pyrdmldal cells of the cortex form the output neurons of the motor 
conex. The pyramldClI axons that supply the muscleos and effector organs of the face form the corllcobulbar 
!rdCts and art' referred to as the upper motor neurons of the cranial nerves. These projections are (rossed for 
the most part but some Ipsddteral prOjlKtl()(1S are also prl"Sent. The pyramidal axons that supply the muscles 
and effeclOf organs of the res! of the body are referred to as the COrlicospinal tracts. The majority of the 
corlKosplnal prOJecttons or tracts cross the midline to synapse on elfectOf neurons on the (ontralatercll SIde to 
thelf origin, but as In the corticobulbar prOjections some ipsilateral prOJectlOOs afe also present 

Hand 

Corticobulbar fibres ----l---J 
1-+-- Corticospinal fibres 

Motor cranial neNe fibres 

/-+-- Decussation of pyramids 

Motor spinal nerve fibres 

laminar Organization in the Spinal Cord is Not Complete 
or as Accurate as Previously Thought 

Laminar organization in  the spinal cord is not complete or as accurate as previously 
thought. The traditional understanding of the laminar distriblllion of pathways in the 
white matter of the spinal cord was that the projections to and from the most distal areas 
of the body were more lateral in the spinal cord except in the dorsal columns where the 
reverse occurs. Some variability of these laminar patterns have been demonstrated; 
however, the general pattern i n  dorsal column, spinothalamic, and corticospinal lracls is 
important (0 understand from a clinical perspective. 

The Spinal Nerves 

There are 31 pairs of spinal nerves divided into cervical (8), thoracic ( 1 2), lumbar (5),  
sacral (5), and coccygeal ( 1 )  levels. The spinal nerves are composed of afferent 
ascending fibres from the dorsal root ganglion neurons and efferent descending 
fibres from the anterior and lateral horn neurons. These fibres are separated into 
sensory and motor fibres as the dorsal (sensory) and ventral (motor) roOts of the 
spinal cord. 
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rnl€ spinal nerves represent the neural division of the embryological somite and 
contain motor, sensory. and autonomic components. The spinal nerves separate into 
dorsal and ventral rami as they exjt the vertebral foramina ( Fig. 7.22). The somatic 
component of the spinal nerve contains the motor nerves to skeletal musde and the 
afferent information fTom a variety of receptors. lne visceral component contains 
the afferent and efferent fibres of the autonomic nervous system. 

The dorsal and ventral rami of the spinal nerves than continue to separate into smaller 
and smaller peripheral nerves, all of which contain both afferent and efferent fibres of the 
somatic and visceral components. The anatomy of the visceral or aUlOnomic division is 
discussed in Chapter 8. "llle funClional distribution of the muscular and sensory divisions, 
including dermatomes and motor actions of peripheral nerves, has been discussed in 
Chapter 4.  

Peripheral Nerve Fibre Classification 
"llle peripheral nerves are made up of nerve fibres of different diameters. Several schemes 
have attempted classifications of peripheral nerve fibres based on various parameters such 
as conduction velocity, function, fibre diameter, and other attributes. The two main 
classification systems in use are the Erlanger and Gasser system and the Lloyd system. 
BOlh schemes have two basic categories which divide the fibres into myelinated and 
unmyelinated groups. Over time and through convention a combination of the two 
classification systems has evolved: Erlanger and Gasser is used for efferent fibre 
classification and Lloyd for afferent fibre classification. 

Erlanger and Gasser ( 1 937) divided peripheral nerve fibres based on velocity of 
conduction. lnese are the three peaks seen on a compound nerve conduction velocity 
study and can be classified as follows. 

A fibres, which are myelinated and have large diameters (22 11m), transport action 
potentials at the rate range of 120 to GOm/s. These are further divided into effereru and 
affererll type A fibres. Efferent type A fibres include: 

Aa-to extrafusal muscle fibres; 

Ap-collaterals of Acx; and 

Ay-to intrafusal muscle fibres. 

Afferent type A fibres include: 

An-cutaneous, joint, muscle spindle. and large alimentary enteroreceplOrs; 

AJ3-Merkel discs, pacinian corpuscles, Meissner corpuscles, Ruffini endings; and 

Ay-thermoreceptors and nociceptors in dental pulp, skin, and conneClive tissue. 

Spinaleord 

Antenor ,�,,_� 

Posterior ,�, _� 

ganglion 

dentictJlatum 

Transverse process 

Posterior ramus ----' ....... 
Anterior ramus -----&'11"'" 

Spinal nerve 

Grey ramus 
Sympathetic trunk 

Sympathe tic ganglion 

------- Pia matter 
----- Arachnoid matter 

-J-''=��-lil------- Dura maner 

'JC" ___ ��::::::::::::::=�I;Body:�;Of vertebra 

!4: vertebral 
venous plexus 

Basivertebral vein 

Fig. 7.22 A three-dlmentlonal View of the spinal cord, spmal nerve roots, and paraspmal ganglia Note the dural 
layers covering lhe spinal cord and spinal root pathways 
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Peripheral Nerves QUICK FACTS 9 

(---- Axon 

n-----Myelin sheath 

Endoneurium -______ _ 

Epineurium 

B fibres, which are myelinated and have diameters slightly smaller than that of the A 
fibres, transport action potentials at the rale of 30-4 m/s. Efferent type B fibres compose 
the fibres of preganglionic autonomic neurons. 

C fibres, which are unmyelinated and of small diameter ( 1 .5 1J111), transport action 
potentials at the rale of 4-0.5 m/s. Effere1/{ type C fibres are non.myelinated and compose 
the fibres of post-ganglionic autOnomic neurons. Afferetll C fibres are non-myelinated and 
convey information from Ihermoreceplors and nociceptors. 

Lloyd's classification is based on fibre diameters ranging from 22 to 1 . 5 1Jm for 
myelinated fibres and 2-0. 1 prn for non-myelinated fibres. Only afferent fibres were 
classified, and these were arranged illlo four groups. Myelinated fibres are divided into 
group I, II, and III, and non-myelinated fibres compose group IV (Table 7.1) .  Group or 
type I fibres, which have diameters ranging from J 2 to 22 pm, are further divided into 
groups la and lb. Group la fibres are larger, are heavily myelinated, and transmit 
information from muscle spindles and joint mechanoreceptOfs. Group Ib fibres are 
smaller, are moderately myelinated, and transfer information from Golgi tendon organs, 
and some joint mechanoreceptors. 

Group or type ( (  fibres have a diameter ranging from 6 to J 2 pm, are moderately 
myelinated, and transmit information from secondary sensol)' fibres in muscle spindles. 
Group or type I I I  fibres have a diameter ranging from I to 6 pm and are composed of 
unmyelinated nerve fibres ending in connective tissue sheaths which transmit information 
concerning pressure and pain. 
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I. 
Ib 
II 
II 
III 
IV 

Pnmary spIndle endIngs 

Golgr tendon organs 

Se(ondary spindle endings 

Non-spIndle endmgs 

Free nerve endings 

II Free nerve endings 

12-20 
12-20 

i 6-12 

I 6-12 
I 2-6 I 

110.5-2 (non-
myelinated) 

Muscle length and rate of change 

Muscle tension 

Muscle length 

Deep pressure 

Pain, chemical, and thermal stimulation 

Pain, chemical. and thermal stimulation 

QUICK FACTS 1 0  Conduction Speeds of Axons 

1 78 

• Conduction speed depends largely on two factors: 

1. Axon diameter and 

2. Myelination. 

• large-diameter fibres conduct faster than small diameter fibres (A, 8, C fibres). 

• Myelinated fibres conduct faster than unmyelinated fibres. 

• Small unmyelinated C fibres conduct at O.25 m/s. 

• Large myelinated fibres conduct at lOO mIs. 

'Ille largest diameter fibres have a number of clinically importam, unique properties, 
which include the following: 

I .  11ley have the greatest nerve conduction velocity. 

2. TIley are the most sensitive to hypoxia. 

3. 11ley are the most sensitive to compression. 

4. They are the most sensitive to thermal changes. 

5. They are the most sensitive to bacteraemia and viral toxaemia. 

6. They have the lowest threshold to electrical stimuli. 

The nociceptive C fibres are the most sensitive to chemicals such as anaesthetic agents. 

Compression of Nerves Results in Retrograde Chromatolysis and 
Transneural Degeneration 
Compression of a peripheral nerve affects the largest ne.rve fibres first: thus the la afferents 
and the alpha motor neurons. Compression, therefore, produces both sensory and mOtor 
losses because they bOlh involve large axon types in proportion to the number of axons 
damaged. In a compression axonopathy, one cannot exist without the other, which is of 
diagnostiC value. This concept can be extrapolated to all nerve fibres of a specific diameter 
under compression. For example, if a patient perceives pain, the rype C nociceptive fibres 
are intact. This knowledge can be extrapolated to also mean that the type C autonomic 
fibres must also be intact. 

Pressure on a peripheral nerve produces retrograde changes in the axons proximal to 
the site of compression and possibly in the neuronal cell bodies. There are four basic 
features of retrograde chromatolysis: 

• Swelling of the cell due to failure of ionic pumps and loss of internal negativity, 
both allowing an innux: of hydrated sodium; 

• Eccentricity of the nucleus due to decreased tubulin, the supporting intracellular 
protein; 

Copyrighted Material



The Spinal Cord and Peripheral Nerves I Chapter 7 

Brown-Sequard Syndrome QUICK FACTS 1 1  

Oamage to the lateral half of the spinal cord results in motor and sensory 

disturbances below the level of the lesion. Neural impairment involves: 

• Ipsilateral motor paralysis; 

• Ipsilateral loss of joint proprioception; 

• Ipsilateral loss of vibration sense; 

• Ipsilateral loss of two-point discrimination; 

• Contralateral lass of pain sensation; and 

• Contralateral lass of temperature sensation. 

Brown-Sequard Syndrome: Causes QUICK FACTS 12 

• Decreased rough endoplasmic reticulum and Nissl substance due to decrease of 
protein replication; and 

Decreased mitochondrial activity and population. 

Repair of the axon and cell body can take place if there is sufficient protein substrate, 
sufficient mitochondrial capacity for producing adenosine triphosphate (ATP), sufficient 
fuel supply, and appropriate levels of stimulation received by the neuron. The axon will 
send out sprouts of protein which will be guided to the target end organ along the route 
of the damaged axon by the myelin sheath if it is intact. The time for repair is 
approximately 3-4 em per month and is calculated from the site of injury to the point of 

synapse with the target organ, such as the muscle. Crush injuries to axons, which are 
much more common than transections through the axon, heal faster because the myelin 

sheath generally remains intact in crush injuries. If repair does not occur, macrophages 
migrate from the periphery and neutral proleases are activated, resulting in foamy necrosis 
of the nerve. There is an approximate 2·year window of repair and if the target organ has 
nOt been reached by the regenerating axon by lhal lime, there will be neuronal death and 

permanent loss of end organ function. 

Wallerian Degenerllf'ion Occun: in Six Swges 

Wallerian degeneration refers to the segmental stages in the breakdown of a myelinated 

nerve fibre in the Slump distal to a transection through the axon. A transection or 
transection·like injury to the axon can occur because of trauma, infarction, or acute 
poisoning. The six stages ofWallerian degeneration include the following: 

I. Transection or transection·like event occurs to the axon, which results in a 
decreased axoplasmic flow and cessation of nutrient supply to the distal axon. 

2. Dissolution of axon occurs within 2 days of the transection and breakdown of the 
axon into clumps within the myelin sheath slans to occur. 

3. Secondary demyelination starts to occur and the myelin sheath starts to 
disintegrate at various points along its length referred to as 'Schmidt
Lantermann clefts' because of axon degeneration. 

4. Resorption of the axon remains slans to occur via Schwann cell auto·phagocylosis 
of myelin/axon debris. The debris is phagocytosed and digested by lysosomal 
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QUICK FACTS 1 3  Central Cord Syndrome (Syringomyelia) 

• It is a disease of the spinal cord. 

• It has an unknown cause. 

• It is associated with gliosis and cavitation of the spinal cord. 

• Lower cervical roots are most commonly affected but lumbar and brainstem 

may also be involved. 

• It is thought to occur because of inappropriate nest formation of glial cells in 

the central portion of the cord. 

• Imperfect closure of the neural tube may also be l inked. 

activity into neutral lipid and transferred to macrophages for further degradation 
and removal. This process may take up to 3 months for completion. 

S.  Schwalm cell proliferation stans to occur with the myelin debris acting as a 
mitogen. The rapidly developing Schwann cells form a column of cells called 
the 'bands of Bungner. 

6. Axonal regeneration will occur under the appropriate environmental conditions. If 
axonal regeneration fails. then endoneural fibrosis stans to occur. which results in 
atrophy of the Schwann cells and fibrosis of the endoneurium. 

'nre Process of Axonal Regenermion Occurs in 'nrree Stages 

Axonal regeneration can occur as a reparative response of the proximal axonal stump 
and neural cell body under appropriate conditions. The potential to regenerate will depend 
on the central integrative state of the neuron involved. "" is process occurs in three stages: 

QUICK FACTS 14 Syringomyelia: Presentation 

180 

• It presents clinically with muscular wasting and weakness. 

• It also has a variety of sensory defects. 

• Occurrence is frequently associated with: 

Pigeon breast; 

Scoliosis; 

Cervical rib; 

Hydrocephalus; 

Gliomas; 

Hemangiomas; 

Fusion of cervical vertebra; 

Wasting of the small muscles of the hands and painless burns on the fingers 

or forearms; 

Horner's syndrome; 

loss of bladder function and ataxia; 

Neuropathic (Charcot's) joints; 

Morvan's syndrome (slowly healing painless infections of the hands and 

fingers); and 

A rapid progression phase that slows to a chronic slowly progressing phase. 

• Treatment, which usually proves ineffective, includes: 

Surgery and 

Radiation therapy. 
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L The reactive stage involves the formation of a proximal axon slump. The 
formation of a proximal axon stump requires sealing of the axon stump, 
swell ing of proximal stump, and lhe demyelinalion of one proximal internodal 
segment. Neuronal cell body undergoes central chromatolysis. which i nvolves 
swelling of the cell due to failure of the sodium/potassium ionic pumps. This 
results in an increase in sodium concentration on the inside of the cell, which 
auracts water molecules by osmosis and swells the neuron. Eccentricity of 
nucleus occurs because of a decrease in the proteins necessary to manufacture 
microlubules and microfilamenls. secondary to reduced rough endoplasmic 
reticulum volume, which maintains the shape and structure of the neuron 
including the central location of the nucleus. A reduction in both m i tochondrial 
production levels and population also occurs. 

2. The regenerative phase involves the regrowth of the distal axon. Axon regrowth 
usually occurs via terminal or collateral sprouting of the axon. 

3. The remyelination phase slans to occur when the newly forming axon reaches 2 }.1m 
in diameter; then the axon stans to attract Schwann cells and the first myelin starts 
to form in the region of the bands of Bungner. 111e new axon sheath is thinner and 
has shorter imernodal spaces than the original axon. 

Fibrillat.ions and Fasciculations on Electromyography (EMG) 
Chronic partia1 denervation of a nerve results in i ncreased branching of surviving axons. 
This increased branching results in an increase in motor unit size. I ncreased motor unit 
size produces giant units on electromyography (EMC). 

• Fibrillations are spontaneous motor fibre contractions detectable via EMC because 
of muscle fibre irritabil ity. 

• Fasciculations are spontaneous quivering movements visible to the naked eye 
because of spontaneous motor unit firing. 

• Muscle disease often results in the production of small polyphasic units on EMC. 

Primary Demyelinat.ion Can Occur via Two Main Mechanisms 
Primary demyelination involves the selective loss of the myelin sheath with sparing of the 
axon. It usually involves one or several imernodes and results in blocks in conduction 
along the axon. This process can occur via two major mechanisms: 

I .  The direct destruction of myelin occurs in diseases such as Cuillain-Barre 
polyneuropathy (CBp)-'nle hallmark of CBP is an autoimmune attack by 
sensitized macrophages on the myelin sheath wit.h sparing of the Schwann cells. 

2. 111e metabolic impairment of the Schwann cell-An example of this type of 
metabolic dysfunction can be seen with the exposure to diphtheria toxin. 
This toxin, which is manufactured by the bacterium Corynebacterium dipJuhel'ine, 
acts to poison lhe respiratory mechanisms of the mitochondria, resulting in 
the inhibition of protein synthesis in Schwann cells, leading to segmental 
demyelination. 

Classification of Nerve Injuries 
There is no single classification system that can describe all the many variations of nerve 
injury. Most systems auempt to correlate the degree of injury with symptoms, pathology, 
and prognosis. I n  1943, Seddon introduced a classification of nerve injuries based on 
three main types of nerve fibre injury and whether there is continuity of the nerve. 
111e three types include neuroprtLrin, aJ:D1lDLmesis, and neuroLmesis. 

Neuropraxia is the mildest form of nerve injury, brought about by compression or 
relatively mild, blunt trauma. It is most likely a biochemical lesion caused by concussion 
or shock-like injuries to the nerve fibres. In this case there is an interruption in conduction 
of the impulse down the nerve fibre. and recovery takes place without Wallerian 
degeneration. l11ere is a temporary loss of function whidl is reversible within hours to 
months of the injury (the average is 6-8 weeks) and there is frequently greater 
involvement of motor rather than sensory function with autonomic function being 
retained. 111is is the type of nerve injury seen in many praaices. A common cause is 
compartment compression brought about by pyramidal paresis. Common sites of this 
type of compression block include the radial nerve, axillary nerve, median nerve, and the 
posterior i n terosseous nerve. 

181 Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

182 

Axollotmesis occurs in somewhat more severe injuries than those that cause ncuropraxia. 
'nlere is usually an element of reuograde proximal degeneration of the axon, and for 
regeneration to occur this loss must first be overcome:. The regeneration fibres must cross the 
injury site and regeneration through the proximal or retrograde area of degeneration may 
require several weeks. Regeneration occurs at a rale: of 3-4 em per month under ide.ll 
conditions. Loss in both mOlor and sensol)' nelVes is more complete: with axonotmesis than 
with neuTopraxia, and recovery occurs only through regeneration of the axons, a process 
requiring time. [Me performed 2 lO 3 weeks following the injury usually dt'1ll0nSlralcs 
fibrillations and denervatioll potentials in the musculature distal to the injury site, 

Neurotmesis is the most severe axonal lesion with potenLial of recovering. It occurs with 
severe contusion, stretch, lacerations, etc. Not only the axon but the encapsulating connective 
tissues also lose their continuity. 'l11e last or greatest extreme degree of neurotmesis is 
transection, but most neurolmetic injuries do not produce gross loss of continuity of the 
nerve but rather the internal disruption of the architedure of the nerve sufficient to involve 
perineurium and endoneurium as well as axons and their covering. Dellervi.ltion changes 
recorded by EMG are similar to those seen with ilXonotmetic injury, '111{�re is a complete loss 
of motor, sensory, and autonomic fundion. If the nerve has been completely divided, axonal 
regeneration causes a neuroma to form in the proximal stump. 

For classifying neurotmesis, it may be better to use the Sunderland system, In Sunderland's 
classification, peripheral nerve injuries are arranged in ascending order of severity. In first
degree injury conduction along the axon is physiologiailly IWl!mlpted at the site of injury, hut 
the axon is nOt adually disrupted (neuropraxia), In second-degree injury axonal disruption is 
present but the integrity of the endoneural tube is maintained (axonotmesis). I unher degrees 
of injuries (third, fourth. fifth) are based on the incre.'lsing degrees of anatomic disruption of 
the fibres with or without nlpture of the ensheathing membrane. until the final fifth·degl"l.'C 
injury where total anatomical rupture of the whole nerve occurs (neurotl11l"Sis). 

Diagnosis of Nerve lesions 
A complete diagnosis of a traumatic nerve lesion should include identification of the 
following, 

• n,e nerve or nerves injured; 

• "l1,e anatomical level of injury to the nerve; 

• The pathological type of injury� neurotmesis. axonotmesis, or neuropraxia; 

• Associated bone, vascular, and tendon injuries; 

• Secondary effeds like deformities and contractures; and 

• Any evidence of recovery of the nerve palsy. 

Clinical Examination of Nerve Injuries 
'O,e clinical examination of nerve injuries includes the recording of.,11 clinical findings 
under the following headings: 

I ,  Motor signS-Note any muscles paralysed distal to the lesion and the wasting of 
muscles. lhe muscle actions should be graded using the following scale: 

O-Nil. no power at all; 

I -Muscle flicker only present, no power to move the joint; 

2-Power to move a joint but only when gravity is eliminated; 

3-Power to move a joint against gravity; 

4-Power to move a joint against gravity and resistance; and 

5-Nonnal power. 

2. Sensory signs-Sensory signs should be noted under both subjective and objective 
criteria. Subjeerille crirmn can be obtained by asking the patient to describe the 
distribution of pain, tingling. or burning sensations and noting the responses. 
Objeclil'e en'lend can be obtained by utilizing clinical lests to evoke a response from 
the patient such as blunting or loss of sensation to pinprick, colton wool touch, 
and temperature. 

3 Sudomotor signs-Sudomotor signs include involuntary responses 10 stimuli such 
as blushing. Anhidrosis can be detected by the area of dry skin it causes due to 
absence of sweating. 
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4.  Vasomotor signs-Vasomotor signs such as cold or warm hands and feet can be 
used to gauge autonomic lone. 

5. Trophic changes-Trophic changes can be detcocd by examining the skin for 
smoothness and shiny areas, ulceration, and subcutaneous tissue atrophy. 

6. Reflexes-Loss of tendon reflexes can indicate afferem or efferenl nerve damage or 
lnO(Qf unit damage. 

7. Recovery signs-look and test for signs of recovery. The presence ofTinel's sign 
may indicate both damage and recovery in a nerve pathway. 

Throughout the examination crthe nerve injury. it is imponanl lo understand the central 
effects of such an injury. 

Treatment of compressive lesions is threefold and involves assisting fuel and oxygen 
delivery, resetting the gain on the musde spindles of the musdes with increased tone, and 
maximizing the function of the viable nell roilS within the injured nerve to promote 
regeneration and decrease iatrogenic loss of neurons during the repair process. 

The Perception of Pain 

Pain is a multidimensional phenomenon dependent on the complex interaction of several 
areas of the neuraxis. '''e link between pain and injury seems so obvious that it is widely 
believed that pain is always the result physical damage, and that the intensity of pain felt  
is proportional LO the severity of the injury. For the most part, this relationship between 
pain and injury holds true in that a mild injury produces a mild pain, and a large injury 
produces great pain. I lowever, there are many situations were this relationship fails to 
hold up. For example, some people are born without the ability to feel pain even when 
they are seriously injured. This condition is referred to as cOllge'liwl allalgesia. There are 
also people who experience severe pains not associated with any known tissue damage or 
that persist for years after injuries have apparently healed (Melzack & Wall 1 996).  

Clearly the link between injury and pain is highly variable. It must always be remembered 
that injury may occur without pain and pain may occur without injury. Let us now look at 
some examples of the variety of different pain syndromes that may be seen in pradice. 

Injury Without Pain 

Congenital Analgesia 
People who are born without the ability to feel pain often sustain extensive burns, bruises, 
and lacerations during childhood. rn,ey frequently bite deeply into their tongues during 
chewing and learn only with great difficulty to avoid innicting severe wounds on 
themselves. Usually these people show severe pathological changes in the weight-bearing 
joints, especially of the hips, knees, and spine, which are attributed to the lack of 
protection to joints usually given by the sensation of pain. The condition of a joint that 
degenerates because of failure to feel pain is called the 'Charcot' or neurotrophic joint. 
It has long been known that if the nerves that normally innervate a joint are missing or 
defective, a condition in which the joint surfaces become damaged and the ligaments and 
other tissues become stretched and unstable develops. In many cases of congenital 
analgesia the cause remains a mystery (Melzack & Wall 1 996). I - l istological and physical 
examination of the nerves and nerve activities surrounding this loss of pain show no 
abnormal nerve activity or abnormal concentrations of cerebrospinal endorphins. 

Episodic Analgesia 
Cases of congenital analgesia are rare. Much more common is the condition most have 
experienced at one time or another, that of sustaining an injury, but not feeling pain until 
many minutes or hours afterwards. Injuries may range from minor cuts and bruises to severe 
broken bones and even the loss of a limb. Soldiers in the heat of battle frequently described 
situations in which an injury has not produced pain. In studies performed on these injured 
soldiers, it was found thaL they were not in a state of shock nor were they totally unable to 
feel any pain, for they complained as vigorously as a normal man at an inept nurse 
performing vein punctures. 'neir lack of ability to feel pain was attributed to their sense of 
relief or euphoria at having escaped al ive from the field of baule (Melzack & Wall 1 996). 
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There are six i mportant characteristics of episodic pain 

1 .  The condition has no relation to the severity or location of injury. It may occur 
with small  skin ClIIS on an ann or leg or with the arm or leg blown ofrby 
explosives. 

2. It has no simple relationship to the circumstances. I t  may occur i n  the heat of 
battle, or when a carpenter CUtS off the tip 0(hi5 finger, trying to make an accurate 
cut. 

3. 'Ille victim can be fully aware of the nature or the injury and of its consequences 
and still  feel no pain. 

4. '111C analgesia is instantaneolls. The victim does not first feel pain and then bring 
it  under control. '''ese people are not confused, distracted, or in shock. 'Illey 
understand the extent of their injury and may even louch the injured area, and 
still do not feel pain. 

5. The analgesia has a l imited time course, usually by the next day all  these people are 
in pain. 

6. 111e analgesia is localized 1O the injury. People may complain about olher more 
minor injuries at other locations on the body. 

Pain Without Injury 

In contrast to people who fail 1O feel pain at the time of injury are people that develop 
pain without apparelll injury. Examples of conditions commonly seen in practice 
include tension headaches, m igraines, fibromyalgia, trigem inal neuralgia, and back 
pain. 

The mechanism of pain without cause is thought to occur through cemml p(/in 

mech,misms. In central pain, an arm or a leg that apparently has nothing wrong with 
it can hurt so much or feel so strange that patients struggle to describe the pain or the 
feel i ngs that they perceive (Boivie 2005 ).  Central pain syndrome is a neurological 
condition caused by damage to or dysfunction of the central 1U�IVOUs system (CNS), 
which includes Ihe brain, thalamus, brainstem, and spinal cord. The thalamus, i n  
particular, has been implicated a s  a causalive lesion site in a s  high a s  70% o f  cases 
presenting with central pain ( Bowsher et al 1 998).  The characteristics of central pain 
include steady burning, cold, pins and needles, and lacerating or aching pain although 
no one charilcteristic is pathognomonic ( Bowsher 1 996). Central pain can be associated 
with breakthrough pain and decreased discriminative sensation. Onset can be delayed, 
particularly after stroke. There are considerable differences in Ihe prevalence of central 
pain among the various disorders associated with it. The highest i ncidence of central 
pain occurs in mulliple sclerosis (MS), stroke, syringomyelia, tumour, epilepsy, brain or 
spinal cord Irauma, and Parkinson's disease (Boivie 1 999; Siddall el a1 2003; 
Osterberg et al 2005). 

Treatment of central pain syndrome is difficuh and often frustrating for both the 
patient and the praclitioner. Anti.depressants and allli·convulsants may provide some 
relief. Pain medications are generally only partially effective. The funclional neurological 
approach has been as effective as any therapies at decreasing the symptoms of central 
pain. 1ne approacll includes assessing the central integrated stale of all levels of the 
neuraxis and determine how pain modulation may be achieved most effectively. 
The following questions are helpful as a guide to approaching the treatment necessary 
for each individual. 

I ,  At what level of the neuraxis has the damage occurred?-This requires a ful l  
neurological exam as outlined in Chapter 4.  

2. Is the damage reversible?-Evaluating the response of effectors to stimulalion 
aimed at the relevant areas of the neuraxis can give an indication as to whether Ihe 
lesion can be reversed. 

3 .  At what level of the neuraxis has central sensitization or reorganization 
occurred?-A careful analysis of the results of the neurological exam will establish 
the level of Ihe lesion in the neuraxis. 

4. What options are available to influence these processcs?-Several approaches are 
available for treatment alternatives (see Chapter 1 7) .  
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Pain Disproportionate to the Severity of Injury 

111C kidney may, under certain conditions, concentrate some components in the urine so 
that these compounds precipitate out oCthe urine and form small kidney Slones or renal 
caletlli. Small pieces of the stones break off and pass inw the ureter that leads from the 
kidney 10 the bladder. In size, they are not morc than twice the size or the normal diameter 
of the normal ureter. Pressure builds up behind the plug formed by the stone, tending to 
drive it into the ureler and as a resuil, the muscle i n  the wall of the ureter goes il1lO localized 
strong contraction. TIl is band of contraction moves down the ureter to produce peristaltic 
waves to drive the stone down. During this process called 'passing a slone' agonizing spasms 
of pain sweep over the patient in such a way that even the toughest and most stoical of 
d,aracters usually collapse. 11,e patient is pale with a racing pulse knees drawn up, with 
a rigid abdomen and motionless. Even crying out because of the pain is restrained because 
all movement exaggerates the pain. As the stone passes into the bladder there is immediate 
and complete relief of the pain resulting in an exhausted patient. 111e reason for describing 
this event here is that in physiological temlS, and mechanical terms, this is a rather trivial 
event. Funhermore, it OCGlrs in a structure which is poorly innervated when compared to 
other areas of the body. 11,is process of passing kidney stones is described by the patient as 
painful beyond any expectation that pain can reach such intensity (Melzack & Wall 1996). 

Several terms are used to describe pain disproportionate to the injury or not 
appropriate to the stimulus causing the pain. 

1-/)'Pemigesi(j is the term used to describe an excessive response to noxious stimulation. 
I lyperalgesia can be classified as either primary or secondary in nature. Primary hyperalgesia 
results from the release of various chemicals at the site of injury, leading to sensitization of 
nociceptive afferents. Secondary hyperalgesia involves collateral branches of the nociceptive 
afferents at the level of the spinal cord, which resuhs in the regions surrounding the site of 
injury becoming more sensitive to pain. 

Allod)l1Iia is the teml used to describe pain produced by normally innocuous 
stimulation. For example stroking the skin would not normally be painful; however, 
st.roking the skin after a sunburn may produce pain. With allodynia there is no pain if  
there is  no stimulus, unlike other lypes of pain that c<tn occur spontaneously without the 
presence of a stimulus. 

Pain after Healing of an Injury 

MOlOrcycie accidents are typically associated with injuries of the head and shoulder. 
On hitting a solid structure such as the road or a light standard, the rider is catapulted 
forwards and hits the road or other obstacle at high-speed. Crash helmets have effectively 
decreased head injuries, but the next vulnerable poil1l that hits the road is often the shoulder, 
whid1 may be wrenched down the back. 1"he arm is supplied by a network of nerves, the 
brachial plexus, which leaves the spinal cord al lhe level of the lower neck and upper chest 
and funnels into the arms. I n  the most severe of these injuries the spinal roots are avulsed, 
that is, ripped out of the spinal cord, and no repair is possible. When this type of in jUly 
occurs, the arm is commonly paralysed from the shoulder down 10 the hand. 'Ine muscles of 
the aml become thin and limp with no sensation in the ann. Occasionally people with this 
injury have reported feeling a phantom limb, in which they can sense very clearly as an entire 
ann, but which had no relationship to the real arm. 'l1,ese phal1lom arms seem to be placed 
in various positions, which do not coincide to the position of the real arm at their side. 
1ne phantom am1 commonly feels as though it is on fire. 

Occasionally people who have experienced amputations of limbs may feel the presence 
of that l imb even though the l imb has been amputated. This is known as phantom pain 
(Melzack & Wall 1996).  111 is shows that in certain cases pain may persist long after a l l  
apparent physical healing has occurred. 

The term pluUllom limb was introduced by Silas Weir Mitchell. It is lIsed to describe 
malrepresentation of actual l imb position or existence following amputation or nerve 
blocks and is recognized by the patient as an 'illusion' rather than being the patient's 
delusion (Ramachandran & Hirstein 1 998). Phantoms occur in 90-98% of all amputees 
almost immediately, but less commonly in children. 

The intensity of the phantom presence appears to depend on both the degree of 
cortical representation present and the subjective vividness of that part in one's body 
image prior to amputation. 111e perceived postures of phantom limbs are probably related 
to the patient's experience prior to amputation, or may be perceived as maintaining 
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a spastic. causalgic, or dystonic posture. The phantom sensations lend to fade after 
anywhere between days and decades. Some people experience a bizarre sensation referred 
lO as telescoping in which they perceive a gradual shrinking of the limb so that it remains 
as only the hand on a stump. It is thoughl lhat this may occur due lO increased 
representation of the hand in the brain's somatotopic maps. 

When one part of the body is used more than an adjacent part, the somatotopic 
representation of that pan will begin to expand and the receptive fields of the adjacent lesser 
util ized region of the cortex will become smaller. When an area of the body is ampUlated. 
the area orthe brain thai normally responds to sensory activation of the amputated body 
part will then begin to respond to sensory activation of adjacent body parts. "nlis process 
probably occurs because of thalamocortical arborization or unmasking of previously seldom 
used, occuh synapses in the conex. 

The reduction in activity experienced by cortical neurons as a result of sensory 
deprivation reduces the amounts of the inhibitory neurotransmitter y-aminobutyric acid 
(CABA) released from interneurons, which in turn may allow previously weak synapses to 
become disinhibited. "I11ese normally suppressed inputs probably originate from long
range horizontal collaterals of pyramidal neurons located in cortex adjacent to the area of 
cortex that has lost its afferent stimulus due to the removal of the limb ( Ramachandran & 
I- l irstein 1 998). Conversely, high levels of CAB A brought about by persistent intense 
sensory input can cause weak synapses to become even more strongly inhibited, resulting 
in a surround inhibition of cortical areas not of immediate concern. In other words the 
extensive use of the fingers of the left hand, as would be the case in learning to play the 
guitar, will 'focus' the conical area representing the fingers of the left hand and inhibit 
adjacent areas of cortex representing the elbow and shoulder. 

Tinnitus, which is the subjective sensation of noise in the ears, has also been referred 10 
as a phantom auditory sensation that may occur due to reorganization of the auditory 
conex following some degree of deafferentation from the cochlear of the inner ear. 
Cochlear lesions resulting in loss of a specific range of frequencies can lead to 
reorganization of the auditory cortex due to replacement of the corresponding cortical 
areas with neighbouring areas of sound representation (SexlOn 2006). 

Musical hallucinations have also occurred in patients who have previously experienced 
tinnitus and progressive hearing loss. The complex nature of these hal lucinations supports 
the theory of central auditory involvement due to deafferentation, despite the fact that 
hallucinations represent inappropriate overactivity of auditory neurons. 

The Anatomy of Pain 
, 
Several pathways that originate from neurons in the spinal cord and project 10 higher 
centres in the neuraxis have nociceptive components (Willis & Coggeshall 2004; Willis & 
Westlund 2004). These pathways include the following: 

QUICK FACTS 1 5  Anterior Spinal Artery Syndrome 

186 

• Occlusion of this artery results in a characteristic clinical picture: 

Sudden paraplegia; 

Disturbance in bladder and bowel function; 

Impaired pain and temperature sense; and 

Spared proprioception and vibration sense. 

• The syndrome occurs due to softening of the spinal cord (myelomalacia) 

following vascular occlusion. 

• The anterior spinal artery supplies the anterior two-thirds of the spinal cord. 

• It is formed from two small branches of the vertebral arteries. 

• The posterior arteries supply the posterior third of the spinal cord. 
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Fig 7 24 Three of the major ascending pathways that transmit nOCiCeptive InformatIOn from the spinal cord to higher centres 
The spinothalamic tract 15 the most promment ascending nOCiceptive pathway In the spinal cord. 
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Fig. 7.25 A schemat" diagram outlining the pam pathways to the lateral and medial thalamus and their relatIOnships to sensation and affect 
The diagram also Includes the functional prOjections from the medial thalamus to the endocnne system and sympathellc nervous system 
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1 .  Spinothalamic tract (SIT) receives axons from neurons i n  laminae I and V-VII 

of the conualateral cord and project to the thalamus ipsilateral to the tract 
( Fig. 7.24). This Iract has traditionally been recognized as the most important tract 

for the transmission of nociceptive information. The SIT is thought to contribute 
to mOlivalional and affective aspects of pain as well ( Fig. 7.25). The axons of 
neurons in lamina I terminate on a number of nuclei in the thalamus including 
the ventroposterior lateral (VPL) nucleus, the ventral posterior inferior (VPI) 
nucleus, and the cemral lateral nucleus in the medial thalamus (Zhang £1 al 2000) 

2. Spinoretirular traa receives axons from neurons in laminae VII and VlIl. lhe tracts 
ascend bilaterally in the anterolateral system ( Figs 7.26 and 7.27). 

3. Spinomesencephalic tracts receive axons from neurons in laminae I and V and 

ascend in the anterolateral system bilaterally to synapse in the mesencephalic 
reticular formation and periaqueductal grey areas ( Figs 7.26 and 7.27). 
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Fig 7.26 A descending pathway regulates noOceptive relay neurons In the spmal cord. The pathway anses 11'1 the mlCfbr aln 
penaqueductal grey I'egIOI"I and prqectS to the nucleus raphe magnus and other serotonerglC nuclei (not shooNn). then VIa 
the dorsolateral fumrulus to the dorsal horn of the spinal cord Addioonal splnal profeCUOnS anse from the noradrenerglC 
cell groups In the pons and medulla and from the nucleus paragJgantoceilulans. wtllch also re<:etveS Input from the 
penaqueductal grey regIOn. In the spinal cord these descending pathways Inhitxt nociceptM! projeCtIOn neurons through 
directIOn connections as wen as through Interneurons In the superfioal layers of the dorsal horn 
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Fig. 7 27 The descending modulation of nOClcepuon, from the pons, medulla, and spmal cord 

4. SpinohypOlhalamic tradS receive axons from neurons in laminae 1, V, and VIII, 
and project 10 supraspinal autonomic centres responsible for complex 
neuroendocrine and cardiovascular responses. 

S. Postsynaplic dorsal column (PSDC) receives the majority of its axons from neurons in 
laminae III and IV but does receives additional axOIlS from lamina X as well (Al.Chaer 
el al 1996; Willis & Coggeshall 2004).  The projections from the I'SDC firsl synapse on 
neurons in the dorsal column nudei. Axons from the dorsal column nudei cells project 
to the contralateral thaiamus via the medial lemniscaJ tracts and to the brainstem 
(Wangel al 1999). 

6. Spinocervical tracts receive axons from neurons in laminae III and IV and project 
to synapse on neurons of the lateral cervical nucleus. 

7. Spilloparabrachial lrad is a component of the spinomesencephalic tract that 
projects to the parabrachial nuclei and amygdala. This contributes to the affective 
component of pain. 

D�ending cOlllrol of spinal project jon neurons are mediated through pathways 
that descend from supraspinal are...1.S into the spinal cord. Inhibition ofS'lT in the spinal cord 
omlrs through proje:aions from the para aqueductal grey (PAG), nucleus raphe magnus, 
medullary relialiar fonllation, anterior pretectal nucleus, ventrobasal thalamus. and 
postcentral gyms. Excitation of the SIT neurons can occur through stimulus from the motor 
cortex and isolated areas of the medullary reticular fomlatioll (Figs 7.26 and 7.27). 

Pain . . .  : Good or Evil? 

From our above discussions. it seems that pain can serve three purposes: 

1 .  I)ain can occur before a serious injury as when one steps on a hot or otherwise 
potentially damaging object. This has a real survival value. It produces immediate 
withdrawal or some other action that prevents further injury. 
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2. Pain can also prevent further injury and act as the basis for learning to avoid 
i njurious objects or situations. which may occur at a later time. 

3. Pain due to damaged joints. abdominal infections or diseases, or serious 
injuries may also set limits on aClivily and enforce rest, which are often 
essential for the body's natural recuperative and disease-figllling mechanisms 
(0 work. 

I lowever, one also perceives pains thaI serve no useful survival value, stich oS the 
phanlOln pain described earlier. 11 is also commonly observed Lhat very severe disease 
processes may develop lO a very extensive state before pain is experienced by the 
i ndividual ( Melzack & Wall 1996). Why in this case did our sensation of pain fai l  us? 

The Psychology of Pain 

Pain is nOt simply a function of the amount of bodily damage done; rather, the amOllnt 
and quality of pain one feels are also determined by: 

I .  Previous experiences and how well they are remembered; 

2. One's ability to understand the cause of pain; 

3. One's ability to grasp its consequences; and 

4. Even the culture in which one is brought up plays an essential role in how one 
feels and responds to pain. 

'Inc "bove facts lead to the conclusion that the perception of pain cannol be defined 
simply in terms of a panicular kind of stimuli; rather. the perception of pain is a highly 
personal experience depending on cultural learning. the meaning of the silll<uion. and 
other factors unique to each individual in any given situation. There are a variety of 
stressors known to affect the perception of pain (Melzack & Wall 1996). lnese include 
ethnic/cultural values, age. environment, support systems, anxiety, and stress. 

A number of recent studies have implicated the ci'lgil/me gyrus as the functional link 
between pain and emotional interactions (Rainville et al 1997; Sawamoto 2000). 11  is now 
known that the cingulate gyms panicipales in pain and emotion processing. I t  has four 
regions, with associated subregions, and each makes a qualitatively unique contribution 
to brain functions. These regions and subregions are the subgenual (sACC) and pregenual 
(pACC) anterior cingulale conex, the anterior midcingulate (aMCC) and posterior 
midcingulate conex (pMCC), the dorsal posterior (drCC) and ventral posterior cingulate 
conex (vpeC). and the rwosplenial conex ( RSC) (Vogt et al 2006). 

Pain processing is usually conceived in tenns of two cognitive domains with sensol)'
discriminative and affective-motivational components. "Ille A C and MCC are thought to 
mediate the latter of these components. llle nociceptive properties of dngulate neurons include 
large somatic receptive fields and a predominance of nociceptive aClivations, with some that 
even respond to an innoruous tap. "llese responses are prediaed by the properties of midline 
and intralaminar thalamic neurons that project to the cingulale cortex. including the 
parnfascirular, paravenuirular, and reuniens nuclei that derive their nociceptive infomlalion 
from the spinal cord, the subnucleus retirularis dorsalis, and the parabrachial nuclei. 

Rather than having a simple role in pain affect, the cingulate gyrus seems 10 have three 

roles in pain processing: 

J .  111e pACe is involved in unpleasant experiences and directly drives autonomic outputs. 

2. The aMCC is involved in fear, prediction of negative consequences, and avoidance 
behaviours through the rostral cingulate motor area. 

3. 'Ole pMCC and drCC are not involved in emotion but are driven by short.latency 
somatosensory signals that mediale orientation of the body in space through the 
caudal cingulate motor area. 

In addition to these functions, nociceptive stimuli reduce activity in the vPCC and, 
therefore, activity in a subregion that normally evaluates the self-relevance of incoming 
visual sensations. 

So, there is a complex interaction between pain and emotion. Moreover, hypoanalgesia 
and opioid and acupuncture placebos indicate mechanisms whereby the cingulate 
subregions can be engaged for therapeutic intelVention. 
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Pain Thresholds 

I t  is oflen believed that variations in pain experienced for person-ta-person is due to 
different pain thresholds. "111ere are four differenl lhresholds related to pain, and it is 
important to distinguish between them. 

I .  Sensation threshold-this i s  the lowest stimulus value at which a sensation, such 
as tingling or heat. is first reported by the: subject; 

2. Pain perception threshold-this is the lowest stimulus value at whidl the person 
reports thal lhe stimulation feels painful; 

3. Pain lOlerance-lhis is the lowesl stimulus level at which the subject withdraws or 
asks to have the stimulation Slopped; and 

4. Encouraged pain tolerance-this is the same as the above, bUl lhe person is 
encouraged to tolerate higher levels of stimulation. 

Combined Degeneration of the Spinal Cord QUICK FACTS 1 6  

• Corticospinal and posterior columns are affected. 

• It is common in vitamin Bll deficiencies (e.g. perniciOUS anaemia). 

• Degeneration of the spinal cord may occur before the clinical manifestations 

of pernicious anaemia. 

• Clinical manifestations include: 

Tingling; 

Numbness; and 

Pins and needles. occurring first in the toes and feet and later in the fingers. 

• Psychological symptoms may also occur: 

Hallucinations; 

Disorientation; 

Memory deficits; and 

Personality changes. 

There is now evidence that suggests that the majority of people, regardless of their 
cultural background, have a uniform sensation threshold. The sensory conduction 
apparatus appears to be essentially similar in all people so that a given critical level of 
input always elicits a sensation. The most striking effect of cultural background, however, 
is on pain tolerance levels. For example, women of Italian descent tolerate less shock than 
women of American or Jewish descent. 

TIle imponance of the meaning associated with the pain-producing situation is made 
panicularly clear in experiments carried out by Pavlov on dogs. Dogs normally react 
violently when they are exposed to electric shocks to one of their paws, Pavlov found, 
however, that when he consistently presented food to a dog after each shock the dog 
deveJoped an entirely new response. Immediately after each shock the dog would salivate, 
wag its tail, and turn eagerly towards the food dish. The electric shock now fails to evoke 
any responses indicative of pain and has become a signal meaning that food was on lhe 
way. "his type of condition behaviour was observed as long as lhe same paw was shocked. 
If the shocks were applied to another paw the dog reacted violently. This study shows very 
convincingly that stimulation of the skin is localized, identified, and evaluated before it 
produces perceptual experience and oven behaviour (Melzack & Wall 1996). The meaning 
of the stimulus acquired during earlier conditioning modulates the sensory input before it 
activates brain processes that underlie perception and response. 

I f  a person's attention is focused on a painful experience the pain perceived is usually 
intensified. In fuct, the mere anticipation of pain is usually sufficient to raise the level of 
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anxiety and thereby the intensity of the perceived pain. In contrast, it is well known that 
distr3Clion of attention away from the pain can diminish or abolish it. "J11is may explain 
why athletes sometimes sustained severe injuries during the excitement of the spon 
without being aware lhal lhey have been hurt. 

lne power of suggestion on pain is clearly demonstrated by studies using placebos. 
Clinical investigators have found that severe pain such as postsurgical pain can often be 
relieved by giving patients a placebo (usually some non-analgesic substance slich as sugar 
or salt i n  place of morphine or other analgesic drugs). AbDUL 35% of the patients repon 
marked relief of pain after being given a placebo (see below). 

When psychological factors appear to play a predominant role in a person's pain, the 
pain may be labelled as psychogeniC pain, The person is presumed to be in pain because 
they need or want it. 

Pain Can Be Caused by Nociceptive or Neuropathic Mechanisms 

'nle pain produced by nociceptive mechanisms involves direct activation of nociceptors. 
This is the commonly understood mechanism of pain production, where receptors 
sensitive to damage-causing activities, classified as nociceptive receptors or nocicepLors, 
are stimulated and transmit excitatory information to the substantia ge:latinosa neurons of 
the dorsal hom for integration and processing. 

Neuropathically produced pain involves direct injury to nerves in the peripheral 
nervous system (PNS) or the CNS which has a buming or electric quality. Some examples 
of syndromes or conditions where neuropathic pain is thought to be involved include 
complex region pain syndrome (CRPS) (see below), post-herpetic neuralgia, phantom 
limb pain, and anaesthesia dolorosa, which is a condition where pain is perceived in the 
absence of sensation following treatment for chronic pain. Some neuropathic pains are 
thought to be sustained, at least in pan, by sympathetic efferent activity via the expression 
of alpha-adrenergic receptors on injured C-fibres (see below). 

Inflammatory pain is related to tissue damage. Damage to neurons can result in the 
release of neurotransmitters, and neuropeptides that can result in neurogeniC inflammation, 
lhe proinflammatory substance prostaglandin E2 (PGE2) is released from damaged 
neurons and other cells. peE2 is a metabolite of aracllidonic acid via the cyclo-oxygenase 
pathway. lne cyclo-oxygenase enzyme can be blocked by the use of nonsteroidal anti
inflammatory drugs (NSAIDs) and aspirin and is thought to be the mechanism by which 
these medications exert their effect. Bradykinin, which is also an extremely active 
proinflammatory and pain-activating substance. is also released when tissue is damaged, 
Bradykinin activates AcS and C fibres directly and causes synthesis and release of 
prostaglandins from nearby cells, 

Other proinflammalOry substances released following injury include substance P and 
calcitonin-gene-related-peptide (CCRP), which both act on venules to spread 
inflammation and release histamine from mast cells. 

Descriptions of pain 

Transient Pain 

Pains of brief duration are usually recognized as having lillie consequence and rarely produce 
more than fleeting attention. These momentary transient pains are often felt as two types of 
pains, For example if you drop a heavy book on your foot you experience an immediate 
pressure-type sensation, followed by the secondary pain that will arrive shortly and when it 
does it wells up in your consciousness and obliterates all thoughts for the moment. 

Acute Pain 

lne characteristics of acute pain are tissue damage, pain, and anxiety. Acute pain is usually 
related to an identifiable injury or disease focus and self-limited, resolving over hours to 
days or in a period associated with a reasonable period for healing. It is generally 
composed of the transitional period between coping with the cause of the injury and 
preparing for recovery. It is usually of shon duration of days to weeks. Acute pain usually 
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responds ",cil lO treatment. An injury should be considered 10 be in the acute phase 
during the natural history of nonnal healing for thai injury. For example. the natural 
history of healing for a broken bone could be expected to range from 4 to 6 weeks. 
Pain experienced during the initial 4-6 weeks should be thought of as acute. However, 
if pain persists for longer than 6 weeks, the chronic classification should be applied. 

Chronic Pain 

'nlis Iype of pain persists even after all possible physiological healing has occurred. It is no 
longer a symptom of injury but a pain syndrome. It may reOea separate mechanisms from 
the original insult and not reneel aCLual lissue damage or focal disease. The patient will 
oflen use vague descriptions of pain with dirticuiLy in describing timing and localization 
of the pain. 

IlaLienLS are beset with a sense of hopelessness or helplessness and on en the pain is 
described in terms that have emotional associations. Marked alteration in behaviour with 
depression and/or anxiety often resuit, which may reflect a more cognitive aspea of pain. 
This condition is usually present for months to years in duration, with the patient 
experiencing marked reduction in daily activities, excessive amounLS of medications, 
fragmentation of medical services, history of multiple non-productive tests, treatments, 
and surgeries. 

Placebo Effect 

A placebo is a substance or procedure thought to have no intrinsic therapeUlic value which 
is given to an individual to satisfy a physiological or psychological need for treatment. 'nle 
effects of placebos often produce the same or better resuits than treatments thought to 
have an intrinsic value. It was once thought thai the effects of placebo were predominantly 
psychosomatic but current research has revealed that the placebo is indeed i1 real effect. 
For example, placebo analgesia can be blocked by naloxone, an opioid antagonist, 
suggesting that endogenous analgesia systems are likely to be activated during placebo 
analgesia. 

Spinal Muscular Atrophy QUICK FACTS 1 7  

• Motor neuron disease 

• Characterized by skeletal muscle wasting due to progressive degeneration of 

anterior horn cells 

• Sensation and cerebellar function are conserved. 

• Two basic forms: 

1 .  Infantile form (floppy baby syndrome)-also known as Werdnig-HoHman 

syndrome 

Parachute test to evaluate baby's muscle tone and extensor integrity 

2. Childhood form-also known as Wohlfart-Kugelberg-Welander disease. 

Progressive muscular atrophy that begins in early childhood 

Symptoms include proximal muscle atrophy, weakness, and 

fasciculations 

Cause unknown 

The gold standard in best practice therapeutics is that the treatment should significantly 
outperform the placebo effect in order to be considered a viable option for therapy. In the 
treatment of pain, production of analgesia or loss of pain sensation is the desired effea 
(Zhuo 2005). 

As mentioned above endogenous analgesia systems are a likely component of the 
placebo effect. 'l1,e anterior cingulate gyrus (ACC) has been found to be involved in 
this placebo analgesia. It has been theorized that ACe activation is responsible for 
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faci litating descending inhibitory systems. However, electrical stimulation or glutamatE: 
synaptic activation in the ACe has actually been observed to increase nociceptive renexes 
at the level of the spinal cord, and enhanced synaptic transmission and long-term 
plasticity have been found in ACe neurons after tissue injury, which suggests that the ACe 
may actually enhance any existing nociceptive effeClS. ,nis would act i n  the opposite of 
the placebo effect and actually increase pain! Several theories have been advanced 10 
incorporate these findings into a model that still al lows the involvement of the ACe as 
a component in the generation of the placebo effect (Zhuo 2005) .  

The first theory involves the inhibition o f  pain-producing neurons i n  the ACe. Many 
neurons in the ACC respond to acute pain and the amount of this activation is related to 
pain unpleasantness. Activation of inhibitory neuron in the ACC can affect the 
excitability of these neurons by releasing CABA onto their postsynaptic receptors. 
Consequently, the excitability of ACC neurons is reduced, and neurons respond less to 
noxious stimuli. 

The second theory involves the activation of local opioid-containing neurons in the 
ACe. Similar to the first theory, neurons containing opioid peptides may be activated. 
Opioid may act presynaptically and/or postsynaptically to inhibit excitatory synaptic 
transmission and reduce neurons responses to subsequent peripheral noxious stimuli. 
This mechanism could explain the fac1 that some placebo effects are sensitive to blockade 
by naloxone. 

A third possibility involves the inhibition of descending facilitatory modulation from 
the ACC. The release of the inhibitory neurotransmitter GABA and/or opioids will reduce 
the excitability of ACe neurons that send descending innervations directly or indirectly to 
rostral ventral medulla ( RVM) neurons. Consequently, descending facilitatory influences 
will be reduced. 

The final theory involves a mixed activation of excitatory and inhibitory transmission 
by placebo treatment with the net result  within the ACC being reduced excitatory 
transmission. 

Complex Regional Pain Syndromes 

The description of CRPS dates back to at least 1864 when Mitchell first described this 
condition. Mitchell coined the term 'causalgia', meaning burning pain. The mOSI striking 
feature of this condition is pain that is disproportional to an injury. TIle onset ofCRPS 
typically fol lows minor injuries such as sprains, fractures, or surgery. Other names for this 
condition indude: 

• Reflex sympathetic dystrophy syndrome (RSD/RSDS); 

• Sudeck's atrophy; 

• Shoulder-hand syndrome; 

• Algodystrophy; 

• Peripheral trophoneurosis; 

• Sympathetically maintained pain; 

• Sympathetically independent pain; 

• Post-traumatic pain syndrome; 

• Sympathalgia; and 

• Sympathetic overdrive syndrome. 

Due to confusion arising from the many names for this set of symptoms, the 
International Association for the Study of Pain (IASP) developed nomenclature to more 
accurately describe chronic pain. JASP coined the term chronic regional pain syndrome 
and broke CRPS into two categories; 

CRPS I-Consists of pain, sensory abnormalities, abnormal sweating and blood now, 
abnormal motor system function and trophic changes ( thickening of the skin and 
nails, coarse thin hair growth), and atrophy of the superficial and deep tissues 
(skin, muscle, bone). TIle most common form is RSD and may not present with an 
identifiable nerve injury. 

CRPS II-Same as CRPS I but presents with an identifiable nerve injury. Symptoms 
include burning pain made worse by light touch, temperature changes, or motion 
of the limb. These findings are most common in the foot or hand following partial 
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injury to the nerve. The affected area appears cool, reddish, and clammy_ 111C 
superficial and deep tissue structures may also begin trophic changes. 

'111C key symptom of CRPS is cOnlinuolls, intense pain out of proportion to the severity 
of the injury. which gets worse rather than better over timE:. eRPS Illost often affects onE: of 
the arms, legs, hands, or feet. Often the pain spreads to include the entire ann or leg. 
Typical features include dramatic changes in the colour and temperature of the skin over 
the affected limb or body pan, accompanied by intense burning pain, skin sensitivity, 
sweating. and swelling. 

'l11C calise is unknown but CRPS affects from 2.3 to 3 limes more women than men 
and is a major cause of disability in that only one in five patiellls is able fully to resume 
prior activities. Equally frightening is the increasing diagnosis ofCRrS in children and 
adolescenLS; although there have been no large-scale studies on the incident of CI�rS in 
children, some generali7 ... 1tions can be made about the children who get this condition. 
Published case studies indicate that the incident of CRrs increases dramatically between 9 
and 1 1  years old, and it is found predominantly in young girls. 

A recent web-based epidemiological survey of 1,610 people with CRrS, sponsored by the 
Renex Sympathetic Oystrophy Association of America (RSDSA) and conduaed by lohns 
I lopkins University, showtd that common evcnts leading 10 the syndrome were surgery 
(29.9%), fracture ( 1 5%), sprain ( 1 1  %), and crush injuries ( 10%). "l'l,ere have also been some 
repons of increased occurrence ofCRPS following the administration of general aesthetic. 

Nearly all drugs currently used during the course of general anaesthesia may lead to 
hypersensitivity read ions of various types. 111ere may be an acule type I al lergic reaction 
or a more or less severe pseudoallergic reaction, in rare cases with lethal Olllcome. 

In some cases the sympathetic nervous system has been implicated as an important 
component in sustaining the pain. 'nlese abnonnal changes in the sympathetic nervous systcm 
seem to be responsible in some patiems for constant pain signals to the brnin, which alters the 
cortiad areas of their brain responsible for pain and sensory reception of those areas of lhe 
body. Abnomlal function of the sympathetic nervous system can also lead 10 movement 
disorders. Recent evidence, however, does not support that thc pain of CRrs is solely 
sympathetically mediated; therefore a thorough investigation examining the central integrated 
state of all levels of the neuraxis should be undertaken to determine the true nature of the 
patient's persistent or severe pain syndrome. An updated theory conceming the mechanism 
behind CRrs is Lhat it is caused by supersensitivity of sympathetic nerve neurOlransmitters and 
their metabolites (Rowbotham et al 2006).  Patients with CRrs have been found to have 
decreased concentrations of noradrenalin in the venous effluent of the affected limb. "111 is 
suggests that it is not due to increased output of the sympathetic nervous system. CRrs patients 
have increased concentrations of bradykinin and other local non-specific innammatory 
mediators. Sympathetic inhibition may lead to up-regulation of bela-adrenergic receptors on 
the periphernl nociceptive fibres, making the afferents more sensitive to normal or lower levels 
of the ncurotrnnsmitter. It is more common to observe an initial increase in skin temperature 
followed by a duonically decreased skin temperature and trophic changes laler in the course of 
the condition. 111e generation and maintenance of amtraf sensitization are dependent on the 
actions of trnnsmitter/receptOf systems in the peripheral cord. Activation of receptor systems 
and second messenger systems leads to changes in receptor sensitivity, whid1 increases tJ1e 
cxci .... 'bility of neurons (Schaible et al 2002). "111is is a foml of physiological wind-up. 

'111is process can be summarized into six steps: 

1 .  Sensitiz.'1tion of C-nociceptors after initial pain-evoked sympathetic reflex 
vasoconstriction, which results in the activation of glutamatinergic N-methyl-n
aspartate (NMDA) receptors that cause increased Ca" ion flux into the neurons 
which activated second messengers and increase sensitivity of the neuron to 
stimulus ( Neugebaucr el al 1 993); 

2. Nociceptors up-regulate expression of alpha-l adrenoreceptors, which increases 
the action of calecholamines on the neuron; 

3. Activation by Ionic release of norepinephrine by sympathetic efferents, which bind 
to the increased receptor population and magnify the response; 

4. Receptive field changes of central projeding pain neurons, resulting in increased 
pools of neuron activation and i nappropriate spread of the initial stimulus; 

5. Activity-dependent neuronal plasticity, allowing the system to function over long 
periods (Schaible & Grubb 1 993);  and 

6. Central sensitization, resulting in wind up of pain neurons. 
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Pain is not the only reason why patients have diffirulty moving. Patients Slate that their 

muscles feel stiff and that they have difficulty initialing movement. 
Paediatric patients present unique challenges. For example, children have not had 

sufficient lime to develop the psychosocial skills necessary to cope with the pain and 
suffering due to eRrs. lhe fear and anxiety that this syndrome produces in a child leads 
to a further lowering in the child's pain threshold, making activities of normal life even 
more painful. '111e presence of these seemingly unexplainable symptoms has led to a great 
deal of confusion and frustration among children and their families. Another theory is 
that eRrS is caused by a triggering of the immune response, which leads to lhe 
characteristic inflammatory symptoms of redness, wamuh, and swelling in the affected 

area (Romanelli & Esposito 2004). 

Ceneral Features of eRPS 

• Discomfon: spontaneous pain or hyperalgesia/hyperaesthesia; 

• Distribution: Not l imited to Single nerve territory; 

• Disproportionate to inciting event; 

• Olher associated features on affected limb, especially distal; 

QUICK FACTS 1 8  Amyotrophic Lateral Sclerosis (ALS) 

• Both upper and lower motor neuron involvement; 

• Aetiology unknown; 

• Characterized by progressive degeneration of the corticospinal tracts and 

anterior horn cells; 

• Onset: 40-60 years (offspring born before knowledge of disease in 

many cases); 

• Progressive and fatal: 2-6yrs; 

• Symptoms include: 

No sensory findings (no pain, numbness); 

Fasciculations; 

Muscle cramps; 

Segmental, asymmetrical weakness; 

Upper and lower motor neuron signs; 

Tongue fasciculations; 

Bladder and bowel function spared; and 

Deep tendon reflexes usually spared in early phase. 

EMG conduction velocities remain near normal even in the presence of severe 

atrophy. This separates this disorder from peripheral motor neuropathies in which 

the conduction velocity is reduced. 

QUICK FACTS 19 ALS: Classic Presentation 

• Painless weakness; 

• Atrophy of the hands; 

• Fasciculations in the entire upper extremities; 

• Spasticity and reflex hyperactivity of the legs; and 

• Extensor plantar sign (Babinski present). 
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• Oedema; 

• Ski n blood now (temperature) or sudomotor abnormal ities; 

• Motor symplOms; 

• Trophic changes; 

• Types: 

CRPS I: No definable nerve lesion 

CRPS I I :  Nerve lesion presenl. 
Motor Disorders 

• Sense of weakness with complex motor [asks (79%): 'Give.way'; 
• Difficulty initiaLing movements; 

• Limited range of 11100ion: wrist; ankle; 

• I nvol untary movements; 

• More common with nerve lesions; 

• Tremor (48%); 

• Irregular myoclonic jerks, dystonia, or muscle spasm (30%); and 

• Tendon reflexes: increased, on affected side 46%. 

Treatmen t 
Treatments for eRPS type I supported by evidence of efficacy and little likelihood for 
harm are topica l dextramethasone (OMSO) cream, IV bisphosphonates, and l imited 
courses of oral conicosteroids. Despite some comradictory evidence. physical therapy, 

joint man ipulation , and calcitonin ( intranasal or intramuscular) are likely to benefit 
patients with eRrS type I .  

Patients with CRrS and intractable pain showed a shrinkage of  cortical maps on 
pri mary (51) and secondary somatosensory cortex (511) contralateral to the affected 
limb. Th is was paral leled by an impairment of the two*point discrimination thresholds. 
Behavioural and psychomotor stimulation over 1 - 6  months consisting of graded 
sensorimotor relUning led to a persistent decrease in pain intensity, which was 
accompanied by a restoration of the i m paired tact i le discrimination and regaining of 
conical map size in contralateral SI  and 51! .  Th is suggests that the reversal of tactile 
impairment and cortical reorganization in CRrS can be accomplished by i ncreasing the 
appropriate sensory stimulation to conical areas. Nutritional supplementation with a 
variety of supplements including vitamin C and calcitonin has also been shown to be 
effective. 
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Case 7.2 

7.2.1 Muscle spindle receptors In the muscles and the JOint receptor,> In the 

JOints relay information to the spinal cord concerning movement and 

proprioception The ventra' spinocerebellar pathway (onvey., information 

about the ongoing status of interneuronal pools In the spinal cord to the 

cerebellum. It therefore provides continuous monitoring of d'>cendlng 

and descending information concerning locomotion dnd po<.ture. The 

neurons of this tract originate in laminae V-VII between l2 and 53. 
Their projection axons decussate to the other Side so that they ascend 

in the contralateral anterolateral funiculus. These fibre,> then decussate 

again via the superior cerebellar peduncle to synapse on neurons in the 

anterior part of the ipsilateral cerebellum (Fig. 7.12) 
The dorsal spinocerebellar tract neurons originate medially to the IMl 

column of the spinal cord between (8 and l2/3 
The primary afferent cell bodies are located In the ORG and their 

central processes synapse with the above-mentioned neurons near the 

entry level or after ascending for a short distance In the dorsal columm 

Secondary afferents ascend in the ipsilateral dor�olatPral funiculus, 

lateral to the corticospinal tracts, and entf'r the ipsi lateral cerebellum 

via the inferior cerebellar peduncle. Via this pathway, the cerebellum IS 

provided with ongoing information about joint and mlJscle activity in 

the trunk and limbs_ The cuneocerebellar pathway carries the same type 

of information from the upper limb and cervical spine Vld the (uneate 

faSCiculus of the dorsal columns. 

7.2.2 Cervical disc protrusion; 

2. Soft tissue swelling around the injUry resulting in spinal compression; 

3. Bone displacement due to the fracture, resulting in cord 

compression; 

4 Brachial plexus injury not diagnosed; and 

5, Intracranial haemorrhage. 
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Autonomic Nervous System 

Introduction 

There are three components of the autonomic nervous system. 

I. Sympathetic system; 

2. Parasympathetic system; and 

3. Enteric system. 

The sympathetic nervous system can function more generally with respect to its less 
precise influence on physiolo!,')1 as it mediates whole·body reaClions involved in the 'fight 
and flight' responses. Both the sympathetic and parasympathetic systems are LOnically 
active to help maintain a stable imernal environment in the face of changing external 
conditions which is best described as homeostasis. 

Both the sympathetic and parasympathetic systems comprise preganglionic and 
postganglionic neurons. The cell bodies of preganglionic neurons in the sympathetic 
system are located in the intermediolateral cell column (IML) of the spinal cord between 
Tl and L2. The axons of these neurons exit the spinal cord via the ventral root with the 
motor neurons of me ventral horn. A branch known as the white rami communicans 
(myelinated) carries these fibres to the sympathetic chain ganglia where many of the 
preganglionic cells synapse with postganglionic cells. At cervical and lumbar levels, 
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postganglionic sympathetic neurons form grey rami communicans (unmyelinated and 
slower conducting) that are distributed to vascular smooth muscle. pile erector muscle, 
and sweat glands via the spinal nerves and their branches. At cervical levels, some of lhe 
postganglionic neurons also project to the eye, blood vessels, and glands of the head and 
face via the carotid and vertebral arterial plexi. The cell bodies of parasympathetic 
preganglionic neurons are located in discrete nuclei at various levels of the brainstem and 
at the IML column of levels 52-4 in the spinal cord (vertebral level LI-2). In contrast to 
the sympathetic system, the preganglionic parasympathetic neurons are generally longer 
than the postganglionic neurons as they synapse in ganglia funher from their origin and 
closer to the effector than the postganglionic neurons innervate. 

Organization of the Autonomic Nervous system 

nle autonomic nervous system comprises the major autonomous or non-volitional 
efferent outflow to all organs and tissues of the body with the exception of skeletal 
muscle. Anatomically. the autonomic outflow from the spinal cord to the end organ 
occurs through a chain of two neurons consisting of a pre- and postganglionic 
component. The preganglionic component neurons live in the grey matter of the spinal 
cord. The postganglionic component neurons vary in location with some living in the 
paraspinal or sympathetic ganglia. and others in ganglia distant from the cord known as 
stellate ganglia. Although historically only the efferent connections were considered. all of 
the projections of the autonomic nervous system are reciprocal in nature and involve both 
afferent and efferent componenlS. The autonomic system can be divided into three 
functionally and histologically distinct components: the parasympathetic. sympathetic. 
and enteric systems. All three systems are modulated by projections from the 
hypothalamus. Hypothalamic projections that originate mainly from the paraventricular 
and dorsal medial nuclei influence the parasympathetic and sympathetic divisions as well 
as the enteric division of the autonomic nervous system. '''ese descending fibres initially 

travel in the medial forebrain bundle and then divide to travel in both the periaqueductal 
grey areas and the dorsal lateral areas of the brainstem and spinal cord. They finally 
terminate on the neurons of the parasympathetic preganglionic nuclei of the brainstem. 
the neurons in the intermediate grey areas of the sacral spinal cord, and the neurons in 
the intermediolateral cell column of the thoracolumbar spinal cord. Descending 
autonomic modulatory pathways also arise from the nucleus solitarius, noradrenergic 
nuclei of the locus ceruleus, raphe nudei. and the pontomedullary reticular formation 
(PMRF). 

The parasympathetic system communicates via both efferent and afferent projections 
within several cranial nerves including the oculomotor (eN III) nerve, the trigeminal 
(CNY) nerve, the facial (CNYII) nerve, the glossophal)'ngeal nerve, and the vagus (CN X) 
and accessory (CN XI) nerves (Fig. 8.1 ).'''e vagus nerve and sacral nerve roots compose 
the major output route of parasympathetic enteric system control (Furness &I Costa 1980). 
Axons of the preganglionic nerves of the parasympathetic system tend to be long, 
myelinated. type II fibres and the postganglionic axons tend to be SOnle what shorter. 
unmyelinated, C fibres (see Chapter 7). The cell bodies of parasympathetic preganglionic 
neurons are located in discrete nuclei at various levels of the brainstem as described above 
and in the intennediolateral cell column of levels 52-4 in the spinal cord or vertebral level 
LI-2. In contrast to the sympathetic system. the preganglionic parasympathetic neurons are 
generally longer than the postganglionic neurons as they synapse in ganglia that are further 
from their origin and closer to the effector than the postganglionic neurons innervate. 

The neurotransmitter released both pre- and postsynaptically is acetylcholine. 
Cholinergic transmission can occur through C-protein coupled mechanisms via muscarinic 
receptors or through inotropic nicotinic receptors. The activity of ACh is terminated by the 
enzyme acetylcholinesterase. which is located in the synaptic clefts of cholinergic neurons. 
To dale. seventeen different subtypes of nicotinic receptors and five different subtypes of 
muscarinic receptors have been identified (Nadler et al 1999; Picciono et al 2000). 

Cholinergic. nicotinic receptors are present on the postsynaptic neurons in the 
autonomic ganglia of both sympathetic and parasympathetic systems. Cholinergic, 
muscarinic receptors are present on the end organs of postsynaptic parasympathetic 
neurons (Fig. 8.2). 
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Fig 8 1 This figure outlines the parasympathetic outflow to the body Including the cranial nerves III, VII, and IX, the 
vagus nerve (CNX) and the pelvic dIViSion of spinal nerves 

The neurological Olltput from the parasympathetic system is the inlegrated end product 
of a complex interactive network of neurons spread throughout the mesencephalon. POllS, 
and medulla. The outputs of the cranial nerve nuclei including the Edinger-Westphal 
nucleus, the nucleus tractliS solilarius, the dorsal motor nucleus, and nucleus ambiguus 
are modulated via the mesencephalic reticular fonnation (MRF) and PMRF.1nis complex 
interactive network receives modulatory input from wide areas of the neuraxis including 
all areas of cortex, limbic system, hypothalamus, cerebellum, thalamus, vestibular nuclei, 
basal ganglia, and spinal cord (Walberg 1960; Angaut &. Brodal 1967; Brodal 1969; Brown 
1974; Webster 1978). The relationship of the parasympathetic outflow to the immune 
system has received very little study to date and as a consequence very little is known 
about the influence of the parasympathetic or the enLeric system on immune function. 

Supraspinal Modulation of Autonomic Output 

Monosynaptic connections between two structures suggest an important functional 
relationship between the two structures in question. Polysynaptic connections may be 
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Fig 82 This figure outlines the pre-ganglionic and post-ganglionic neurotransmitters and receptors of the 
sympathetic and parasympathetic divISions of the autonomIC nervous system. It also Includes the transmitter (ACH) 
of the ventral horn cell and the (nlcotlntc) receptors In muscle Note that all preganghonK axons are myelmated 
and all post gangliOniC a){ons are unmyelinated 

imponant as well but are nor as well underslOod as monosynaptic connections. Monosynaptic 
connections have been demonstfiued to exist between a variety of nudei in the medulla, pons, 
diencephalon. and the preganglionic neurons of the IML (Smith & DeVito 1984; Natelson 
1985). Nuclei with monosynaptic connections with the neurons of the IML include: 

• Areas of the vemral lateral reticular formation including neuron pools in the ventral 
pons and vemral lateral medulla; 

• Neuron pools in the locus ceruleus of the dorsal rostral pons; 

• Serotonergic neurons of the raphe nucleus; 

• Epinephrine-producing neurons of the caudal ventrolateral medulla; 

• Neuron pools of the parabrachiaJ complex; 

• Neuron pools of the cemral grey area and the zona incerta; and 

• Neuron pools in the paravemricular and dorsal medial nuclei of the hypothalamus. 

The hypothalamus is the only stmcture with direct monosynaptic connects to the nuclei 
of the brainstem and to the neurons of the IML. '''is suggests that the influence of the 
hypothalamus on autonomic function is substantial. 

The projections from the cerebral cortex and their role in modulation of autonomic 

function are not well understood. However, existence of direct projections from the cortex 
to subcortical structures regulating autonomic function has been established (Cechetto & 
Saper 1990). Neurophysiological studies demonstrating autonomic changes with 
stimulation and inhibition of the areas of cortex also suggest a regulatory role. The 
following outlines the established areas of cortex and their projection areas: 

1. Medial prefrontal cortex has direct projections to the amygdala, hypothalamus, 
brainstem, and spinal cord areas involved in autonomic control. 

2. '''e cingulate gyrus has direct projections to the amygdala, hypothalamus, 
brainstem, and spinal cord areas involved in autonomic control. 

3. The insular and temporal pole areas of cortex also demonstrate direct projections 
to the amygdala, hypothalamus, brainstem, and spinal cord areas involved in 
autonomic control. 

4. Primary sensory and motor cortex are thought not to control aUlonomic activity 
directly but to coordinate autonomic outflow with higher mental functions, 
emotional overlay, and holistic homeostatic necessities of the system. 
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Fig 83 This figure Illustrates the synaptic connections of afferent and efferent axons fibres on the ganglion cells 
Note that both afferent and efferent Information modulates the activity of the ganglion cell, both directly and 
mdlrectly through Interneurons 

Most Areas Modulating the Autonomic Systems are 
Bilateral Structures 

It is wonh noting at this point that with the exception of a fe\'I midline StruCtures in the 
brainslem, the lorus ceruleus, and the raphe nuclei, all other structures that modulate the 
autonomic output are bilateral structures.,nis presents the possibility that asymmetric 
activation or inhibition lateralized to one side or the other may translate to the activity of the 
end organs and produce asymmetries of function from one side of the body to the other (Lane 

& Jennings 1995). Acrurately assessing the asymmetric functional output of the autonomic 
nervous system is a valuable clinical tool in evaluating asymmetrical activity levels of conical 
or supraspinal structures that project to the output neurons of the autonomic system. 

The Autonomic Ganglion 

'Ine autonomic ganglion is the site al which the presynaptic neurons synapse on the 
postsynaptic neurons.'fhe sympathetic ganglia are situated paraspinally in the 
sympathetic trunk or prespinally in the celiac and superior mesenteric ganglia. 'Ille 
parasympathetic ganglia are situated in close proximity to the target structures that they 
innervate. 'Ine autonomic ganglia consist of a collection of multipolar interneurons 
surrounded by a capsule of stellate cells and connective tissue. 

Incoming and outgoing nerve bundles are attached to the ganglion (Fig. 83).'1le 
incoming bundles contain affere.nt fibres from the periphery returning to the spinal cord, 
preganglionic axons that synapse on the postganglionic neurons in the ganglion, 
preganglionic axons that pass through the ganglion giving off collateral axons to the 
intemeurons as they do so, and descending axons from cholinergic neurons in the spinal 

cord that modulate the activity of the intemeurons in the ganglion. '11e intemeurons in the 
ganglion are referred to as small intensely nuorescent cells and they are thought to be 
dopaminergic in nature. The outgoing bundle contains postganglionic axons, and afferent 
fibres from the periphel)' entering the ganglion (Snell 2001). The presence of such a 
complex structure in the ganglion has lead to the suspicion that the ganglion are not just 

relay points but integration stations along the pathway of the autonomic projections. 

Parasympathetic Efferent Projections 

"I11e ocu/omoror paras)'mparllelic fibres commence in the midbrain. These fibres are the axon 
projections of neurons located in the Edinger-Westphal (EWN) or accessory oculomotor 
nuclei. The parasympathetic projections travel with the ipsilateral oculomotor nerve and 
exit with the nerve branch to the inferior oblique muscle and enter the ciliaI)' ganglion 
where they synapse with the postganglionic neurons. The axons of the postganglionic 
neurons then exit the ganglion via the shon ciliary nerves and supply the ciliary muscle 
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and the sphincter pupillae. Activation orthe postganglionic neurons causes contraction of 
bOlh the ciliaI)' muscle. resulling in relaxation of the lens, and the sphincter pupillae 
muscle. resulting in (onslrinion of the pupil. These actions can be slil11ui.lled separately 
or simultaneously as in the accommodation reflex (Fig. 8.4) 

Functionally, the Edinger-Westphal nucleus receives the majority orils input from the 
contralateral field of vision. "111is involves the slimulus of the ipsilateral tempor.ll and 
cOllnalalerai nasal hemiretinas. which results in the constriction of the ipsilateral pupil 
For example, a shining light from the right field of vision will stimul.1te the left 11i.\sal 
hemiretina and the right temporal hemiretina which project through the left optic tract to 
the left EWN. The left LWN stimulation results in constriction of the ipsilateral (left) 
pupil. Some fibres from the left optic tract also synapse on the right I'WN, effeclively 
resulting in constriction of both pupils. 'nlis constitutes the consensual pupil reflex 
Comparison between the time lO activation (TrA) and tim£' lO filtigue (TIT) in each pupil 
following stimulation from the contralateral field of vision can be used to estimate the 
central integrative state of the respective [WN. This in addition to funher evaluation of 
the oculomotor and trochlear function can then be used to estim.1te the central integrative 
slate (CIS) of the respective mesencephalon. In situations where the CIS of the IWN is 
healthy one would expect rapid lTA and normal TIT response times, relatively, equal in 
both pupils. In situations where the CIS of one FWN is undergoing transllcural 
degeneration of relatively shon duration, one would exped .111 extremely rapid riA 
followed by a relatively shon TIT in the ipsilateral eye when compared to the contralaterill 
eye. I n situations where the CIS of one iWN is such thai transneural degeneration, long
standing in nature. is present then one would expect the pupil of the ipsilateral rWN lO 
show an increased 'I1A and a decreased TIT in comparison with the (ontr.llater.,J eye. On 
prolonged stimulus a pupil in this condition will often fluctuate the pupil size between 
normal and pania! constriction. '111is is referred to as hippus. 

The parasympathetic efferent projections of the faCial tlenl{, involve motor axons to the 
submandibular gland and the lacrimal gland.lne motor fibres project in two different 
pathways and to two different ganglia.lhe motor projections to the subtl"ltltlllmllir gltltltl 
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7'j.<::::::;:;;'�.::of nerve 
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Fig 8 4 This figure outlines the anatomICal reiallonshlps of the optiC and oculomotor nelVes, as well as the 
mesencephalic nuclei of the third nerve. Note the tnset that shows the detailed anatomy of the oculomotor nelVe 
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arise from neurons in the superior sal ivatory nucleus in the medulla. 111C axons of these 
neurons emerge from the brainstcm in the nervous intermedius and join the facial nerve 
until the stylomastoid foramen where they separate as the chorda tympani, which traverse 
the tympanic cavity until they reach and join with the lingual nerve. T hey travel with the 
l ingual nerve ulltil they reach and synapse on the postganglionic neurons of the 
submandibular ganglion. The axons from these neurons project 10 the submandibular 
glands via the lingual nerve supplying the secretol1lolOr fibres 10 the gland. Activation of 
the postgangl ionic neurons results in dilatation of the anerioles of the gland and 
increased production of saliva (Fig. 8.5). 

'Ine mOlor projections to the 11Icnmid gland travel in the greater pelfosaJ neNe through the 
pterygoid canal and synapsing on the neurons of the pterygopalatine ganglion. 'nle a.xons of the 
neurons in the pterygopalatine ganglion project their axons with the zygomatic neNe to the 
lacrimal gland and foml direct branches from the ganglion to the nose and palate. 

111e efferent projections of the glossopharyngeal nelVe contain axons that are secretory 
motor to the parotid gland. The projections start in the neurons of the inferior sal iWHory 
nucleus of the medulla and travel in the glossopharyngeal nerve through the tympanic 
plexus where they separate and travel with the lesser petrosal nerve to synapse on the 
neurons in the otic ganglion. The axons of these neurons then travel in the 
auriculotemporal nerve to the parotid gland. Activation of the neurons of the otic ganglion 
produces vasodilation of the arterioles and increased saliva production in the gland. 
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Fig 8.5 ThiS fIgure outlines the motor and parasympathetic projections of the facial nerve (eN VII). 
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The motor projections of the vagus nerve arise from the neurons of lhe dorsal motor 
nucleus and the nucleus ambiguous of the medulla. The cardiac bmnclles are inhibitory. 
and in  the hean they ad to slow the rate of the heanbeat. lne pulmonary' bmrlfh is 
excitatory and in the lungs they act as a broncho constrictor as they calise the 
contfanion of the non-striate muscles of the bronchi.  The gaslric branch is excitatory to 
the glands and muscles or tile stomach but i nhibitory to the pyloric sphincter. The 
i,uestinaf branches. which arise from the postsynaptic neurons of the meselHeric plexus 
or Auerbach's plexus and the plexus of the submucosa or Meissner's plexus, are 
excitatory to the glands and Illuscles of the intestine. caecum, vermiform appendix. 
ascending colon. right colic flexure. and mOst of the transverse colon but inhibitory to 
the i leocaecal sphincter (Fig. 8.G). 
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The peillic spiandltlic nerves are composed of the amerior rami of the second, third, and 
founh sacral spinal nerves. These nerves diverge, giving off several collateral branches LO 
supply the pelvic viscera. Most of the projeaions merge with fibres of the sympathetic 
pelvic plexus and pass to ganglia located adjacent to their target structures, where they 
synapse with their postganglionic components. 

Functionally. the CIS of the medulla can be estimated by examining the activities of the 
cranial nerves, which mediate the effector functions of end organs that can be measured. 
For example. a patient that presents with excessive watering of the eyes, increased 
salivation and nasal mucus production, difficulty in taking deep breaths, decreased heart 
rate, stomach pain, intestinal cral11pin� and frequem loose bowel movements may 
indictltc an overtlctive medullary region. An underactivtlted medullary region may present 
with dry eyes, dry mOllth, dry nasal cavities, increased heart rate, and constip,uion. 111is 
highlights the importance of conducting a thorough neurological examination of both the 
motor and visceral functions of the cranial nerves and relating the findings in a funaional 
mtlnner back to the neurtlxial structures involved. 

'111e sympllll/elic S}'Slem enjoys a wide-ranging distribution 10 virtually every tissue of the 
body (Fig. 8.7). '111e presynaptic neurons live in a region o(the grey matter of the spinal 
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Fig. 8.7 ThiS figure outlines the WIde range of projections of the sympathetiC diVISIon of the autonomic 
nervous system. 
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cord called the intermediomedial and intermediolateral cell columns located in lamina 
V I I .  Axons oflhese neurons exit the spinal cord via the ventral rami where they further 
divide to form the white rami communicantes. The fibres then follow one of several 
pathways (Fig. 8.8): 

I .  They synapse in the paravertebral or prevenebral ganglia segmental ly. 

2. Ill(�y synapse in segmental regions of the paravertebral or prevertebral ganglion 
other than those at which they exited. 

3. Illey do not synapse in the "revertebral or paravertebral ganglia and continue as 
presynaptic myelinated fibres into the periphery (Williams & Warwick 1984). 

Ihe output of the preganglionic neurons of the sympathetic system is the slimmation 
of a complex interactive process involving s�mental afferent input from dorsal rool 
ganglion and suprasegmentaI input from the hypothalamus. limbic system, and �lll areas 
of cortex via the MRF and PMRF (Donovan 1970; Webster 1978; Williams & Warwick 
1984). Most postganglionic fibres of the sympathetic nelVOus system release 
norepinephrine as their neurotransmitter. The adrenergic receptors bind the 
caH�cholamines norepinephrine (noradrenalin) and epinephrine (adrenalin) 

These receptors can be divided into two distinct classes, the alpha adrenergic and beta 
adrenergic receptors (Fig. 8.2). The chromaffin cells of the ,l(lrenal medulla which .He 
embryological homologuE'S of the paravertebral ganglion cells are also innelVated by 
preganglionic sympathetic fibres which fail to synapse in Ihe paravertebral ganglia as 
described above. When stimulated these cells release a neurotransmitter/ncurohorl11onr 
that is a mixture of epinephrine and norepinephrine with a 4: 1 predominance of 
epinephrine (Elenkov et al 2000). 

Both epinephrine and norepinephrine are manufactured via the tyrosine
dihydroxyphenylalanine (DOPA)-dopamine pathway and are called catecholamines. 
When the body is in a neutral environment, catecholamines contribute to the 
maintenance of homeostasis by regulating a variety of functions stich as cellular fuel 

Fig 88 This figure Illustrates the variety of pathways that sympathetIC fibres may take In the parasplnal ganglIOn 
Pre-synaptiC f.bres may pass directly through the ganghon and not synapse until they reach other gangll()(l usually deep 
In the tIssues of the gut Other pre-synaptlC fIbres may synapse With their post-synaptIC cells at the same level as they 
eXIt the spInal cord Other pre-synaptIC fibres may travel up or down In the ganghofllc chains to synapse many levels 
distant to the level they eXited the spinal cord The supeoor ceMCal gangllcl are examples of thIS type of prOjectlCN'l 
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metabolism, hean rate, blood vessel tone, blood pressure and flow dynamics, 
thermogenesis, and as explained below, certain aspects of immune function. When a 
disturbance in the homeostatic state is detected, both the sympathetic nervous system and 
the hypothalamus-pituilary-adrcnal axial system become activated in the attempt to 
restore homeostasis via the resulting increase in both systemic (adrenal) and peripheral 
(postganglionic activation) levels of C3tccholamines and glucoconicoids. In lhe1930s 
Ilans Selye described this series of events or reactions as the general adaptation syndrome 
or generalized stress response (Sclye 1936). Centrally, two principal mechanisms are 
involved in this general stress response. these are the produdion and release of 
corticotrophin releasing hormone produced in Ihe paravenlricular nucleus of the 
hypothalamus and increased norepinephrine release from the locus ceruleus 
norepinephrine releasing system in the brain stem. Functionally, these two systems cause 
mutual activation of each other through reciprocal innervation pathways (Chrousos & 
Cold 1992). Activation of the locus ceruleus resuhs in an increase release of 
calecholamines, of which the majority is norepinephrine, 10 wide areas of cerebral cortex, 
subthalamic, and hypothalamic areas. 'ne activation of these areas results in an increased 
release of catecholamines from the postganglionic sympathetic fibres as well as from the 
adrenal medulla. 

Functional Effects of Sympathetic Stimulation 

Postganglionic sympathetic fibres that course to the periphery with peripheral motor 
nerves usually only supply the blood vessels of the muscle of the peripheral nerve. 
Activation of these fibres produces vasodilation. Sympathetic fibres that cOllfse to the 
periphery in peripheral sensory nerves usually supply the vasoconstrictor muscles of 
blood vessels, the secretomotor fibres of sweat glands, and the motor fibres of the 
piloerector muscles of hair follicles in areas supplied by the nerve. Stimulation of these 
fibres results in vasoconstriction of the blood vessels, usually an increase in sweat gland, 
and piloereaor activity. 

Sympathetic projections that innervate structures in the cranial region arise from 
preganglionic neurons in the spinallML at the level ofTI. Axons from these neurons exit 
the spinill column and pass unintermpted through the cervicOlhoracic ganglion to reach 
the superior cervical ganglion where they terminate on the postganglionic neurons in the 
ganglion. Axons from these neurons then project via the internal carotid nerve, which 
courses with the carotid artery through the carotid canal into the cranium. where it 
enlarges to form the carotid plexus. Fibres emerging from the carotid plexus accompany 
all of the cranial nerves 10 innervate the blood vessels in the distribution of the cranial 
nerves. Visceromotor and vasomotor fibres cOllfse with the oculomotor nerve to the ciliary 
ganglion where they pass through uninterrupted to form the long ciliary nerves which 
course to the eyeball .  The vasomotor fibres control the extent of vasoconslriaion of the 
arterioles supplying the eyeball.  '''e visceromotor fibres terminate on the dilatator 
pupillae muscle of the iris where activation results in pupillary dilation ( Fig. 8.9). Some 
fibres cOllfse to the levator palpebrae superioris muscles of the upper eyelid also known as 
Muller's smooth muscle. Activation of these fibres resuits in the contraction of these 
muscles which retract the eyelid. 'Ille sympathetic supply LO this muscle only composes a 
partial segment of the innervation, which is also contributed to by motor fibres in the 
oculomotor nerve. Other fibres emerge from the ciliary ganglia to innervate the ciliary 
muscles. Activation of these fibres results in contraction of the ciliary muscles, which 
causes the lens to relax for better focus of near objects. 

Vestibuloautonomic Reflexes 

Vestibulosympathetic reflexes are varied in nature due to the extensive interaction 
between the vestibular system, midline components of the cerebellum, and autonomic 
control centres. Major regions that mediate autonomic funClion and receive inputs from 
the vestibular system include the nucleus tractus solitarius (NTS), parabrachial nuclei 
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Fig 89 thIS fIgure Illustrates the sympathetIC projectIon systE'm from the hypothalamus to the pupil of the eye 
ProjectIOns from the hypothalamus to the pre-ganglionic cells located In the IMl cell columns of the spinal cord 
between the levels of T1 and L2 modulate the activation of the these pre-gangllOf'llc celis, which then project axons 
to the post-ganghonlC cells In the supenor cervical ganghon. Post·synaptlC cell axons then follow the carotId 
artenes mto the head and branch to follow the oculomOlor nerve to the eye 

(pons and midbrain), hYPolhalamic nuclei. rostral and caudal ventrolateral medulla 
(RVlM and CVLM). dorsal motor nucleus (DMN) orlhe vagus, nucleus ambiguus, and 
locus coe:ruleus. Other parasympathetic nuclei such as the superior sal ivatory nucleus 
(SSN) of the pons and the Edinger-Westphal nucleus of the midbrain also receive 
direction projections leading to salivation and tearing, and pupil constriction, 
respectively. 

The effect of vestibular activation on the sympathetic system is mediated largely 
through the CVLM and RVUvt. The RVLM is a region of the medullary retirular 
formation that contains tonic vasomotor neurons-Leo neurons that exert IOnic 
excitation of the IML. TIle CVLM can be activated by the vestibular system and higher 
nervous system centres directly, or indirectly via the NTS. It contains neurons Ihal 
inhibil the RVLM. 

Therefore, there are two phases to veslibulosympathelic reflexes-excitatory and 
inhibitory phases. In some instances, vestibulosympathetic reflexes will consist of an early 
excitatory phase and a late inhibitory phase. 'nlis type of re{lex helps 10 protect the 
individual from the effects of orthostatic stress. which occurs when one stands up quickly. 
Therefore, onhostatic hypotension is not only dependent on baroreceptor activity. but 
also on vestibulosympathetic re{lex.es. 

These reflexes are very complex. and it appears that certain neurons within the 
vestibular system may have a greater effecl on the excitatory phase and others have a 
greater effect on the inhibitOry phase. Whatever the case, it should be clear that increased 
output from the vestibular nucleus or vestibular receptors can increase both sympathetic 
and parasympathetic activity at the same time. For example. this may resull in a rise in 
blood pressure and sweating due to activation of the RVLM and hypothalamus and 
increased tearing and bowel activity due to activation of the SSN and the DMN of the 
vagus. A loss of vestib1 ular activity may lead to onhos131ic hypotension due to poor 
maintenance of vasomotor tone when changing posture. Significant overactivity of the 
vestibular system could also create the symptoms of light-headedness due to excessive 
vasomotor lOne throughout the carotid tree. 
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Horner's Syndrome 

Disruption of the sympathetic chain at any point from the hypothalamic or supraspinal 
projections 10 the oculomotor nerve can result in a spectrum of symptoms referred 10 
as I lorner's syndrome. The classic findings in this syndrome include ptosis. miosis, 
and anhidrosis but a number of other abnormalities may also be present. Ptosis or 
drooping of the upper eyelid is caused by the interruption of the sympathetic nerve 
supply to the muscles of the upper eyelid. Miosis or decreased pupil size is a result  of the 
decreased aClion of the dilalOr muscles of the iris due to decreased sympathetic inpul. 
"111i5 results in the constrictor muscles ading in a relatively unopposed fashion, resulting 
in pupil constriction. A I lorner's pupil will still conslrict when light is shined on lhe 
pupil although careful observation is sometimes required to detect the reduced amount 
of constriction that occurs. Another test that can be used in these cases util izes the 
ciliospinal re{lex, which resuits in pupil dilation in response (a pain. A pinch applied to 
lhe neck region will resul t  in bilateral pupil dilation under normal conditions. I lowever, 
in the case of unilateral disruption of the sympalhetic innervation as in I lorner's 
syndrome, the pupil on the effected side will show decreased or absent dilation response. 
Occasionally the appearance of enophlhalmos or retraction of the eyeball into the eye 
socket occurs because oflhe relaxation of the eyelid muscles. Anhidrosis or reduced 
sweating capability sometimes also occurs on the ipsilateral face and neck in I lorner's 
syndrome. The affected skin will usually appeilr shiny and will feel smooth to the touch 
compared with the non-involved areas. Anhidrosis is usually not associated with 
postganglionic lesions or lesions above the superior cervical ganglion because 
sympathetic projections to the face and neck emerge from the sympathetic chain prior to 
the superior cervical gangl ion. I lowever, if the disruplion occurs in the hYPolhalamic 
projections to the IML, anhidrosis may actuilily be present on the entire upper quarter on 
the ipsil;ueral side.lhe causes of I lorner's syndrome can be multiple and varied and 
include ( Fig. 8. 10); 

• Infaras or haemorrhage of the lateral brainstem, 

• Trauma to the spinal cord; 

• Apical lung tumour, also referred to as Pancoast tumour or syndrome; 

• Trauma or tumour of the neck region; 

• Injuries or p"thology of the carotid plexus including carotid dissection; 

• I nterruption of the cavernous sinus including thrombus, aneurysm, or neoplasm; 

• I:racture or infection of the orbit; and 

• Ilhysiological asymmell), of sympathetic function. 

The Distribution of the Sympathetic 
System is Widespread 

The distribution of the sympathetic projections is widespread and in fact includes al l  
tissues of the body. Distribution from the major ganglia is discussed below. 

The supen·or c('nticnl ganglion arises from the axons of preganglionic neurons located in 
the spinal cord levels T I-2  and is physically located at the second and lhird cervical 
vertebral levels. Postganglionic axons project 10 the Slnlctures of the head and neck 
including: 

• Vasomotor fibres 10 the brain and eyeball; 

• Motor fibres 1O the pupil and smoolh muscles of the upper eyelid; 

• Motor fibres to the cil iary muscles of the lens; 

• Vasomotor fibres LO the meninges of the posterior cranial fossa; 

• Vasomotor fibres to the carotid bodies; 

• Vasomotor and visceromOlOr fibres 1O the sweat glands of the face; and 

Vasomotor fibres to the blood vessels of the face. 
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Fibres t o  puptl as long j 
nerves from the nasociliary 
branch of fifth nerve 

Third nerve 

r Fibre" 10 ,eyelid in branch of 
third nerve to levator 
palpebrae superioris 

Pathway starts in hYf'�lhalarnus;-+--�::o:I �--�-'-- Fill ""' to blood vessels 
transverse ganglion without 

"Y iisch,.ernia.�JI synapse Possible damage u 
in carotid artery thrombosis Ptosis of the eyelid 
migraine spasm Pupillary constriction 

Superior cervical oarlgIiC)n--__ .....::::p'"--A �;:�7-tt-;:.;L_/--- Lesions of the pathway in 
(final synapse) 

., posterolateral brain slem: 
Wallenberg's syndrome 
Multiple sclerosis lesions of cervical sympathetic """in:--)'--1I"" Pontine glioma 
Poliomyelitis Thyroid carcinoma 

Thyroid surgery 
Neoplastic lesions 
local trauma 
Surgical extirpation 

::::;O"'::::""'''F=----=- Lesions of cervical cord, usually 
rooll--7i!'-/ J.n�t:i:1 caused by central lesions: 

Syringomyelia 
Ependymomas 
Gliomas lesions of spinal ,� . . )T1-.J 

Apical carcinoma of lung 
Cervical ribs 
Aortic aneurysms 

synapse in interomediomediaJ and interomediolateral 
cells, the ciliospinal centre of Budge 

Avulsion of the lower plexus 
Fig. 8.10 This figure outlines the anatomy and location of a variety of causes of Horner's syndrome. The Inset 
shows the detailed anatomy of the fibres InnervatlnQ the pupIL 

111e middle ceroical ganglion arises from the axons of the preganglionic neurons in the 
IML of spinal cord levels T2-4 and is physically located at the sixth cervical vertebral level. 
Postganglionic axons project to structures of the neck including: 

• Both vasomOLOr and visceromotor fibres LO the thyroid gland; 

• Both vasomotor and visceromotOr fibres to the parathyroid glands; 

• MOlOr and vaSOI1lOLOr fibres to the trachea; 

• Motor and vasomotor fibres to the oesophagus; and 

• VasomOLOr fibres that accompany the C4 and CS cervical spinal nerves. 

TIle cervicothoracic or stellate ganglion arises from the axons of preganglionic neurons 
in the IML at the spinal cord levels TS-6 and is physically located at the venebral levels 
C7-1'1.  Postganglionic axons project to stmctures of the neck and upper chest including: 

• VasomOlOr fibres to the vertebral arteries; 

• Vasomotor fibres LO the C4, CS, C6. C7 spinal nerves; and 

• Vasomotor fibres to the cOlllmon carotid arteries. 

Sympathetic distribution in the thoracic area is consistent with the project ions of the 
paraspinal ganglia at each vertebral segmental level .  I lowever, the formation of the 
splanchnic nerves deserves mention. The splanchnic nerves are formed by preganglionic 
myelinated fibres that pass through the paraspinal ganglia without synapsing. although 
some evidence suggests that collateral branching of these fibres which do synapse in the 
ganglia may occur (Fig. 8.3). 
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Ill€' .�re/ller spllluc;I",,,: tlen1e is formed from preganglionic fibres of 1M I. neurons locaLed 
at the spinal cord levels "1'5-9. These axons project to the celiac and aonicorenal ganglia 
and the slIprc1rcnal glands where they synapse with their respective postganglionic counter 
parts. "I1lt� lesser sp/andmk "en'e arises from the preganglionic neurons in the 1M L al the 
spinal cord levels 1'9- 10. ' Ines€' axons project 1O the aonicorenal ganglion. The 
sympathetic projedions of the lumbar area are formed from axons of the IML neurons at 
the levels T8- 1 2  and project to the intermesenteric and superior hypogastric plexuses. 
I"he postganglionic fibres from this level, arising from the paraspinal ganglia, form the 
projections that course with the obturator and femoral nerves to the thigh. 

Ille pelvic sympathetic projeaions are formed from the axons of the preganglionic 
neurons of the I M I  ,\I the spinal cord levels TIO-l.2. 'Illese axons project to a series of four 
ganglia th.lt lie .1djacent to the .!>aCful11. Postganglionic fibres of these ganglia course with 
the tibial. pudendal. inferior. and superior gluteal nerves to their respective distributions. 

Ille autonomic innervation of several clinically important areas will be considered 
in detail 

Innervation of the Heart 

Preganglionic parasympathetic neurons that modulate the heart rale reside in the medulla 
.lnd synapse with postganglionic neurons adjacent to the heart. Parasympathetic fibres 
projea from the nucleus tractus solitarius. dorsal vagal nucleus, and the nucleus 
ambiguous and course to the periphery in the glossopharyngeal (eN IX) and vagus (eN X) 
cranial nerves. Direa connections exist between the sensorimotor cortex and the NfS, 
DMV, ilnd RVI..M These direct cortical projections 10 the NfSjDMV provide the anatomical 
IMsis (or conical innuences on both the baroreceptor reflex and cardiac parasympathetic 
control (/..amrini et al 1990). Ihese connections also display an ipsilateral predominance. 

rhe neurons of the NTS. DMN. and nucleus ambiguous also send projection fibres to 
the pregangl ionic sympathetic neurons in the I M L  and to other brainstem nuclei thai 
modulall.> sympathetic outnow ( L..lne & Jennings 1 995). " he right and left vagal 
projedions demonstrate an asymmetric distribution with the right vagal projections 
innervating some aspects of the anterior right and left ventricles and the left vagal 
projections innervating the posterior lateral aspeds of the ventricles. I lowever. the 
predominant innervation of the vagal prOjections terminates on the atrial aspects of the 
heart and include the sinus (SA) node. which usually determines the rate of the heartbeat. 
Ihe innuence of the vagal projections on the ventricles appears 10 be limited to 
counteracting the sympathetic innervation ( Rardon & Bailey 1 983). 

Sympathetic innervation of the heart can be separated inlO left and right sympathetic 
limbs based on physiological studies. Ihe right postgangl ionic sympathetic projections 
arising frol11 the paravertebral sympathetic ganglia including the stellate ganglia course 
10 the heart dnd innervate the atria and the anterior surfaces of the right and left ventricles. 
rhe left sympathetic projections have a more posterior lateral distribution and innervate 
the atriovelltricular (AV) node and the left ventricle (Levy et al 1 966; Randall & Ardell 
1 990). Stimulation of the sympathetic projections results in different physiological effects 
on the heart Stimulation of the right stellate ganglia produces mainly chronotropic effects 
!;uch as increases in heart rale. and stimulation of the left slel l.lle ganglia mainly results in 
inotropic effects such as altered cOOlractililY, changes in rhythm, and increase in systemic 
blood pressure ( Levy et ill 1 966; Rogers et al 1978) (Fig. 8. 1 1 ) . I ncreased stimulation to 
either or both ganglia results in a decreased fibrillation threshold (Schwartz 1984; Swanz 
et al 1(94). With respect to cortic,,1 cOOlrol of cardiovascular function. the research 
suggests that asymmetries in brain function can innuence the heart through ipsilateral 
pathways. It is quite clear that stimulation or inhibition at various levels on the right side 
of the neuraxis results in greater changes in heart rate. wbile increased sympathetic tone 
on the left side of the neuraxis results in a lowered ventricular fibrillation threshold. This 
occurs because parasympathetic mechanisms are domin"\I1t in the atria. while sympathetic 
mechanisms are dominant in the ventricles (Lane et al 1 992). 

Innervation of the lungs 

" he posts<,nglionic sympathetic fibres projeding to the lungs arise from the paravertebral 
ganglia at the vertebral leve1sT2-5 and project to the bronchi and blood vessels ofthe lung. 
l.:.xcitalion of the sympathetic fibres causes dilation of both the bronchi and the blood vessels. 
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IOOOlropic 
(rate) 

AutonomIC Innervallon 

Lett+ 

ChronotropIC 
(rhythm) 

Fig 8 1 1  This figure outhnes the autonomiC InnefVatlQ(l to the heart . The different prOJe<:tlOn patterns of the left 
and fight nerve supplies may explain the different clinical findings of nght and left autonomiC dystOnia 

Parasympathetic supply arises from the OMN of the vagus nerve and courses to the 
lung in the vagus nerve, where the fibres synapse in the numerous pulmonary plexuses 
loc.tled throughout the lung tissues. Postganglionic fibres Ihe11 project to the bronchi, 
S(,CTt.'tOl), glands. and blood vessels of the lung. Excitation of the parasympathetic fibres 
results in constriction of the bronchi and blood vessels and increased production of 
secretions from the glands. 

Innervation of the Kidneys 

Postganglionic fibres arise from the renal plexus and coursc to synapse on the vasomotor 
slnlCtures of the renal arteries. Lxcitation of these fibres results in constriction of the renal 
arteries. Parasympathetic projections arise from the vagus nerve and course to the vasomotor 
structures o(the renal artery. Excitation of mest' fibr� ((-"Suits in dilation of the renal arteries 

Medulla of the Adrenal Glands (Suprarenal Glands) 

l11e sympathetic fibres that arrive at the medulla of the adrenals are presynaptic in nature. 
usually coursing through the greater splanchnic nerve. The fibres synapse on the secrctory 
cells of the medulla. which are embryological homologues of the postganglionic neurons 
in the paraspinal ganglia and act as the postganglionic component for the preganglionic 
projections. 'Ine neurotransmitter released is acetylcholine as it is in all other 
preganglionic autonomic synapses. Excitation of these fibres results in an increased 
production and secretion of the catecholamines norepinephrine and epinephrine from 
the adrenal medulla. 

Innervation of the Urinary Bladder 

The innervation of the bladder is complex. Afferent sympathetic fibres emerge from the 
muscle tissue of the bladder. the detrusor muscle. and course through the hypogastric 
nerve to the upper lumbar sympathetic ganglia. They then course with the posterior nerve 
roots to the IML neurons al the levels 1'9-1..2 in the spinal cord, 'Ihese fibres probably 
transmit proprioceptive and nOCiceptive information from the bladder [((erent 
sympathetic fibres project from the IML neurons at the levels T 1 1 - 1 2  and course with the 
white rami to the hypogastric plexus where they synapse and join the hypogastric nerve to 
reach the detrusor muscle and internal sphincter of the bladder. Excitation of these fibres 
results in contraction of the illlernal sphincter muscle and inhibition ohhe detnlsor 
muscle. Parasympathetic innervation involves both afferelll and effercllt projcctions. The 
af(ere11l projections arise from the bodies oflhe detnlsor and internal sphincter muscles 
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and course with the pudendal nerve to the 52-4 posterior nerve rOOts, terminating in the 
anterolateral grey areas of the spinal cord at these levels. These fibres probably carry 
proprioceptive, nociceptive, IOllCh, temperature, and muscle stretch information frol11 the 
bladder tissues. The efferent parasympathetic fibres pass from the 52-4 segments or the 
spinal cord to the hypogastric plexus where they synapse and proiea to the detrusor and 
internal sphincter muscles. Excitation of these fibres results in excitation of the detrusor 
and inhibition orthe internal sphincter muscles. 

The external sphincter is innervated by the pudendal nerve, which arises from the 
anterior horns of the 52-4 spinal roots. These fibres are under volumary control ;md 
excitation results in contraction of the external sphincter Illuscle. Afferem fibres carried by 
the pudendal nerve relay proprioceptive and nociceptive information from the external 
sphincter muscle and posterior urethra. 

Conical control over micturition also exists. Areas in the paracentral lobule oflhe 
corte.x evoke excitation of bladder conlraclions; this may play a role in the voluntary 
control over micturition (Chusid 1 982) ( Fig. 8. 1 2 ) .  

'me sympathetic nerves t o  the detnlsor muscle have lillie or n o  action o n  the smooth 
muscle of the bladder wall and ctre mainly distributed to the blood vessels. In the male, 
sympathetic activation results in contraction of the sphi ncter and bladder neck during 
ejaculation in order to prevent seminal fluid from entering the bladder. Urination is 
brought about by activation of the parasympathetic system that results in contraction of 
the demlsor muscle and relaxation of the internal sphincter along with voluntary 
relaxation of the external sphincter through cortical stimulus. 

Erection of the Penis and Clitoris 

The parasympathetic system controls the engorgement of Ihe penile and c1 itoral tissues. 
Engorgement of lhese tissues results in erection ofl ile penis and expansion oflhe clitoris. 

Motor 

Ttt  

SympathetiC chain Tt2 
L1 
l2 

Pudendal Dlexus ---- ...,." 

PelVIC nerve -------+-J 

Inferior hypogastric Dan'Dlia, � 

Pudendal nerve 

---- Parasympathetic 
Sympathetic 

--- Samatic 
--- Sensory 

/,"'I"�� 

Sensory 
T9 
TlO 
Tl t Sympathetic chain 
Tt2 
L1 
l2 

.. t ____ - Pudenda�� plexus 

.tiQ...-+_----- pelvic nerve 

__ -----___ �����-i-----H\'�laslnc nerve 

Inferior hypogastric ganglia 

"--_ ellDel1Da,I nerve 

�- E,�emal urinary sphincter 

Fig 8 1 2 This dlaqram outlines the anatomy and nerve pathways Involved With penile and clitoral erection 

217 Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

218 

I'he preganglionic parasympathetic fibres arise from the lau�ral grey area of the s.lcral 

spinal cord levels S 1-4 and synapse in the hypogastric plexus. 111(' postganglionic 
projections course with the pudendal arteries LO innervate the tissue of the penis .lnd 

clitoris. Excitation of the postganglionic fibres results in massive increases in blood flow to 
the tissues and results in erection. 

Ejaculation is accomplished through the action of the sympathetic nervoliS components 

that arise in the gr� mailer of the spinal cord at the spinal cord levels I 1-2. ·n1(, preganglionic 
fibres synapse in the lumbar ganglia. '111(' axons of the postganglionic neurons then course 10 
the vas deferens. the seminal vesicles, and the prostate gland through the hypogastric plexuses. 

Excitation of the postganglionic projections results in waves of conlraClion of the smooth 

muscles of these structures and the ejaculation of sperm (Snell 2001). 

Innervation of the Uterus 

Ihe innervation of the uterus is mainly through the preganglionic neurons th.lt arise from 
the T1 2-Ll levels of the spinal cord. lne preganglionic fibres course through the p.lraspinal 

ganglion to the inferior hypogastric plexus where they synapse. 'nle axons of the 
postganglionic neurons then project to the smooth muscle of the uterus were excitation 
results in vasoconstriction and muscular contraction. Parasympathetic prt'g3nglionic fibres 
arise frol11 neurons in the spinal cord levels S2-4 and synapse in the hypogastric plexuses 

before projecting to the sl1100th muscle of the uterus, Excitation of lhes€' fibres results in 
relaxation of the uterine muscles and dilation of the blood vessels. '1l1C lHenlS is also under 

a high degree of hormonal control as well as neuronal control (Snell 2001). 

Referred Visceral Pain 

Since most of the viscera is only innervated by .1utonomic projections, afferent autonomic 
nerve pathways must relay nociceptive, temperature. and proprioceptive information back 
to the central nervous system. Usually visceral pain is poorly localized and difficult to 
qualitatively describe. Frequently information transferred by afferent autonomic fibres is 
perceived in Olher areas of the body also innervated by the s.une segmcntal levcis, 1l1is 

phenomenon is called referred pain. Cenain areas of the body have been consistently 

identified with referred pain from specific organs. These are referred to as .l referred IMin 
pauems (Fig. 8 . 13). 

Gallbladder 

( 

Gallbladder 

Jejunum to ---j-:-----i! 
transverse 
colon 

Transverse 
colon to anal 
canal 

Fig 8 1 3  This figure outlines the referred pain patterns from a variety of organs 
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Sympathetic Control of Blood Flow 

Flow ralC is directly proportional to the pressure gradient and inversely proportional lO 
the resistance. For example, if resistance increases because of narrowing of the blood 
vessel, the flow rate will  decrease if the pressure gradient remains constant Resistance 
would increase if the vessel reduced its diameter, because a greater proportion of the 
blood would then come into C011laCl with the surface area of the vesseL therefore creating 
grealer friction. '11£ resistance i ncreases with the length and diameter of the vessel{s). 
As the length of the vessel increases or the diameter decreases, a given amount of blood 
will come into conlact with the vessel wall mOfe often and thus increase the resistance to 
flow. Pressure is greater nearer the heart because resistance is less due to the large 
diameter of the vessels and the relatively short distance the blood has flown at that point. 
The pressure gradient depends on the pressure al the beginning and the end of !.he 
system, not on the absolute pressure within the vessel. When resistance increases, so too 
Illust the pressure gradient 10 maintain the same flow rate. The heart would therefore 
have 10 work harder. 

To summarize: 

1 .  Viscosity of the blood; 

2. Vessel length; and 

3. Vessel radius 

all influence resistance of the vessel .  

• A slight change in diameter of the vessel can bring about a large change in flow rate 
because of the resistance being inversely proportional to the fourth power of the 
radius. 

The arterial system acts as a pressure reservoir 10 maintain flow rate when the 
heart is relaxing-i.e .. the large vessels extend and then compress because of the 
presence of large amounts of elastin in the walls of the vessel. A greater amount of 
blood enters the same than leaves it  during systole-about a third of the amount 
leaves. 

• Capillary flow stays the same during the cardiac cycle. 

• Mean arterial pressure is the main driving force offiow rate. It is equal 10 diastole + 
I/, diastole. 

• Mean arterial pressure = cardiac output x IOta I peripheral resistance. 

• Arterioles arc the main resistance vessels-capillaries do not offer as much 
rt'sistance. 

• nlerc is a significant drop in mt'an prt'ssure in tht' artt'riolt'S because of a high 
degree of arteriolar resistanct' (from -93 10 37mml lg). This helps to create the 
pressure difft'rential and the driving force for blood flow. 

With an increased arteriolar vasoconstriction, this will increase mean arterial pressure 
upstream. thereby increasing the driving force of blood flow 10 olher regions. Other local 
factors will also then innuence the actual level of fuel delivery 10 any one region. 

Sympathelic innervation causes constriction in most vessels, bUI heart and skeletal 
muscle are capable of slrongly overriding the vasoconstriclOr effecl through powerful 
local metabolic mechanisms. For example. an increase in exercise-induced sympathetic 
innervation 10 the heart leads to a greater cardiac output and increased overal l  
sympathetic vasoconstrictor tone. Vessels in the heart and active skeletal muscle will  
dilate in response 10 greater metabolic activity and benefit from an ovt'ral l  increase in  
upstream driving force. Skeletal and heart muscle also have beta2 receptors for 
epinephrine (adrenalin) that is released from the adrenal medulla in response to 
increased sympatht'tic i nnervation-beta2 receplOr activation reinforces the 
metabolically induced vasodilation in these areas. 

Vasoconstriction is prominent in the digeslive tract during exercise 10 accommodate the 
increased driving force to metabolically active organs (heart and muscle). 

Sympathetic innervation to smooth muscle of the arterial tree helps 1O maintain 
a constant driving force (or head of pressure) of blood flow to the brain and heart. 

In short. cerebral blood now is largely dependel1l on local metabolic faclOrs as there is 
no sympathetic innervation to most of the arterioles in the brain. In response to greater 
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metabolic demand there is a change in blood flow velocity through the internal carotid 
vessels and major branching vessels (ACA, MCA, PCA ctc.) such that velocity increases. 
As cardiac output is nOI changing. there is a compensatory decrease in  velocity of blood in 
other vessels supplying metabolically i nactive regions orthe brain or those areas thai are 
inhibited. Research has shown an i ncrease in blood now velocity in the internal carotid 
vessels accompanying ablation (destruction) of ipsilateral sympathetic ganglia and also in  
cases whereby brain metabolism was expected to increase on that same: side (e.g. right or 
left brain cognitive activities). A compensatory decrease in velocity is of len observed 
contralaternl ly. 

Other research shows an increase in blood flow through vessels to the eye (opluhalmic 
artery is a branch of the internal carotid artery) on the same side as sympathetic 
denervation. The forehead vessels receive their sympathetic innervation via the same 
plexus. and forehead skin temperature asymmetry correlates with research showing internal 
carotid blood flow asymmetry in migraine sufferers (some conflids, however}-internal 
carotid or MCA dilation and forehead skin temperature increase during the headache phase 
of the migraine. 

Forehead skin temperature would therefore be expected 10 decrease in response to 
sympathetically mediated vasoconstriction or a decrease in blood flow through supply 
arteries-this would be associated with relative vasoconstriction of all associated vessels in  
that vascular tree. nlis may have a large influence on some aspects of  visual function 
related to both retinal and cortical mechanisms. 

In summary. and based on much broader l i terature searches, the best bet at this point 
seems to be that hemisphericity will more likely (and in more cases) be associated with 
decreased forehead skin temperature on the same side. Do not forget also that if 
hemisphericity is associated with a loss of inhibition of ipsilateral IML, then one would 
expect to see greater vasoconstriction of forehead vessels anyw'ay. "nlE�' integrity of the 
PMRF and vestibular systems is vital in all this. Sometimes, forehead skin temperature will 
be seen to be decreased on the same side as vestibular escape because of excitatory 
vestibulosympathetic renexes-however, the side of vestibular escape will often be the 
same side as decreased hemisphericilY due to decreased contralateral vestibulocerebellar 
function (Sexton 2006). 

Clinical Examination of Autonomic Function 

What components of the neurological, physical, or orthopaedic examinations allow one 
to gain information abollt autonomic function? Complete examination techniques are 
covered in Chapter 4. ' Iowever. due to the importance of the autonomic examination in 
determining the functional state of the neuraxis the autonomic examination is reviewed 
again here. 

Pupil Size and Pupil Light Reflexes 

"l11ese are dependent on sympathetic and parasympathetic tone. Vestibular, cerebellar. and 
cortical influences on both sympathetic and parasympathetic tone should be considered. 
Some of these influences are discussed earlier in the manual. 

Width of Palpebral Fissure (Ptosis) 

" 11is is dependent on both sympathetic and oculomotor innelVation. 'Iherefore. one needs 
to differentiate between a Horner's syndrome. oculomotor llelVe lesion, or physiological 
dlanges in the CIS of the MRF. 

Blood Pressure 

Blood pressure should always be measured on bOlh arms. Blood pressure is dependent 
in pan on the peripheral resistance. which can be different 011 either side of the head and 
body due to asymmetrical control of vasomotor tone. Increased vasomotor tone can occur 
because of decreased integrity or CIS of the ipsilateral rM RF. or because of excitatory 
vestibulosympathetic reflexes. 
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Skin Condition 

I ncreased peripheral resistance may resull in decreased integrity of skin particularly at the 
extremities. 

Ophthalmoscopy-Vein to Artery (V:A) Ratio and Vessel Integrity 

Ophthalmoscopy is useful for assessing the vascularity of the optic disc and retina. l11is 
should accompany measurement of the blind spot size as changes in the morphology 
of the optic disc and peripapillary region of the retina could explain the shape or Si7..e of 
the blind SpOI. Changes lhal occur before and after an adjustment or other activity are 
functional in nature, 

"nlC V:A ratio refers to the difference in size of the veins and arteries thal brandl from the 
central retinal artery. A large difference may be due to i ncreased sympathetic output, which 
causes grealer peripheral resistance and constriction of aneries. '111e condition of blood 
vessels can also be helpful as an indicator of cerebrovascular integrity (Figs 8. 1 4  and 8. 1 S) .  

Nystagmus can also be detected very easily. 

Heart Auscultation 

Arrhythmias and changes in hean sounds can occur due to altered CIS of the PMRF. 
A detailed discussion is beyond the scope of this book. 

Bowel Auscultation 

'111is can be panicularly useful during some treatment procedures to monitOr the effect 
of stimulation on vagal function (e.g., caloric irrigation-further instruction required, 
adjustments and visual stimulation or exercises, etc). 

Skin and Tympanic Temperature and Blood Flow 

lllis is panicularly useful as a pre- and post-adjustment check. Profound changes in 
skin temperature asymmetry can occur following an adjustment. l11ese changes are 
side dependent. An adjustment on the side of decreased forehead skin temperature will 
commonly result in greater symmetry or reversed asymmetry. Conflicting results are l ikely 
to be dependent on a number offaclors, which are currently being investigated further. 
Remember that forehead skin temperature depends on fuel requirements of the brain, and 
vestibular and conical influences on autonomic fundion among other things (Sexlon 2006). 

1 :  1.5 

V:A ratio 
1 .5:1  

'--�--- Artery 

------'\--Vein 

1 :2.0 

V:A ratio 
2.0:1 

Fig 8 14 ThiS figure Illustrates the concept of the vein to artery ratio (V:A ratio) in the artenes of the retina. 
A normal ralto IS 1.5: 1 which IndICates that the vein IS slightly larger than the artery. If the V:A ratio Increases 
It may mean the vein has expanded or the artery has contracted A common cause of an Increased V:A ratIO is 
sympathetic over activation. 

221 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

References 

OptIC disc 

Physiological 
cup 

Macula 

VeIn 

Artery 

Fig 8 1 5  This figure demonstrates the normal anatomy of the retina 

Dermatographia-The 'Flare' or Red Response 

rhe red response is often observed in patients who suffer from chronic inOoll11malOl'Y 
conditions or heightened sensitivity to pain. See complex rt..>gional p.lin syndrome in 
Chapler 7 

Lung Expansion, Respiratory Rate, and Ratio 

An in�pir,lt ion: expiration ratio of 1 .2 is considered to reprcscnI approxlillately nOTmal 
sympathovagal balance-i.e., expiration should take twice as long as inspiration rhis is 
difficult to achieve for some patients at first and requires some training 

Shallow and rapid breathing can rt.'Suh in respiratory alk.:llosis. which IC.lds La 
hypersensitivity in the nelVous system. CO� is blown off at a higher rate, resulting in 
decreased 1 1 1 ' 1  ions in lht' blood. Lower ICa" 1 fol lo\\ls, causing I N.l·l lo risc in t'xlraccllul,lf 
nuid. 'Ihis can be st'en clinically by lht' presence of percussion myotonia, which is seen in 
various metabolic and hormonal dison.krs, or due to changes in segmt'nt(ll or supraspinaJly 
mt'di.llt'd innervation. Percussion myotonia C�ln be tested by striking the thenar eminence of 
the thumb and watching for involuntary nexion of the thumb or spasmatic contraction of the 
thenar muscJt'S for a prolonged period of greater than a second or t\\'o. 
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The Cortex 

Introduction 

The cOrtex is encased in a boney protective covering and cushioned by several 
membranous structures referred to as the meninges. TIle meninges are composed of three 
layers; the dura mater, the arachnoid maler, and the pia maler. These membranes are 
involved in a variety of functions such as production and resorption of cerebral spinal 
nuid, cushioning the brain, and transmitting a variety of blood vessels to the brain. The 
conex itself is a complex conglomeration of neurons, axons, dendrites. blood vessels, and 
glial cells. Although traditionally we have spoken of functional localization of a variety of 
areas of cortex, in reality the functional systems of the neuraxis work in conjunction with 
each other to produce the best possible outcome for the circumstances at hand. For 
example, lhe thought processes that we will attribute 10 the frontal conex need to interact 
with the basal ganglion in order to flow and unfold in a meaningful way. In lhis chapter a 
variety of disease processes that can affect the meninges and the conex proper and conical 
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dysfunctions such as Alzeimer's disease and epilepsy and the result of these dysfunctions 
will be discussed. The functional projections and networks of the cortex, as well as ways of 
clinically measuring the activation levels of these systems, will also be examined. 

, 

Embryological Development 

Neuronal fate in the mammalian cortex is influenced by the timing of cell differentiation, 
which is dependent on both genetic and environmental factors (see Chapter 2). 111e 
cerebral cortex neurons are generated in the ventricular wne by the epithelial layer of 
progenitor cells thal lin€: the lateral ventricles. They migrate to the cortical plate, which 
eventually develops into the grey matter of the COrtex. The final position assumed by these 
neurons depends on their 'binhmoment' or time of lasl division. TIle migration occurs 
along radially organized glial cells called radial glia, which guide the migrating neurons to 
the cortex. The layering of the neurons in the cerebral cortex is established with an inside
first, outside-last manner so that the newest neurons must pass over and around the more 
mature neurons probably gaining information from the previously established neurons as 
they pass. 

I 
, 

, 
The Meninges 

The meninges are layered structures that contain cerebrospinal nuid and give protection to 
the brain and spinal cord. The meninges are composed of three layers; the dura maler, the 
arachnoid mater, and the pia mater (Figs 9.1 and 9.2). 

The dum mater is the tough fibrous outer component of the meninges and is composed 
of twO layers. 111e periosteal layer is intimately attached to the inner surface of the skull 
bones. The second layer is the meningeal layer of the dura. 111e periosteal and meningeal 
layers of the dura are lighuy connected in most areas except where the meningeal layer 
projects deep into the cranial cavity and forms tough fibrous sheeLS, the falx cerebri and 
the tentorium cerebelli, that divide the cranial space into well-defined sections. lne falx 
cerebri divides the cerebral hemispheres along the median plane of the skull. The 
tentorium cerebelli forms a sheet-like structure that separates the cerebellum from the rest 
of the brain. This is an important landmark as anatomical structures are referred to as 
infratentorial if they are below or inferior to the tentorium and supratentorial if they are 
superior or above the tentorium. Several important structures must pass through the 
tentorium in order to enter the brainstem and spinal cord. These structures pass through 

DUra 

Vessel with leptomeningeal coat _1l!)1::trn::;;:=� Sheet-like trabecula 

Filiform trabecula -------- 1/ {If-- Penivascular space 

Pia _----'K- Blood vessel 

Pial reHectioo ----t-- Subpial space 

Brain ----------'� 
Penivascular space 

Fig. 9.1 The relationships of the three layers formmg the menmges 
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,)11 opening in the tentorium referred to as the tentorial notch. This is an important 
clinical point because SlntClures plll undcr increased pressure because of space-occupying 
lesions or cerebral spinal nuid blockage can be squeezed into the notch. resulling in 
damage Jnd dysfunction of the tissues passing through the notch "nd of the tissues forced 
into the notch. The falx ccrebri is another structure Ihal can be potentially damaging lO 
neuTal tissue that gels forcibly pushed into or under it by increased intracranial pressure. 

Ihe arlldl1lDitlltl)'l'r is composed of thin spider web·like attachments to the dura 
superiorly and the pia inferiorly. '111£ pill mater adheres very closely to the surface 
parenchym,l of the brain. rhis layer follows the surface of the brain intO all of the surface 
gyri and sulci Vessel must past through the pia to get to the parenchyma of the brain, As 
,111 ,lrtery enters the cortex, a I.lyer of pia mater accompanies the vessel into the brain. With 
decreasing sile of the vessel. the pial coating becomes perforated and finally disappears at 
c�lpillary levcllhe perivascular space between the artery and the pia mater inside the 
brain is continuous with the perivascular sp.lce around the meningeal vessel. Veins do not 
have.l simil;u co.Hing of pia mater. 

111(' way in which the meninges conl1ect to each other and the structures that they attach 
to gives rise to thrl'C clinically important spaces or potential spaces, the epidural space, 
the sub.uachnoid space, and the subdural space. 'The epidural spm:e is a potential space that 
can form hetween the dura and the bone of the skull. "11e meningeal arteries run in the SI);1ce 
bctween the tightly adherent dura and the skull. 'll1e middle meningeal artery passes the 
tempor.ll hone. which is the thinnest bone of the skull and thus the most easily fractured. 
Irillinla to the temporal bone can cause tems in the meningeal arteries and result in blood 
escaping into the potential epidural space. As the blood builds up it forces the p�riost�al la)'t'r 
of dura away from the bone and bulges into the arachnoid and pia layers, eventually exerting 
pres�ur� on the brain, '!11is process is referred to as an epidural haematoma (rig. 9.3). 

f/lltiumllwcmllwttlas arc usually rapidly growing and expanding as the anerial pressure 
spre.uls the periosteal dura from the bone of the skull. rhe dural separation continues 
until it re,lchcs a cranial suture where the dura is much more tightly joined to the skull. 
'111is resulls in an expansilc lesion that takes the shape of a biconcave lens. Clinically the 
patient may experience a lucid interval following trauma to th� skull where they may not 
have any symptoms, Within a few hours the expanding haematoma starts to compress the 
brain and results in increased intracranial pressure and death if not treated. 

n1t� mbduml SpiKe is clinically important because of the many bridging veins leaving 
the br,lin parench}rma and exiting through the dura to the venous sinuses. Subdural 
JIIlt'ttlmotlla (SDII) results when the bridging veins flowing from the cortex parenchyma to 
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Fig 93 The development of an epidural (extradural) haematoma In the epidural space 

Fig 94 The development of a subdural haematoma In the subdural spate 

the sagittal sinus experience a trauma severe enough to tear them. This results in a slow. 
growing. low-pressure haematoma in the potential space between the dura and the 
arachnoid layers which often occurs in the parietal area of the conex. lnere is no classic 
pattern of presenting symptoms but they are often trauma induced. The trauma need not 
be extreme and in fact, trivial t[auma is suspected in over 50% of cases. 

'me symptoms o(SOII often mimic other cerebrovasrular events or space-occupying 
lesions. Alcohol consumption reduces clotting mechanisms and often results in head 
trauma from falls. Anticoagulants can also increase the risk o(SOII from minor trauma in 
the elderly (Fig. 9.4). Chronic 5ubduraillaemalOmm can take weeks to months in the elderly 
before they start to experience symptoms. This is mainly due to the low4pressure, slow 
leak from the veins and the fact that brain tissue shrinks somewhat as we age and allows 
a greater space for the blood to occupy before interference with function occurs. ACUfe 
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slIhdllrallltiemafOttlru require a considerable amount of traumatic force to occur and as such 
are usually associated with other serious brain injuries like lfaumatic subarachnoid 
haemorrhage and brain contusions. 

The sub(lrtlcimoid space, which is the space between the pia and arachnoid layers, is 
divided by trabeculae and contains the cerebrospinal fluid and the major blood vessels 
of the brain. A major clinical consideration of this area is the possibility of a subarac1moid 
liaemorrhage. lhese most commonly occur when a pre·exisling aneurysm located on the 
aneries traversing the subarachnoid space fails and blood leaks out into the space. 
'11e aneurysm can develop a slow leak or simply burst. Less than 15% of patients have 
symptoms prior to rupture, but following rupture the symptoms include the simultaneous 
onset of severe headache with nausea and vomiting. The headache is often described as 
the worse headache of their life. Photophobia and neck stiffness may also accompany the 
other symptoms. Because of the similarity of presentation with meningitis and migraine 
these must be considered as differential diagnoses until ruled out 

Any process that causes an increase in intracranial pressure, such as intracranial tumours, 
haemorrhages, oedema, and altered cerebrospinal fluid pressures, can result in 
compression of brain tissue. The portion of brain that becomes compressed and the way 
in which it responds to the compression is dependent on the mass effect. TIle mass effect 
can result in numerous ramifications in different individuals; however, three clinically 
relevant situations involving compression of brain tissues through anatomically ridged 
structures, a process called herniation, will be outlined below. 

1. Transtentorial herniation involves the compression and protrusion of the medial 
temporal lobe, usually the uncus or periuncal areas, inferiorly through the tentorial 
notch (Fig. 9.5). Because of the pressure exerted on the mesencephalic area and the 
peduncles of the cerebrum, oculomotor dysfunction and hemiplegia can result. 
111e oculomotor damage usually results in a dilated pupil ipsilateral to the side of 
the lesion due to the unopposed action of the sympathetic nelVes. The hemiplegia 
usually occurs on the side opposite the lesion. Damage to the mesencephalic 
reticular system can also lead to loss of consciousness and coma. 

2. Central herniation is the downward displacement of the brainstem. The action of 
the downward displacement may traction the abducens nelVe (eN VI) and cause 
lateral rectus palsy (Fig. 9.5). 

3. Tonsillar herniation occurs when increased intracranial pressure forces the tonsillar 
region of the cerebellum down through the foramen magnum of the skull. Because 
of the high pressure experienced in the medullary region this condition usually 
results in respiratory arrest, blood pressure instability, and death (Fig. 9.5). 

4. Subfalcine herniation results when the cingulate gyrus is pushed under the falx 
cerebri and into the other half of the brain. No specific clinical signs may be 
present with this condition (Fig. 9.5). 

Fall( cerebri 

Lateral 
ventricle 

cerebeUi 

Uncal transtentorial 
herniation 

herniation 
FIg 95 The effect of unequal dlstnbutlon of intracramal pressure that may result In the shIftIng of position of braIn 
structures known as the mass effect 
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Cerebral Spinal Fluid (CSF) 

Cerebral spinal nuid is normally a clear, colourless, and odourless Ouid that diffuses over 
the brain and spinal cord. CSF probably functions lO cushion the brain and spinal cord 
from external jarring or shocking forces thaI may be transmitted through the tissues to 
readl these structures. CSF may also function in some capacity as a metabolic transport 

medium, transporting nutrients to the neuraxial cells and metabolic wasle products away 
from the neuraxial components. CSF may also function as a pressure distributor in cases 

where changes in intracranial volume have occurred such as in postoperative lesions 

where the removed tissue area fills with CFS. The CSF is fOfmed by the dialysis of blood 
across the tissues of the choroid plexuses found in the ventricle of the brain and 
brainslem. The circulation ofCSF occurs in two systems, the internal system which 
includes the two lateral ventricles, the interventricular foramens, the third ventricle. the 
cerebral aqueduct, and the fourth ventricle. and the external system, which includes all of 

the external spaces surrounding the brain and spinal cord including the various cisterns. 
Communication between the internal and external systems occurs via two lateral 

apertures in the fourth ventricle referred to as the foramens of Luschka, and a medial 
aperture also in the founh ventricle referred to as the foramen of Magendie. The IOta I 
volume ofCSF in all systems measures about 150cml.1"e CSF is formed at the rate of 
aboul 20cm'/hr or about 480cm '/day. This means that all of the CSF in your body is 
replaced about 3.2 limes per day. This is accomplished via absorption or the CFS by the 

arachnoid granulations located along the superior longitudinal sinus which allow the 
CSF to enter the venous drainage system and return 10 the general circulation (Fig. 9.6). 

QUICK FACTS 1 Summary of CSF Examination 

230 

____ Emissa"v vein 

-T'''' ,'.N of superficiallemporaJ vein 

___ - [)ipk)� vein 

.,_-E"'durall space 

matter 

-- �;ubarachnoKl space 

::---P'ia matter 
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fig. 9.6 The anatomICal structures of absorption of the (Sf. ThiS process IS accomplished by the arclChOOld 
granulatIOns located along the superior longitudinal sinus which allow the (Sf to enter the venous drainage 
system and return to the general circulation. 
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Fig 9.7 The flow of (SF through the (SF system. Note the presence of chorOid plexus In all of the venUlcies 

The CSF circui.ucs from the lateral ventricles, through the third vemricJe, to the fOllrth 
ventricle where it then enters the external system and bathes the spinal cord and the 
external surface of the brain (Fig. 9.7). 

Clinical Examination of Cerebral Spinal Fluid 

Examination of the CSF can be a valuable tool in the diagnosis of several conditions such as 

inrection that can affea the neuraxis. A common procedure utilized to obtain CSF is the lumbar 
punaure. "[his procedure provides direct access to the subarachnoid space or lumbar cistem 
which contains the CSF (Fig. 9.8). ll1is procedure can be used La obtain samples orCSE 
measure the pressure or the CSft remove excess CSF ir necessary, and ao as a conduit ror the 
administration or medication or radiographic contrast material. The CSF is examined ror a 
variety or different elements: 

I .  CSF pressure-Normal value i s  100-200 mmH]O (7.7-15.4mmllg). Elevated CSF 
pressure may be caused by blockage or the ventricular drainage system, 
overproduction, or space-occupying lesions. l"e two most common causes are 
meningitis and subarachnoid haemorrhage. Brian tumours and abscesses will 
cause an increase arter a delay or days to weeks. 

2. CSF appearance-Normal CSF is clear and colourless. CSF is generally white or 
cloudy ir significant white blood cells (WHC) are present (over 400/mm3). CSF 
may appear red or pink ir red blood cells (RHC) are present; however, ir RBC have 
been in the CSF ror more than 4 hours the fluid may appear yellow (xanthochro
mia). This is due 10 the breakdown or haemoglobin. 
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Fig 9.8 (A) Position of patient and landmarks for needle InsertIOn. (B) location of needle relative to structures of 
the lumbar cIStern. SWitch between measurement of (SF pressure or collection of (SF samples can be selected 
With a three-way stopcock. as shown 

3. CSF glucose-Normal is 45 mgJ 100 011 or higher. The most significam clinical 
finding is a decrease in glucose concentration.lnis occurs in virtually every case of 
bacterial meningitis. Other causes of decreased glucose include: 
• Bacterial invasion; 

• Fungal invasion; 

• Tuberculosis; and 

• Subarachnoid haemorrhage (due lO release of glycolytic enzymes). 

Since a relationship exists between blood glucose and CSF glucose levels, a 
blood glucose concentration measure should be performed at the same time as 
the CSF sample is taken. 

4. CSF prolein-Nom1al value is considered to be 15-45 mg/ 100 011 in adults. In 
newborns it may range as high as 150 mg/ 100 011. The most significant clinical 
finding is an elevation of protein concentration. Causes of increased protein 
concentration include: 

• Cerebral trauma; 

• Brain or spinal cord tumour; 

• Brain abscess; 

• Systemic lupus; 

• Multiple sclerosis; 

• Uraemia; and 

• Bacterial invasion. 
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5. CSF cell count-Normally the CSF contains no more than 5cells/mmJ, Under 
normal conditions virtually all of the cells present should be lymphocytes. Usually 
the highest leukocyte counts are found in aCUle bacterial infections such as 
meningitis. Usually the cell type most contributing to lhe leukocytosis in baaerial 
infections is the polymorphonuclear cell or neulrophil. 

Clinical Syndromes Involving the Meninges 

Meningiomas 

Meningiomas account for approximately 20% of all intracranial tumours. They arise from 
the dura. especially where the dura adheres densely to bone. A variety of different types of 
meningiomas include: 

• Acoustic and hypoglossal neuromas (neurofibroma); 

• Parasagiual meningiomas; 

• Surface meningiomas; 

• Sphenoid ridge; 

• Olfactory groove; 

• Tuberculum sella; and 

• Tentorial meningioma. 

Cerebral Abscesses 

A brain abscess is a focal suppurative process within the brain parenchyma. Abscesses may 
have a wide variety of causes including SlapiliocOCCU5 (wreu.s and Streptococcus. The majority 
of abscesses are mixed infections involving both Gram +ve and Gram -ve bacteria. lnese 
infections occur most commonly in association with three clinical settings: 

I .  Resulting from a cOllliguous she of focal infection, i.e. dental infection, sinusitis, otitis; 

2. Resulting from a distant site usually haematogenous spread from a lung infection; and 

3. Following head injury or surgery. 

'nle classic triad of headache. fever. and focal nelVe deficit is present in about 50% of 
cases. Other symptoms include seizures. papilloedema, nausea and vomiting. and nudlal 
rigidilY [Vogel 1994). 

Meningitis 

Meningitis is an inflammatory response to pathogen infection of the dura. arachnoid. and 
pia malers and the CSF. Leptomeningitis involves the pia-arachnoid layers and pachymen
ingitis involves the dura layer. Since the subarachnoid space and thus the CSF is continuous 
throughout the brain. spinal cord. and optic nelVes the entire neuraxis is usually affected. 

Are They Petechiae or Not? QUICK FACTS 2 

Access to the intracranial companment is by way of the bloodstream, whereas access to 
the CSF is through the choroid plexus or directly through the blood vessels of the pia 
mater. Although the pia appears to be delicate and fragile it actually forms a remarkably 
efficient barrier against the spread of infection, and it generally prevents involvement of 
the underlying brain tissue. 

Once a pathogen gains entrance to the CSF the immune system's counterattack is 
severely hampered, until a substantial population of the pathogen stimulates neutrophilic 
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pleocytosis in the c ase of b ade ri a inv asion or lymphocytic pleocytosis in the c ase Of.1 
virus inv asion (Scheid 1994; Pryor 1995). H acteri a gain entrance to the CSI by one of 

three proposed mechanisms: 

I. Chemic als released from the b acteri a c ause rel ax ation of the intercellular tight 
junction between the cells forming the blood-brain b arrier. 

2. B acteri a enter through the fenestr ations of the choroid plexus. 

3. B acteri a enter inside of m acrophages or other cells norm ally circulating through 
Ihe eNS. 

loe primary results of b acterial inv asion are: 

I. CSF neutrophilic pleocytosis; 

2. Increased permeability of the choroid plexus leading to increased CSI pressure, 
which results in an increased intr acranial pressure; 

3. Decreased cerebr al blood flow; 

4 Cortical hypoxia; 

5. CSF acidosis; and 

6. Neutrophilic inv asion of the subar achnoid space. 

Normal concentrittion ofWBC in the CSF is 0-5 cells/mm '. and almost all Me nOTllMlly 
lymphocytes. 

Meningitis m ay be c aused by a v ariety of org anisms, including Cryptococcus IIe% rmmls, 
which is a yeast found in the soil with a worldwide distribution. The incidence is aboul 
5/1,000.000 and it is most often found in people with a compromised immune system 

Risk f actors of immune compromise include lymphoma. di abetes, .1I1d AIDS. Symptoms 
of crypto coc ca l meningitis i nclu de: 

• Ileadache; 

• j:ever; 

• N ausea and vomiting; 

Sliff neck (Kemig's and BTUdzinski's signs m ay be positive-Fig. 9.9); 

• Photophobi a; 

• Mental st atus ch anges; and 

• llallucinations. 

Dia8nosis 
• Lumbar puncture must be performed. 

• CSF st ains m ay show yeast. 

• csr culture grows the ye ast. 

Brudzinski's neel< sign B KemIQ's sign 
Fig 9 9  (Al The performance of SrudZlnskl's neck sign. With the patient Iymg relaxed the neck IS qUIckly Itexed and when durallrrrlalion IS present the 
patlenfs knee WIll bend to reduce the stretch of the menmges (S) Kernlg's sign With the pauent Iyrng qUietly and relaxed the leg IS slowly raised, flexed at 
the knee. then the leg IS suddenly straightened In cases of menrngealurrtatlOfl the patient WIll suddenly bnng their neck Into a flexed positIOn 
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• CSI may be positive for cryplOcoccal anligen. 

• Blood test shows positive serum cryptococcal antigen 

Tret,tmePl' 
Antifungal agents are used to treat this infection. 

• Intravenous amphotericin B is the mOSt common. 

• In C.1ses where the above is ineffective. intrathecal (injection into the spinal canal) 
of the medication is necessary. 

• Iligh oral doses of nuconazole arc sometimes effective. 

frepouemt' Pt,',idum (Syphilis) 
"1l1is condition can develop as a complication of untreated or poorly treated syphilis. 
It is ch.ui.lcterized by changes in mental status and nerve function which involves a form 
of mcningOY;1SCular neurosyphilis, which is a progressive life·threatening complication 
of syphilis infection This condition resembles meningitiS caused by other organisms but 
involves serious damage to the vascular structures of the brain, which result in stroke in 
a large percent.lge of patients. Ihe symptoms include: 

• Ile.lll.1chc; 

• N.ll1sea ,111<.1 vomiting; 

• �tiffneck (Kernig's and Brudzinski's signs may be positive-Fig. 9.9); 

• Neck pain; 

• Stiffness of shoulders and ,UI11S; 

• I ever; 

• PhOlOphobia; 

• Sensitivity 10 noise; 

• Mental SI(1tU5 changes including confusion, disorientation, decreased attention, 
irritability, sleepiness, and lethargy; 

• Vision ch'lIlges; and 

• Seizures. 

DillS"osis 
Focal neurological deficits, which arc localized loss of nerve function, are common 
findings. Neurological exam may also show reduced cranial nerve function, especially 
nerves controlling eye movements (abducens CN IV, trochlear CN VI, oculomotor eN Ill). 
l:.xamination should also include elearoencephalogram (LEC) if seizures are present, 
he.ld cr or MRI, csr examination, Senl1ll venere.ll disease research laboratory (VORL), or 
senlm rapid plasma reagin (RPR) which are screening tests for syphilis. If the screening 
tests are positive, then a fluorescem treponemal antibody absorption (FTA-ABS) test is 
nccessal)' to confirm. 

Tretltmelll 
I re.ltment go.lls are to cure the infection, reduce progression of the disorder, and reuuce 
nerve damage as .1IlY �isting nerve damage is permanent. Penicillin, tetracycline, and 
erythromycin Me the drugs of choice. Dramatic improvement of symptoms may occur 
.lfler tre.1tment Ilowcver, il progressive disability may result 

Ilaemopllil,u i'ljlucuZile 
Bacteria IlaftllopJlllus 1tIj1l1em:J.le type B is the most cOlllmon agent involved. ('his condition 
is the leading cause of meningitis in children from I month to 5 years of age, with the 
peak incidence from 6 to 9 months. n,e organism usually spreads from somewhere in 
the respiratory tract to the blood stream and then onlO the meninges. 

Risk factors for the development of this condition include recent history of otitis 
media, sinusitis, or pharyngitis. "his also includes the history of a family member infected 
with 1/. jl'jluem:de in the past. Symptoms and examination finds may include: 

• Irritability, poor feeding in infants; 

Fever; 

• Below normal temperature in young infants; 

• Severe hei1dache (loud screeching scream); 
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• Nausea and vomiting; 

• Stiff neck or crying when neck nexed (Kernig's and Brudzinski's may be positive-
Fig. 9.9); 

• Unusual body posture; 

• Pain in the back when neck is nexed or chin brought to chest; 

• Photophobia; 

• Bulging of the fontanelles (soft SpOls in the skull) of infants; 

• Opisthotonos (lying with the back arched, head back, and chin up); 

• Seizures; 

• Stupor, coma; and 

• Elevated WBC numbers in blood and CSE 

AlllibiOlic treatment must be started as soon as meningitis is expected. Steroid 
medication mtty also be given to reduce damage to the auditory nerves, which occurs in 
about 20% cases. The mortality of the condition is quile high with 3-5% of patients nOI 
surviving. Of those who do survive, some will develop brain damage, hydrocephalus, 
learning disorders, and behavioural problems. It is recommended that all family members 
start chemoprophylaxis as soon as possible. 

Meningococcus 
This condition is caused by the bacteria Neisseria meningitis, also known as the 
meningococcus. This is the most comlllon cause of meningitis in people 5-29 years of 
age. The development of this condition usually occurs following an upper respiratory 
infection or sore throat. The onset of disease may be rapid and progress LO critical or life
threatening in hours. 111e symptoms include a distinctive rash with pinpoint red spots 
referred to as petechiae (Fig. 9.1O), as well as the following: 

• II igh fever; 

• Severe headache; 

• Nausea and vomiting; 

• Stiff neck (Kernig's and Brudzinski's may be positive); 

• Photophobia; and 

• Mental status changes. 

A specific physical exam will reveal low blood pressure. tachycardia, stiff neck, and 
rash, while blood tests will show e!f..>vated WBC. Blood culture grows meningococci. 
Spinal lap shows increased WBC, low glucose, and high protein. Complications (all 

include brain damage. shock, increased CSF pressure, myocarditis. hydrocephalus. 
deafness, muscular paralysis, and mental retardation. 

Streptococcus pneul1Ioniae (Pneumococcus) 
This condition is caused by infection by the bacteria Streptococcus pneuFlloriiae or 
pneumococcus. It is the most common cause in adults over 29 years of age. '111e onset of 
symptoms is usually rapid (within hours to days). Risk factors for contracting this 
condition include recurrent meningitis, leakage of CSI: head injury, diabetes, alcohol 
abuse, recurrent pneumonia, infection of heart valves, recurrent ear infections. and recent 
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Fig 9 10 (A) The symptoms of mefllng1tJS Indude a distlnctrve rash WIth ptnpomt red spots referred to as petechiae 
(8) A further example of the distinctIVe rash WIth pinpoint red spots referred to as petechiae ohen seen In menmgllls 

upper respiratory infection. Ihe signs and symptoms are similar to those of other lypes of 
meningitis and include: 

• l�lchycardia; 

• Incrc.lsed temperature; 

• Stiff neck (Kernig's and Brudzinski's may be positive); 

• Severe headache; 

• Nausea and vomiting; 

Photophobia; and 

• Mental status changes. 

Dillgllosis 
Spinal lap (lumbar puncture) will often reveal Gram +ve bacteria (pneumococcus), 
elevated protein, and low glucose levels. cr scan or MRI is usually nornul unless high 
intracranial pressures have developed. Serum and CSF cuhures may grow pneumococcus. 

1reiltUlellt 
Antibiotic therapy should be started as soon as possible. Ceflriaxone is the most 
commonly used drug. If the bacteria show resistance, than vancomycin or rifampin may 
be used. Corticosteroid therapy is often also utilized especially in children. Even with early 
treatment, 20% of people who contraCl the disease will die and 50% will suffer from 
serious long-term complications. 
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Staphylococcus (llureus, epidermidis) 
n,is condition is usually caused by the bacteria SltIphylococclls lllireus or SwphylococclIs 
epidermidis. It may develop as a complication from surgery or frolll haemalOgenolis spread 
from anOlher sile. Risk faoors include brain surgery, CSF shunts, infections of the heart 
valves, and previous brain infections such as an abscess or encephalitis. TIlE> symplOnlS 
include: 

• Fever; 

• Severe headache; 

• Nausea and vomiting; 

• Stiff neck; 

• Photophobia; and 

• Rash (septicaemia). 

CSF and serum cultures may show staph. and infections of this Iype often result in death. 

Mycobacl.erium tuberculosis 
11,is condition is caused by Mycobacterium tuberculosis. "Ill is condition usually spreads from 
another site in the body. Symptom onset is usually gradual. This is a very rare disorder 
that usually only occurs in people with a compromised immune system; however, it is 
fatal if untreated. 

Aseptic Meningitis 
This type of meningitis shows all the signs and symptoms of bacterial meningitis but no 
bacteria can be isolated as the cause. Many pathogens other than bacteria have been 
implicated as the cause of aseptic meningitis. 111ese include viruses, fungi, tuberculosis, 
and medication-induced. 'J11e enterovims family, which includes the Coxsackie virus and 
the echovirus, account for about 50% of cases of aseptic meningitis. Other enteroviruses 
such as the mumps virus also contribute a significant ponion of the aseptic cases. 

Ilerpes virus, both type I and 2, can cause aseptic meningitis in infa11ls and young 
children, or in people with compromised immune system function. 

Rabies virus and the AIDS virus (IIIV) have been found as causes of meningitis also. 
Interestingly a few medications have also been linked to the development of aseptic 
meningitis including antibiotics and some over-the-counter anti-inflammatory 
medications. All of the signs and symptoms of baclerial meningitis may be present. 

'111 ere is an elevated WBC count in the CSF. and serum and CSF cultures do not grow 
bacteria. No specific treatment is available, and people usually have a full recovery 5-14 
days after the onset of symptoms. 

Gram -ve Organisms 
Causative agents include PseudomonllS neruginos(/, Escllen'cllia coli, E'llerobllcler Ileroge'les, 
Proteus morgmlii, and Klebsiella pneumolliae. All the signs and symptoms previously listed 
for Cram +ve bacterial meningitis may be present. IV antibiotics is the treatment of choice, 
and 40-80% of patients do not survive this type of meningitis. 

Migraine 

Some evidence suggests that pain-sensitive dura and middle meningeal anery wall may 
contribute to the pain of migraine headaches. (See headache section later in this 
chapter.) 

Encephalitis 

Encephalitis is an inflammatory response involving both the meninges and the brain 
parenchyma. Several organisms can cause encephalitis including bacteria, fungi, and 
viruses. By far viruses are the most common cause. Most common causes of viral 
encephalitis are enterovirus, herpes simplex type J virus, mumps virus, and arbovirus. 
In addition to the symptoms indicative of meningitis the patient with encephalitis may 
also present with: 

• Mental state abnonnalities including delirium, confusion, and disorientation; 

• Focal or diffuse neurological signs (evidence of upper motor neuron involvement); and 
• Aphasia, ataxia, hemiparesis, and cranial nerve deficits. 
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'111£ treatment of encephalitis is mostly supportive. Acyclovir, which is an antiviral agent, 
is sometimes effective in cases of herpes encephalitis. The prognosis varies with the age of 

the patiem: under 30 years, the survival rate is 67-100%, and over 30 years, it is 64%. 

Vascular Accidents 

Intracerebral Haemorrhage 
Intracerebral haemorrhage occurs when the vessels in the brain parenchyma fail and 
blood leaks into the brain tissues. The haemorrhage often involves lenticulostriate aneries 
in the region of the external capsule underlying the cortex. The haemorrhage may be 

traumatic or non-traumatic bUI it often produces a sudden fulminating headache with 
rapid deepening loss of consciousness. Tentorial herniation is also common due to 

asymmetrical pressures from one hemisphere to the other. 

Subarachnoid Haemorrhage 

A subarachnoid haemorrhage mOSt commonly occurs when a pre-existing aneurysm 

located on the aneries traversing the subarachnoid space fails and blood leaks out into 
the space. The aneurysm can develop a slow leak or simply burst. Less than 15% of 
patients have symptoms prior to rupture. but following rupture the symptoms include the 
simultaneous onset of severe headache with nausea and vomiting. The headache is often 

described as the worst headache of their life. Photophobia and neck stiffness may also 
accompany the other symptoms. 

Arteriovenous Malformation (AVM) 

These are congenital malfonllations of the aneriovenous junctions that result in large tangled 
areas that are often structurally delicate and can be ruptured with reJatively minor trauma. 

111e haemorrhage occurs in sinusoidal vessels that are under low pressure. 'Ihese types of 
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Blood Supply of the Cortex QUICK FACTS 4 
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haemorrhage often result in focal neuTological signs and headache epiiep:,)'. and occasionally 
hydrocephalus. Pille arachnoid villi can become blocked by blood from repeated sub.lrachnoid 
haemorrhages and therefore impair CSF resorption. which leads to hydrocephalus, 

QUICK FACTS 5 Aneurysm Sites 

240 

• Anterior communicating artery (28%) 

• Posterior communicating artery (25%) 

• Middle (erebral artery (12%) 

• Oph1halmic, anterior, and posterior cerebral (13%) 
• Other sites (22%) 

I lydrocephalus 
I lydrocephalus is caused by excess csr in the intracranial cavity. 'Ill is condition e.m 

develop from an excess in production ofCSE an obstruction to the now or csr: or 
decreased resorption of CSF. 

Communicating ll)'drocepJwfus is caused by blockage of the arachnoid granulations by 
blood products because of subarachnoid bleeding. meningitis, or other factors that 
decrease the abil ity of the granulations to function adequately. NOllcommllrllctl(um 
lJydrocepJwfus involves a blockage of the flow of csr in the ventricular system. Block<lges 
usually occur in the small foramina or the cerebral aqueduct 

Normal pressure hydroceplwfus is sometimes seen in older individuals and involves 
chronically enlarged ventricles and cortical atrophy. Ille following triad of symptoms is 
also commonly seen: 

• Memory disturbance and confusion; 

• Progressive gait disability; and 

• Difficuhy with urinary control. 

Differential diagnostic considerations should include: 

• Various dementias; 

• Parkinson's disease; 

• Subdural, extradural, subarachnoid haemalomas; 

• Muhi·infarct dementia; 

• Ilypoglycaemia; 

• Toxicity; 

• Infection; 

• Renal and hepatic failure; and 

• I lypercaJcaemia. 

The Cortex 

l'he cortex in humans is composed of several well· identified functional areas, interspersed in 
the conical matter referred 10 as association cortex. Although we will speak of functional 
localization of a V<triety of areas of cortex. in reality the functional systems of the neuraxis work 
in conjunction with each other to produce the best possible oUlcome for the circumstances al 
hand. For example, the thought processes attributed to the frontal cortex need to interact with 
the basal ganglion in order to now and unfold in a meaningful way. 'me hippocampus and 
amygdala are essential functional areas for the fusion of emotions and behavioural response 
which are attributed to cortical functions. Movement, controlled by the motor conex in the 
frontal lobe. is meaningless and random without the feedback supplied by the spinal cord .111d 
cerebellum. '-he cortex can be divided into the lobar areas oUllinoo in the following. 
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layers of Cerebral Cortex QUICK FACTS 6 

• It is convenient for learning purposes to divide the cerebral cortex into layers 

that may be distinguished by cell types, cell functions, cell density, and cell 

arrangements. 

• These layers include six levels of cortex (layers I-VI) also named from superficial 

to deep: 

Molecular layer (plexiform layer) 

External granular layer 

External pyramidal layer 

Internal granular layer 

Ganglionic layer (internal pyramidal layer) 

Multiform layer (layer of polymorphic cells) 

The Frontal Lobes 

The frontal lobe is concerned with sophisticated operations such as higher order sensory 
processing. plJnning. implementation, language processing. abstract thought, and 
regulation of movement, cognition, emotion, and behaviour. The most anterior pan of 
the frontal lobe is involved in complex cognitive processes like reasoning and judgment. 
Collectively, these processes may be called bIOlogical jlllefhgetlce. A component of 
biological intel ligence is exec",il'£' /ulIc(io". Executive function regulates and directs 
cognitive processes. Decision making. problem solving, learning. reasoning, and 
strategic thinking are all  components of exeClllive funnion. '111e prefrontal conex also 
serves as the atlentional control system, which regulates information flow into two 
separate rehearsal systems and facil itates rctrieval of stored memories: 

I Articulatory loop-language (words and numbers etc); and 

2. Visllospalial sketchpad-vision and action. 

Anatomical ly, the frontal lobe is bounded posteriorly by the fissure of Rolando or 
central sulcus, and inferiorly by the fissure ofSylvius or the lateral fissure. TIle frontal lobe 
can be divided into two main areas the precentral area and the prefrontal area. The 
precentral area contains areas 4 and 6 of the conex and is composed of the precentral 
gyrus and the posterior ponions of the superior, middle, and inferior frontal gyri. "Inc 
prefrontal area is composed by the remainder of the frontal lobes and is traversed by two 
sulci that divide the prefrontal area into three gyri. the superior, middle and inferior 
frontal gyri. 'l1u.' cortex varies between 1.5 and 4.5 mm in thickness and is  always thicker 
on the exposed surface of the gyri than i n  the deep sulci areas. 

Types of Celis in the Cortex QUICK FACTS 7 
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QUICK FACTS 9 Stellate Cells 

• These cells are sometimes referred to as granule cells because of their small size. 

• They are polygonal (star) in shape and measure about 8IJm in width. 

• These cells have multiple branching dendrites and relatively short axons that 

terminate on nearby cells. 

QUICK FACTS 1 0  FUSIform Cells 

• These cells have their long axis orientated vertical to the cortical surface. 

• They are usually concentrated only in the deepest cortical layers. 

• Dendrites arise from each pole of the cell body. 

• The inferior dendrite synapses within the same layer of cortex as the cell body. 

The 'iuperior dendrite rises up through several layers of cortex to the 

superficial layers. 

• Axons arise from the inferior body and descend in white fibre tracts as 

association, commissural, or projection fibres. 

QUICK FACTS 1 1  Horizontal Cells 

242 

• These cells are small, fusiform, and orientated horizontally to the cortical 

surface. 

• They are usually found in the most superficial layers of cortex. 

• Dendrites emerge from each end of the cell body and axons run horizontally 

(parallel) to the cortical surface and synapse on pyramidal cells. 
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Cells of Martinotti QUICK FACTS 12 

• These are small, multipolar cells present in all levels of cortex. 

• The cell has short dendrites; the axon is orientated to the cortical surface. and 

gives off a few colateral axons as it rises to superficial layers of cortex. 

The struoure orthe cortex is laminar in nature, with six distinct layers present 
throughout most or the cortex. The thickness, number of cells. and predominant cell types 
in each layer vary over different areas of cortex. Listed from most superior lO most inferior, 
these layers are the molecular layer, the external granular layer, the internal pyramidal layer, 
the internal granular layer, the ganglionic layer, and the fusiform or muhiform layer 
(Fig. 9. 1 2). -111€: mo/ecllitlr {tlrer or layer 1 is the most superior layer of the cortex. [t contains 
the cell bodies of neuroglial cells, and axons and dendrites of neurons from deeper layers 
of cortex. "[ne extenwl grmlillar layer or layer 2 is very dense and contains small granular 
cells and small pyramidal cells that project to neurons in other levels of cortex. 111e extemal 
or medial pymmidtl/ /arer, layer 3, contains pyramidal cells arranged in row formation. 
A variety of neurons projecting axons to other layers of cortex which form the association 
projections arise from this layer. The i,lcenl(/l gral1u/M layer, layer 4, is thin, but its cell 
slrudure is the same as that of the external granular layer. "Ine glmglio1!ic layer or i'llenwl 
p)'mmidal ltlyer, level 5, contains small granular cells, large pyramidal cells, and the cell 
bodies of some association libres. lhe association libres Ihal originate here form two large 
tracts, tile Blinds of Bail/arger and Kaes Beclilerew. '11e neurons of this layer projecI LO 
subcortical struClures Olher than the thalamus including the basal ganglia, the midbrain, 

Plexiform (molecular) { 
Extemal granular { 

Pyramidal 

Intemal granular and BaiUarger's { 
extemal band 

Ganglionic layers, containing inner band 1 
of Baillarger 

MuHiform (po�morphous) 

Fig. 9 1 2  A schematic of cortICal structure. 

Golgi Nissl Weigert 
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and the spinal cord. The fusifonu layer is also known as the mllitifonll fllrer, layer 6; 

neurons in this layer primarily projeci to the thalamus. All layers are present in all parts 
of the conex. I lowever, they do not have the same relative density in all areas. 
Depending upon the function of a panicular area, some ofthese layers will be thicker 
than others in that location. The most common classification scheme used to differentiate 
areas of COrtex based on structural and functional differences is that composed by 
Korbinian Brodmann in 1 909. Based on microscopic evaluations of the cortex he divided 
the conex into 52 different cytoarchiteclurally different areas, known as Brodmann areas 
(Fig. 9 . 1 3). 'l11e cytoarchitectural divisions described by Brodmann h.we been shown to 
matdl quite dosely to the functional output areas of the cortex. Some of these are outlined 
in Table 9. 1 .  

The Motor Cortex 

The motor cortex is located anterior to the central sulcus of Rolando and continues 
medially into the paracentral lobule. '111e primary area of motor cortex is Brodmann's area 
4 and is in the precentral gyrus.lne motor cortex is somatotopically organized so that 
areas in the cortex correspond to areas of the body. These conneaiolls are depicted by the 
motor homunculus of man. "n1e amount of tissue in the precentral gyrus dedic<lted to the 
innervation of a particular part of the body is proportional 10 the amount of motor 
comroi lleeded by that area, not just iLS physical size on the body. For example, much 
more of the motor strip is dedicated to the comrol of the ringers lh<t1l to the legs even 
though the legs are much larger in physical mass of the body. Monosynaptic conneaions 

Fig 9 1 3  The claSSification of different brain areas 
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Table 9.1 Brodmann·s Areas of the Cortex 

Brodmann's 

Area 

1-3 

4 

5 

6 

7 

8 

9-12 

". 

18  

19 

20 

21 

22 

23-27 

28 

, 

Functional Area 

Primary somatosensory 
cortex 

Primary motor cortex 

Tertiary somatosensory 
cortex; posterior parietal 
aSSoCIation area 

Supplementary motor 
cortex; supplementary 
eye field; premolar 
cortex; frontal eye fields 

Posterior parietal 
association area 

Frontc11 eye fields 

Prefrontal association 
cortex; frontal eye fields 

Primary Visual cortex 

Secondary visual cortex 

Tertiary visual cortex, 
middle temporal 
visual area 

Visual inferotemporal 
area 

Visual inferotemporal 
area 

Higher order auditory 
cortelC 

limbic association cortex 

Primary olfactory cortex; 
limbic association cortex 

Primary Olfactory cortex, 
hmblc aSsociation cortex 

Parietal-temporal-oCCIpital 
aSSOCiation cortex; middle 
temporal visual area 

Pflmary olfactory cortex, 
limbiC aSSociation cortex 

location 

Postcentral gyrus 

Precentral gyrus 

Superior parietal 
lobule 

Precentral gyrus and 
rostral adjacent 
cortex 

Superior parietal 
lobule 

Superior, middle 
frontal, gyri, medial 
frontal lobe 

Superior, middle 
frontal, gyri. medial 
frontal lobe 

Banks of calcarine 
fissure 

Medicll and lateral 
occipital gyri 

Medial and lateral 
occipital gyri 

Inferior temporal 
gyrus 

Middle temporal gyrus 

Superior temporal 
gyrus 

Cingulate gyrus, 
subcallosal area, 
retrosplenial area and 
parahippocampal gyrus 

Parahippocampal gyrus 

ClOgulate gyrus and 
retrosplenlal area 

Parahlppocampal 
gyrus 

Middle and lOfenor 
temporal gyn at 
Junction of temporal 
and occIpital lobes 

Temporal pole 
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Function 

Touch 

Voluntary movement 
control 

limb and eye movement 
planning 

Visuomotor; perception 

Visuomotor; perception 

Saccadic eye movements 

Thought, cognition, 
movement planning 

Vision 

Vision; depth 

Vision, colour, motion, 
depth 

Form viSion 

Form vision 

Hearing, speech 

Emotions 

Smell, emotions 
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Secondary audItory Heschl's gyri and 
(ortex superior temporal 

gyrus 

Gustatory cortex (1) 

Broca's area, lateral 
premotar (ortex 

Prefrontal aS50(latlon 
(ortex 

Insular cortex, 
frontoparietal 
operculum 

Inferior frontal gyrus 
{frontal operculum) 

Infenor frontal gyrus 
(frontal operculum) 

QUICK FACTS 1 3  ClasSification of Cortical Neurons 
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1 .  Interneurons 

Neurons that have axons that do not leave the cortex. 

E.g., Stellate (granule) cells 

Horizontal cells 

Cells of Martinotti 

Small pyramidal cells of layers 2 and 3 

2. Association Neurons 

Send axons through white fibre tracts to other regions of cortex, usually 

to adjacent gyri, e.g. small pyramidal cells of layers 3 and 5.  

3.  Efferent Neurons 

Axons leave the cortex to innervate structures in diencephalon, 

brainstem, cerebellum, or spinal cord. 

These cells usually send their axons via the white fibre tracts; i.e. corpus 

callosum, corona radiata. or internal capsule. Some cells send co-lateral 

axons through all three fibre tracts. 

E.g., Giant pyramidal cells (Betz cells) of layer 5 

with ventral horn neurons are imponant for individuated finger movements. Indirect 
connections with interneurons are important for controlling larger groups of muscles in 
behaviours such as reaching and walking. Motor activity is  modulated by a continuous 
stream of tactile, visual. and proprioceptive information, which arrives via the thalamus, 
needed to make voluntary movement bOlh accurate and properly sequenced. Motor 
association areas are also modulated by the cerebellum and basal ganglia, which then 
project to me primary motor areas. 
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Functional Projections of the Motor Cortex 
111e motor corlex projects ipsilaterally to the reticular formation of the mesencephalon 
and the neostriatum of the basal ganglion where activation of glutaminergic neurons 
produces excitation. Reciprocal projections between the mesencephalon and the cortex 
ensure that the cortex wil l  receive stimulation whenever the mesencephalon is excited. 
"Ine cortex also projects to the ipsilateral pontomedullary reticular formation (PMRF) and 
the contralateral cerebellum via the pontine nuclear groups and the pontine reticular 
formation. Excitation of the PMRF resulls in a number or runaional activities including 
an increase in adivation of the ipsilateral gamma motor neurons that result in an increase 
in sensitivity of ipsilateral muscle spindle fibres. "111 is results in an increased feedback to 
the contralateral cortex via the cerebellum and thalamus. 111is functional circuit can be 
util ized to stimulate areas of comralateral cortex clinically ( Fig. 9.14).  '11e mesencephalon 
and basal ganglia are sometimes referred to as areas of singularity. This means that there 
are fewer sources of integration than in other areas like the PMRf; and changes in 
frequency of firing ( FOF) may have a more profound impact on the function of these 
areas of the nelVOUS system. Decreased cortical activity can lead to a lack of modulation of 
primitive behaviour that originates in the mesencephalic motor centres and mesolimbic 
circuits, which is referred to as a release phenomenon. Writer's cramp, spasmodic 
torticollis, and facial ties are all conditions that may be caused by defects in basal 
ganglionic circuits and unchecked responses originating in the mesencephalon or cerebral 
cortex. Another example is the impulsive behaviour of children who have been diagnosed 
with ADI IO and the inability of their brain to inhibit irrelevant signals through 
conicostriatothalamic circuits. TIlese children are funaioning at a more subconical level 
(Melillo & Leisman 2004). 

Broca's area is found on the inferior third frontal gyrus in the hemisphere dominant for 
language. "r11is area is involved in the coordination or programming of motor movements 
for the produaion of speech sounds. While it is essential for the execution of the motor 
movements involved in speech it does not directly cause movement to occur. The firing 
of neurons here does not generate impulses for motor movement; that is the fUllaion of 
neurons in the motor strip. "nle neurons in Broca's area generate motor programming 
patterns when they fire. This area is also involved in syntax, which involves the ordering of 
words in speech. Injuries to Broca's area may cause apraxia or Broca's aphasia ( Fig. 9.15). 

Peripheral 
muscle spindle 

Cortex 

Fig 9 14 A schematIC of some of the functional motor cortICal circuits 

Peripheral 
muscle 
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,,","Ja,e fasciculus 

'- VVemlicke,'s area 

Primary auditory 

Fig 9 1 5  The anatomical location of Broca's and Wernicke's areas In the conex 

The angular gyrus lies near the superior edge of the le:mpornl lobe immediately posterior 
to the supramarginal gyrus. It is involved in the recognition of visual symbols. lhis aTea 
may be one of the most important cortical areas of speech and language and may act as the 
master inLegnnion cenlre for all other association cortices. 'Ole angular gyrus is also a very 
human ponion of the brain as it is not found in non-human species. Fibres of many 
different types lravel lhrough Lhe angular gyrus, including axons associated with hearing. 
vision, and the meaning of these stimuli to the individual al any given moment 'nle 
arcuate fasciculus, the groups of fibres conneaing Broca's area to Wernicke's area in the 
temporal lobe, also projects and receives projections from this area. '!'he following 
disorders may result from damage to the angular gyrus in the hemisphere dominant for 
speech and language: anomia, which is difficulty with word.finding or naming; alexia with 
agraphia, which is difficulty with reading and writing; left-right disorientation, the 
inability lO distinguish right from left; finger agnosia, which is the lack of sensory 
perceptual ability to identify by touch; and acalculia which refers to difficulties with 
arithmetic (Fig. 9.16). 

The Cortex Receives Axons from Four Major Transmitter-Dependent 
Projection Systems 

'11e cortex, thalamus, and brainstem receive neuromodulating projeaion axons from 
a variety of projeaions systems located in the brainstem. These projection systems are 
involved in a diverse array of aaivities including modulation of: 

FIg 9 1 6  The prOjectIOns from the pnmary visual cortex to the angular gyrus and Broca's area 
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Clinical Tests Indicating Decreased Dopamine Function QUICK FACTS 1 4  

• Decreased blink rate and loss of modulation of blink reflexes during glabellar 

tap reflex. 

• Increased withdrawal reflexes. 

• Altered modulation of pupillary tone with cognitive activity. 

• Poor fixation and loss of visual stability. 

• AntiMsaccadic and OKN testing can reveal abnormalities in frontal and basal 

ganglionic circuits that reflect these behaviours. 

• Turning behaviour (tendency to turn in a particular direction) is dependent on 

asymmetries in dopaminergic transmission. It is thought that individuals (and 

dogs!) have a tendency to turn away from the side of greater dopaminergic 

transmission. 

• SlowMwave cortical responses (P300s) can also more objectively reveal 

abnormalities in EEG responses to sensory stimuli in a range of cognitive and 

mood disorders. 

• I.evels of consciousness; 

• Sleep-wake cycles; 

• Emotional states; 

• Motor behaviour; and 

• Conical response activity. 

l1u' projection systems arc classified according to the neurotransmitlers that they release. 
l1,ese projection systems include the cholinergic projection system, the dopaminergic 
projection system, the noradrenergic projection system, the serotonergic projection 
system. and the histaminergic projection system. 

The dlO/ifll'rgic projectiofl system consists of three different neuron pools that projeCl to 
different functional areas. Two of the groups project axons directly to conical areas and 
the third group projects to the cortex indirectly through the thalamus. The first group of 
neurons is located in the basal forebrain in a nuclear group referred to as the nucleus 
basalis of Meynerl. "Ill is nuclear group contains neurons that project cholinergic axons 
directly to widespread areas of cortex. The second group of neurons project almost 
exclusively to the hippocampal formation and arise from neurons in the medial septal 
nuclei and the nucleus of the diagonal band of Broca. lhe cholinergic activity of these twO 
groups of neurons is usually facilitory in nature. The third group of cholinergic projection 
axons arises from neurons located in two areas of the ponlOmesencephalic region of the 
brainstem. The first group of neurons is located in the lateral portion of the reticular 
formation and periaqueductal grey areas in a nuclear group of neurons referred 10 as the 
pedunculopontine tegmental nuclei. The second group of neurons is located at the 
junction between the midbrain and pons referred to as the laterodorsal tegmental nuclei. 
Projection axons from both of these nuclear groups terminate in various nuclei, including 
the intralaminar nuclei of the thalamus. 'l1,e postsynaptic thalamic neurons then project 
to widespread areas of cortex (Fig. 9. 1 7).  

'l1,e tlopaminergic projection system consists of three different neuron pools, lhe 
mesostriatal, the mesolimbic. and the mesoconical groups that project to different 
functional areas (Fig. 9. t 8). TI,e mesostriatal group of neurons is located in the substantia 
nigra pars compacta of the midbrain and projects mainly to the caudate and putamen. 
Lesions to this pathway result in movement disorders such as Parkinson's disease. 
Some evidence for the asymmetric distribution of dopamine in this projection system has 
been documented. Ine close association of dopamine and mOlor control has led to lhe 
speculation that dopamine should be more concentrated in the hemispheres dominating 
motor control. TI,is is the left hemisphere for the majority of humans. Several studies 
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have demonstrated that this is in fact the case (Rossor et "I 1 980; Glick et al 1982; 
Wagner et 31  1983). Other studies have demonstrated lhaL factors related to dopamine 
metabolism and dopamine-specific activation of adenylate cyclase have also been 
asymmetrical with higher activity levels in the contralateral hemisphere to hand 
preference (Click et 31 1 983; Yamamoto & Freed 1984). 

lne mesolimbic projection pathway arises from neurons in the ventral tegmentum of 
the midbrain and projects 10 the medial temporal cortex, the amygdala, the cingulate 
gyrus, and the nucleus accumbens, all areas associated with the limbic system. Lesions or 
dysfunction of these projections is thought to comribute to the positive symptoms of 
schizophrenia such as hallucinations. 

The mesocortical projection pathway arises from neurons in the ventral tegmental and 
substantia nigral areas of the midbrain and terminates in widespread areas of prefrontal 
cortex. TIle projections seem to favour motor conex and association cortical areas over 
sensory and primary motor areas (Fallon & Loughlin 1 987). Dopaminergic neurons do 
not discharge in response to movement, but instead in relation to conditions involving 
probability and imminence of behavioural reinforcement and reward. Firing of reward 
neurons shifts from time of reward to presentation of the cue, or from unconditional to 
conditioned stimulus. This suggests that dopaminergic modulation is involved with 
higher integrative cortical functions and the regulation of cortical output activities (Clark 
et al 1987). Damage or dysfunction in these projections may contribute to the cognitive 
aspects of Parkinson's disease and the negative symptoms of schizophrenia. Clinical 
measures of dopamine activity can be very important in monitoring patients with 
disorders of dopamine function such as in movement disorders and schizophrenia. 

Blink rate has been shown to be an accurate biophysical correlate of dopamine 
function (Gallois el al 1985). A faster blink rate is observed in individuals who have 
higher dopaminergic output. A faster blink rate is also observed during visual and 
vestibular stimulation in individuals who have signs of vestibulocerebellar dysfunction. 
Decreased blink rate as demonstrated by the glabeHar tap renex and loss of modulation of 
blink reflexes can be an accurate sign of dopamine deficiency or dysfunction. 

The noradre'lergic projection system consists of neurons in two different locations in the 
rostral pons and the lateral tegmental area of the pons and medulla. The neurons in 
the rostral pons area are referred to as the locus ceruleus and together with the neurons 
in the lateral tegmental area of the pOllS and medulla project to all areas of the entire 
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forebrain including the limbic areas as well as to the cerebellum, brainstem. and spinal 
cord (Fig. 9. 1 9).  'l11e noradrenergic projection system seems to be involved in the cerebral 
regulation of arousal. altention-related functions. and adaptive responses of the individual 
to environmental stresses (Clark et 31 1 987; Morilak et 31 ) 986). lhe noradrenergic system 
is also involved in the modulation of affective behaviour. Norepinephrine concentrations 
are decreased in some Iypes of depression (see Chapter 1 6). This system is also involved 
in neuroimmuno regulation (see Chapler 1 5) .  

111e seroti1!crgic projection system consisLS of a group of nuclei in the midbrain pons and 
medulla referred to as the raphe nuclei and additional groups of neurons in the area 
postrema and caudal locus ceruleus. 'J1,ese nuclei can be divided into rostral and caudal 
groups. '!'ne rostral raphe nuclei project ipsilaterally via the median forebrain bundle to 
the entire forebrain where serotonin can act as either excitatory or inhibitory in nature, 
depending on the situation ( Fallon & Loughlin, 1987). 'l1,e caudal raphe nuclei project to 
the cerebellum, medulla, and spinal cord (Fig. 9.20). Serotonin projection pathways are 
thought to play a role in a variety of psychological activities. Dysfunction of serotonin 
modulation can lead to depression, anxiety, obsessive-compulsive behaviour, aggressive 
behaviour, and eating disorders (Arora & Meltzer 1 989; Spoont 1 992).  Serotonin activity 
has also been shown to be asymmetrical in nature with a predominance towards the right 
hemisphere (Arato et al 1987, 1 99 1 ;  Demeter et a1 1 989). 

TI,e hisum,inergic projection system has only recently been identified. I t  consists of 
scattered neurons in the area of the m idbrain reticular formation as well as a more defined 
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group of neurons in the IUberomammillaty nucleus of the hypothalamus. lhese neurons 
project to the forebrain and are probably involved in the modulation of the alert state of 
the brain (Fig. 9.21). 

The nature: of the above neurotransmiuer projection systems seems 10 suggest thaI the 
transmitler activities follow the psychological asymmetrical distribution of cortical or 
hemispheric function. Neurotransmitters closely associated with up-regulation or down
regulation of autonomic or psycllological arousal such as norepinephrine and serotonin 
are more concentrated in the right hemisphere, emphasizing the well-known role of the 
right hemisphere in arousal. In contrast, neurotransmillers more closely associated with 
control of movement such as dopamine are more concentrated in the dominant 
movement hemisphere, which is on the left in the majority or people (Witlling 1 998). 

The Parietal Lobes 

The post-central gyrus which represents the primary sensory areas composes Broadmann's 
areas 3(a, b), I .  2. 'Tne primary somatosensory area is 3b. Because of convergent and 
divergent connections in relay nuclei of the thalamus, the receptive area of neurons in area 
3b represents inputs from abou1 300-400 mechanoreceptive afferents. In some: conical 
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Areas Involved in Processing Somatic Receptive Input in the 

Somatosensory Cortex QUICK FACTS 1 5  

1 .  Basic processing of tactile information occurs in area 3. 

2, More complex higher order processing occurs in area 1 .  

3. Tactile and limb position information combine to mediate the tactile 

recognition of objects in area 2. 

areas the: number of receplOrs is actually even larger. Cortical receptive fields can be 
modified by experience or sensory nerve injury. They respond best to excitation in the 
middle of its receptive field. 

The somatosensory association areas, which are located more posterior than the 
primary sensory areas in the posterior parietal conex. compose Brodmann's areas 5 and 7, 
which receive information panicularly from the lateral nuclear group of the thalamus and 
the pulvinar. 'Illey are involved in sensory initiation and guidance of movement. Area 5 is 
also involved in tactile discrimination and proprioceptivE': integration, from both hands. 
Many neurons in area 5 receive input from adjacent joints and muscle groups of entire 
limbs and, therefore, information about posture of the entire limb, which is imponant for 
sensory guidance of movement such as would be required when reaching for an object. 
Area 7 is involved with tactile and visual integration, which includes stereognosis and 
eye-hand coordination. 

Neurons in the primary somalOsensOl), cortex also somatotopically represent areas of 
the body. ll1is is referred 10 as the somalOsensory homunculus of man. In the 
homunculus, there are approximately 100 limes the conical tissue per square centimetre 
of skin on the fingers than in the abdomen skin representation. The primary 
somatosensory area has four complete maps of the body surface due to four 
IOpographically organized sets of inputs from the skin thal project to Brodmann's areas 
3" 3b, I ,  and 2.  

111E': parietal lobes provide a representation of external and intrapersonal space by 
integrating somatic, visual, and auditory evoked potentials from neighbouring lobes. The 
parietal areas are also an essential source of presynaptic inputs for frontal and limbic 
association areas and subconical struoures. Therefore, damage can lead to changes in 
cognition, mood, and behaviour just as a cerebellar or frontal lobe lesion can. The parietal 
lobes can be divided into superior and inferior funoional areas. The superior parietal area is 
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involved in visually guided aaion in the context of intaa perception and awareness and the 
inferior parietal area is involved with visual perception and awareness. 'nlE: angular gyrus 
and supramarginal gyrus of the inferior lobe may also be involved in the development of 
neglea syndromes. The somatosensory association area projeas information to higher order 
somatosensory association areas indude parahippocampal, temporal association, cingulate 
cortices, and the premotor cortex where it is integrated for use in motor control, eye-hand 
coordination, memory-related taaile experience. and tOuch. 

QUICK FACTS 1 6  Somatic Sensibility 

QUICK FACTS 1 7  Epicritic Sensations 

1. Fine touch/localization (topognosis) 

2. Vibration (determine freq. and amp.) 

3. Spatial detail/two-point discrimination 

4. Recognition of shapes (stereognosis) 

S. Receptors are encapsulated and well myelinated. 

QUICK FACTS 1 8  Protopathic Sensations 
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1. Pain and temperature. 

2. Itch and tickle. 

3. Receptors are non-encapsulated and unmyelinated. 

Somatic sensibility comprises a description of the nature of different types of afferem 
information. There are four major classes of somatic information: discriminative touch. 
proprioception. nociception, and temperature sense. There are two classes of somatic 
sensation, epicritic and protopathic, that are detected by encapsulated and unencapsulated 
receptors respectively (see Chapter 5). 

Clinical Neglect Syndromes 
Neglect syndromes include a variety of different manifestations in which certain afferent 
input fails to integrate appropriately and does not emerge imo consciousness or the 
meaning of the input fails to be recognized. 

Hemineglect is the unwillingness to acknowledge one side of the body or one side of 
the universe in which one finds oneself. It may occur in the form of sensory or motor 
neglect. Hemineglect is usually associated with lesions of the right parietal lobe and thus 
the sensory and motor manifestations occur on the left side of the body. Left·sided parietal 
lesions are usually much less severe and can go unnoticed by a careless or incomplete 
examination. Hemi-sensory neglect involves the patient neglecting sensory input such as 
sound, vision, touch, position sense, or pain on one side of the body. '11is condition can 
best be demonstrated by simultaneously stimulating receptors on both sides of the body. 
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Clinical Tests for Hemineglect QUICK FACTS 19 

• Visual fields 

• Two·point discrimination and joint position sense 

• Optokinetic pursuit 

• Smooth visual tracking 

• Finger to nose in each visual field 

• Best hand test 

• Stereognosialatopognosia/agraphognosia 

• Sensory extinction/inattention 

• Visual searching tasks 

In a hemineglecl syndrome the patient will not acknowledge the sensation of the neglected 
side; in some cases even when it is pointed out to them that bOlh sides are being 
stimulated they will deny any sensation. This condition occurs significantly more 
commonly in right brain lesions than in left brain lesions. Therefore, left hemiplegia or left 
hemianopia is much more commonly found. Anosognosia is an example of a type of 
hemineglea syndrome. Anosognosia may express a total lack of knowledge of a disease or 
disability on one side of their body. The prerequisite for anosognosia is a lesion involving 
lhe angular gyrus and junction with supramarginal gyrus. 

The Temporal Lobes 

The temporal labes are involved in the central processing of vision (ventral stream), hearing, 
smeJl, taste, and vestibular input and are also heavily involved in memory, behaviour, and 
emotion. The temporal lobe is inferior to the lateral fissure and anterior to the occipital 
lobe. It is separated from the occipital lobe by an imaginary line rather than by any 

What Does It Mean? QUICK FACTS 20 

• Anomia is a difficulty with word-finding or naming. Someone suffering from 

anomia can list the functions of an object and explain its meaning. but cannot 

recall its name. 

• Alexia with agraphia refers to difficulties with reading and writing. 

• Left-right disorientation is an inability to distinguish right from left. 

• Finger agnosia or tactiJe agnosia is the lack of sensory perceptual ability to 

identify by touch. 

• Acalculia refers to difficulties with arithmetic. 

Clinical Testing of Temporal Function QUICK FACTS 21 
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natural boundary. The temporal lobe can be divided into three gyri, the superior, middle, 
and infe.rior. and by two sulci, the superior and inferior. It is also involved in semantics. or 
word meaning,. as Wernicke's area is located there. Wernicke's area is located on the 
posterior ponion of the superior temporal gyrus (Fig. 9 . 1 5). In the hemisphere dominant 
for language. this area plays a critical role in the ability to understand and produce 
meaningful speech. A lesion here will result in Wernicke's aphasia. Hescllf's gyrus, area 41,  
which is  also known as the anterior transverse temporal gyrus, is  the primary acoustic "rea. 

There are two secondary acoustic or acoustic a.ssocialion areas which make imponant 
contributions to the comprehension of speech. They are not completely responsible for 
this ability. however, as many areas, induding Wernicke's area, are involved in this process. 

Kluver-Ducy Syndrome 
Damage to the front of the temporal lobe and the amygdala just below it can result in 
the strange condition called KJuver·8ucy Syndrome. Classically, the person will try to put 
anything to hand into their mouths and typically attempt to have sexual intercourse with 
it. A dassic example is of the unfonunate chap arrested whilst attempting to have sex 
with the pavement. Effectively. it is the 'what' pathway that is damaged with regards to 
foodstuff and sexual panner. Monkeys with surgically modified temporal lobes have great 
difficulty in knowing what prey is. what a mate is, what food is. and in general whal the 
significance of any object might be. 

Other symptoms may indude visual agnosia (inability to visually recognize objects), 
loss of normal fear and anger responses, memory loss. distractibility. seizures, and 
dementia. The disorder may be associated with herpes encephalitis and trauma, which can 
result in brain damage. 

Temporal lobe lesions also produce tameness or hypo·emotionality. visual agnosia. 
and changes in dietary and sexual behaviour. 

The Occipital Lobes 

The occipiral lobe. which is the most posterior lobe. has no natural boundaries. It is involved 
in vision. The primary visual area is divided by the calcarine sulcus and receives input from 
the optic tract via the thalamus (Fig. 9.16). The superior visual fieJd is represented below 
the calcarine sulcus. The inferior visual field is represented above the calcarine sulcus. The 
visual·processing units in the visual conex are composed of horizontal columns of neurons 
called hype:rcolumns with a variety ofintemeuron projections from surrounding horizontal 
neurons. Hype:rcolumns are the processing modules of all information about one pan of 
the visuaJ world. Columnar units are linked by horizontal connections within the same 
layer. particularly cells that respond to similar orientations of stimuli but belong to 
different receptive fields. l'he horizontal neuronal projections from horizontal intemeurons 
are thought to mediate the 'physiological fill·in effect' and the 'contextual effett' whereby 
we evaluate objects in the context in which we see them. 

QUICK FACTS 22 Temporal Lobe Activation in Rehabilitation 

256 

• Naminglviewing pictures of animals and tools-bilateral ventral temporal 

activation 

• AnimalS-left medial temporal lobes 

• Tool�-Left premotor area (also activated by hand movements) 

The .secondary visual areas integrate visual information, giving meaning to what is seen 
by relaling the current slimulus to past experiences and knowledge. A lot of memory is 
stored here. These areas are superior to the primary visual conex. Damage to the primary 
visual area causes blind spots in the visual field, or total blindness. depending on the 
extent of the injury. Damage to the secondary visual areas could cause lrisual agnosia. 

People with this condition can see visual stimuli. but cannot associate them with any 
meaning or identify their function. This represents a problem with meaning. as compared 
to anomia. which involves a problem with naming. or word·recall. 
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Cortical Asymmetry 

Conical asymmetry is characterized by asymmetry in sensory, motor, and autonomic signs 
in addition to imbalances in the expression of hemispheric specializations. This includes 
aspects of personality, mood, and cognition. 

Cerebral Asymmetry (Hemisphericity) 

l11e study of brain asymmetry or hemisphericity has a long history in the behavioural and 
biomedical sciences but is probably one of the most controversial concepts in functional 

neurology today. The (aci thal lhe human brain is asymmetric is fairly well established in  
the l iterature (Ceschwind & Levitsky 1 968; leMay & Culebras 1 9 72; Calaburda et  a l  1 978; 
Falk et al 1 991 ;  Steinmetz et a1 1 99 1 ) . The exact relationship between this asymmetric 
design and the functional comrol exened by each remains controversial. 

The concept ofhel11ispheric asymmetry or lateralization involves the assumption that 
the two hemispheres of the brain control different aspects of a diverse array of functions 
and that lhe hemispheres can function at twO different activation levels. "ne level at which 
each hemisphere functions is dependent on the central integrative state (CIS) of each 
hemisphere, which is determined to a large extent by the afferent stimulation it receives 
from the periphery as well as nutrient and oxygen supply. The afferent stimulation is gated 
through the brainstem and thalamus, both of which are asymmetric structures themselves, 
and indirectly modulated by their respective ipsilateral cortices. 

Traditionally the concepts of hemisphericity were applied to the processing of language 
and visuospatial stimuli. Today, the concept ofhemisphericity has developed into a more 
elaborate theory Ihat involves conical asymmetric modulation of such diverse constructs 
as approach versus withdrawal behaviour, maintenance versus interruption of ongoing 
activity, IOnic versus phasic aspects of behaviour, positive versus negative emotional 

valence, asymmetric control of the autOnomic nelVous system, and asymmetric 
modulation of sensory perception, cognitive, attentional, learning, and emotional 
processes (Davidson & I lugdahl. 1 995). 

The conical hemispheres are not the only right- and left-sided structures. "'ne thalamus, 
amygdala, hippocampus, caudate, basal ganglia, substantia nigra, red nucleus, the 
cerebellum, brainstem nuclei, and peripheral nelVous system all exist as bilateral 
structures with the potential for asymmetric function. 

Hemispirericiry does not relate stnaly to the handedness of the patient and there is poor 
correlation between handedness and eyedness-another measure of hemisphere-specific 

dominance. Classic symptoms of decreast>d left hemisphericity include depression and 
dyslexia, while decreased right hemisphericity can present with allention deficits and 
behavioural disorders. A variety of brain functions have been attributed to the right or left 
hemisphere; see Table 9.2. Autonomic asymmetries arc an imponanl indicator of cortical 
asymmetry as this renects fuel delivery to the brain and the integrity of excitatory and 
inhibitory innuences on sympathetic and parasympathetic function. Large projections 
from each hemisphere project to the ipsilateral PMRF with smaller projections to the 
mesencephalic RE Therefore, other signs of altered PM RF or mesencephalic CIS may 
indicate hemisphericity. During tests of cerebellar function, slowness of movement in 
a limb (rather than breakdown of reciprocal actions) will often represent a decrease in 
conical function-rather than a cerebellar cause. Of course, the IWO problems may coexist 

because of diaschisis occurring in hemisphericilY. Therefore. conical helllisphericity is 
often dependent on the presence of a series of findings related to subcortical output, fuel 
delivery. cognition. mood, and behaviour. 

Examination 

In addition, and most importantly from a functional neurological perspective, asymmetry 
or dysfunction in three of the most innut>ntial components of the nelVous system should 
be considered. These areas include: 

I .  Vestibulocerebellar system; 

2. Autonomic llelVOUS system; and 

3. Cerebr,,1 neuronal activity. 

The Co rtex I Chapter 9 
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Table 9.2 Brain Functions per Hemisphere 

left Hemisphere Right Hemisphere 

Analytical-Asses�es detail Global-Assesses the big pkture 

Processes information in sequential Processes information randomly or in variable order 

or linear order 

Verbal processing Visuospatial proc.essing 

Comprehension of words Comprehension of tone, gestures, and body language 

Motor and cognitive control of spee<h Tone of voice and gestures 

Plans an ordered response and reacts Responds impulSively or emotionally 
logically 

Mediates thought patterns based on Mtdiates thought patterns ba .. ed on instinct and feelings 
fact and knowledge Mediates creativity 

Fine motor control and sensory Gross motor control and ,>patla! orientation 
proceSSing 

Prefers familiar environment Respond1 to novel environmenn 

Prefers processing high temporal Prefers processing low temporal and spatial frequency 
and spatial frequency information information (e.g., lower speed and detail) 
(e.g .• higher speed and detail) 

Asymmetrical Autonomic Functional Considerations 

Cardiovascular Function 
With respect to cortical control of cardiovascular function, several studies have demonstrated 
that asymmetries in brain function influence the heart through ipsilateral pathways. These 
studies have shown that stimulation or inhibition at various levels on the right side of the 
neuraxis results in greater changes in heart rale:. while increased sympathetic tone on the left 
side results in a lowered velllrirular fibrillation threshold (Lane et al 1992). These finding 
have been explained by the fact that parasympathetic mechanisms appear to be dominant in 
the atria, while sympathetic mechanisms are dominant in the ventricles. Direct connections 
were traced between the sensorimotor cortex and the nucleus of tractus solitarius (NfS), 
dorsal mOlor nucleus of the vagus (DMV), and the rostral ventrolateral medulla (RVLM). 
These direct cortical projections to the NTS/DMV provide the anatomical basis for cortical 
influences on the baroreceptor reflex and cardiac parasympathetic control. lnese 
connections were also noted to have an ipsilateral predominance. 

The preferential innervation of the sinoatrial node by the right vagus and the AV node 
by the left vagus might predict that parasympathetic effects of left hemisphere lesions 
would be expressed less strongly at the sinoatrial node than those of right hemisphere 
lesions (Barron et al 1994). These alteralions in heart rate may be due in pan to an 
imbalance in rei alive descending influences oflhe right and left brain on autonomic 
outflow (lamrini el al 1 990). 

Measuring Cortical Hemisphericity 

Best-Hand Test (Bilateral Line-Bisection Test) 
It is known that patients with right hemisphere infarcts tend to bisect a horizontal line 
significantly to the right of the midline, while left hemisphere infarcts results in a less 
severe error to the left of the midline. Pseudoneglect occurs in 'normal' subjects with 
errors to the left of the midline. 

The determined midpoint of a horizontal line depends on the hemisphere that is 
dominantJy activated. Which brain side estimate is delivered depends upon which hand 
is chosen as the messenger. The hand giving the most accurate estimate is driven by the 
most behaviourally predominant side of the brain. Thus, properly util ized, two-hand 
line-bisection can be another biophysical window on hemisphericity (Monon 2003a), 

COtlduclitlg the Litle-Bisectiml Test 
Type 20 staggered horizontal lines I em apan on two venical 215 x 280 mm pages. Line 
lenglhs differ by 10mm from 70 to 1 60 mm (tOp to middle of page), and then in reverse 
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Clinical Examination for Parietal Dysfunction Should Include the 

Following Procedures QUICK FACTS 23 

• Visual fields 

• Two-point discrimination and joint position sense 

• Optokinetic pursuit 

• Smooth visual tracking 

• Finger to nose in each visual field 

• Best-hand test 

• Stereognosia/atopognosiaJagraphagnosia 

• Sensory extinction/inattention 

• Visual searching tasks 

order to the bottom of the page. Start by marking the midpoint of each line with your 
right hand and then with your left hand on the second page. Measure the distance (to 
O.S mrn precision) from the tnle midpoint ( i nclude - (left) or + (right)) and tally each 
page independently. Divide totals by 20. 

lhe two-hand line-bisection task is an attractive hemisphericity-type test because of the 
great variety of highly stable performances between normal subjects on this task. 
ApparenLly. these stable individual differences between right and left hand midline 
judgment become visible because the distal end of each appendage is  cOlllrolled by a 
different cerebral hemisphere. each of which independcmly makes its midline judgment 
known_ It is interesting to note that subjects tend [0 not be aware of their off-centre marks 
until placing the pen in the other hand. 

Motor Strength and Tone 
Muscle tone will often be diminished on the side of decreased brain function i n  all 
muscles. Loss of inhibition to the nexor muscle above solar plexus and extensor muscles 
below the solar plexus results in a mild nexion of the ipsilateral arm and extension of the 
ipsilateral leg, a posture referred to as parietal paresis. 

limb Control 
loss of coordination that appears cerebellar in nature may be due to loss of cortical 
function on the contralateral side. 

Other Release Phenomena 
TIle exaggeration of nexor renex afferent reactions is a motor release phenomenon that 
may be caused by decreased function of the contralateral conex. The expression of 
i nappropriate emotions or the occurrence of vivid nightmares may be caused by limbic 
release phenomenon which occurs as a result of ipsi lateral decreased conical function. 

Spontaneous lateral Eye Movements 
A cenain level of conical activity is necessary to prevent random or meaningless lateral 
saccadic activity of the eyes. When this movement dysfunction is present it can indicate 
a decreased cortical function (see Chapter 1 3). 

Remembered Saccades 
Remembered saccades arc controlled by the cOlllralateral frontal conical areas. Decreased 
functionality i n  these areas results i n  inaccurate saccades (see Chapter 13 ) .  

Forehead Skin Temperature 
Forehead temperature. if taken i n  the supraorbital regions, is supplied by branches of the 
internal carotid system, the same system that supplies the cortical areas of the brain. 
Asymmetry in skin temperature on the forehead may be associated with asymmetry i n  
brain activity. lne exact relationship i s  still controversial but an increased temperature 
seems to suggest the side of greatest activation. 
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Tympanic Temperature 
Many studies have tried to link tympanic temperature to brain activation. The exact 
relationship is still controversial; however, it appears that as cortical activation levels 
increase the tympanic temperature decreases (Cherbuin & Brinkman 2004). 'lllis is due to 
the: counter current cooling mechanisms that exist in this system so that as carotid flow 
and thus activation increases, the temperature decreases. 

Asymmetric Autonomic Responses 

'l11e COrtex stimuhues the activation of a variety of areas of the PMRF that result in the 
inhibition of intermediolateral (IML) neurons that are the presynaptic neurons of 
sympathetic function. The projections from the cortex to the PMRJ� are: ipsilateral for the 
most pan and thus asymmetrical inhibition patterns that can be detected clinically can 
develop. For example the artery to venous ratio (A:V ratio) of retinal vessels may be 
different form eye 1O eye. indicating asymmetrical sympathetic activation. Changes in 
heart rate versus heart rhythm may indicate asymmetrical activation of the sympathetic or 
parasympathetic systems. 

Blind Spot Sizes 
Blind spot measurements can be an indication of asymmetrical conical or thalamic 
activation. 

Cerebellum Testing 
'I11e large projections systems between the cortex and cerebellum make each susceptible to 
decreased aaivation occurring in the other. This process is referred to as diaschisis. 
Clinical findings of decreased cerebellar function may be secondary to decreased 
contralateral cortical function and vice versa. Tests such as Rhomberg's and Facuda's 
march test can be useful in evaluating the asymmetrical differences. 

Speech Patterns 
Speech is a complex process that involves a variety of conical areas that must function in a 
cohesive manner for successful speech production. Alterations in these patterns in 
conjunction with other findings call suggest decreased hemispheric function. 

Cognitive and Behavioural Testing 

Various human functions have been atlribuled to certain hemispheric areas. Dysfunction 
in these areas can often be clinically observed and act as a guide to activations stales of 
each hemisphere. (See Table 9.3 and questionnaire in Appendix 9. 1 . )  

Table 9.3 Typical Brain Behaviours 

lett Hemisphere Right Hemisphere 

Behaviour Behaviour 

Names Recognizes Faces 

Verbal Instructions Visual or Kinesthetic 

Inhibited Emotions Strong 

Words Meaning Body language 

logical Thoughts/ideas Humorous 

Sequentially Process Information Subj&tively, patterns 
Problem solving 

Serious Appeals Playful 

Details and facts Readingflistening Main idea. big picture 

Systematic plans learning Exploration 

Well-structured Assignments Open-ended 

Outline Remembers Summarize 
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Diffuse Neuronal and Axonal Injuries 
Involving the Cortex 

Severe TBI may result in widespread damage LO axons, lenned diffuse axonal injury (DAI) 
(Olsson et 31 2004). DAI is one of the most common and important pathologic features 
of traumatic brain injury and can be caused from almost any type of head trauma ranging 
from direct blunt force trauma to the head, to the impact of coup/contra-coup injuries 
resulting from whiplash type trauma. 'n1€: result of these injuries to the head may develop 
into closed head injuries ranging from mild to severe. 

DAI caused by mild closed head injury (CHI) is likely to affect the neural networks 
concerned with the planning and execution of a variety of cortical functions, one of which 
includes the sequences of memory-guided saccades. This dysfunction of saccadic activity is 
very sensitive and can be lIsed to identify the presence of diffuse axonal and neuronal 
injury following head trauma. CI-II subjects show more directional errors, larger position 
errors, and hypermetria of primary saccades and final eye position. No deficits are usually 
seen in temporal accuracy including timing and rhythm of the saccades ( I- Ieitger el al 
2002) .  Using saccadic testing combined with the history of head injury and any of me 
following symptoms which have been shown to often present with traumatic brain injury 
can give a fairly accurate estimation ohhe degree of axonal injury suffered by the patient: 

• PsychomoLOr slowing; 
• Central auditory pathway dysfunction involving tinnitus, hearing deficits, and 

hyperacusis; 
• Deficits in facial emotion perception; 
• Abnormal saccadic sequence control of remembered saccades; and 
• Attention deficits. 

Brain trauma is accompanied by regional alterations of brain metabolism, reduction 
in metabolic rates, and possible energy crisis. Positron emission tomography (PET) for 
metabolism of glucose and oxygen reveals that traumatic brain injury leads to a state of 
persistent metabolic crisis as defined by an elevated lactate/pyruvate ratio that is not 
related to ischaemia (Vespa et al 200s), 'nese increases in lactate are typically more 
pronounced in patients with a poor outcome (Clausen et al 2005). 

Brain tissue acidosis is known to mediate neuronal demh (Marion et al 2002). 
Severe human traumatic brain injury (1131) profoundly disturbs cerebral acid-base 

homeostasis. The observed pH changes persist for the first 24 hours after the trauma. Brain 
tissue acidosis is associated with increased tissue PCO] and lactate concentration. These 
pathobiochemical changes are more severe in patients who remain in a persistent vegetative 
Slate or die. In brain tissue adjacent to cerebral contusions or underlying subdural 
haematomas, even brief periods of hyperventilation, which decreases pi-I and increases CO] 
and lactate concentrations, can significantly increase extracellular concentrations of 
mediators of secondary brain injury. These hyperventilation-induced changes are much more 
common during the first 24-36 hours after injury than at 3-4 days (Marion et al 2002). 

Over one million whiplash injuries occur in the USA every year. Neuropsychological 
disturbances are often reponed in whiplash patients but are largely ignored because of 
their borderline nature. Patients often complain of headache, venigo. auditory 
disturbances, tinnitus, disturbances in concentration and memory, difficulties i n  
swallowing. impaired vision, and temporomandibular dysfunction (SpilZer e t  al 1 995).  
"Inis syndrome has become known as 'whiplash brain'. 

Patients who had received a whiplash injury to the neck consistently showed evidence 
of hypope.rfusion and hypometabolism in parieto-occipital regions of the brain (Due et al 
1 997). This was hypothesized to be due to DAI from acceleration forces or increases in 
spinotrigeminal nociceptive inputs from the cervical spine. pinotrigeminal and vestibular 
afferents are capable of altering cerebral homodynamics and frequency of firing of 
monoaminergic neurons in the brainstem reticular formation. 

'l11e susceptibility of axons to mechanical injury appears to be due to both their 
viscoelastic propenies and their high organization in white matter tracts. Although axons 
are supple under normal conditions, they become brittle when exposed to rapid 
deformations associated with brain trauma. Accordingly, rapid stretch of axons can 
damage the axonal cytoskeleton. resulting in a loss of elasticity and impainnent of 
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axoplasmic transpon. Subsequent swelling of tile axon occurs in discrete bulb formations 
or in elongated varicosities mal accumulate lransponed proteins (Smith et al 2003). 

Ultimately. swollen axons may become disconneaed and contribute to additional 
neuropathologic changes in brain tissue. DAI may largely account for the clinical 
manifestations of brain trauma. However, DAI is extremely difficult to delea noninvasively 
and is poorly defined as clinical syndrome. Future advancements in the diagnosis and 
treatment crOAT will be dependent on our collective understanding of injury biomechanics, 
temporal axonal pathophysiology, and its role in patient outcome ( J- Ienderson et al 2005). 

A growing body of evidence indicates that spondylOlic narrowing of the spinal canal 
and abnormal or excessive motion of the cervical spine results in increased strain and 
shear forces that cause localized axonal injury within the spinal cord. During normal 
motion, significant axial strains occur in the cervical spinal cord. Atthe cervicothoracic 
junction, where flexion is greatest, the spinal cord stretches 24% of its length. This causes 
local spinal cord strain. In the presence of pathological displacement, strain can exceed 
the material properties of the spinal cord and cause transient or permanent neurological 
injury. Stretch-associated injury is now widely accepted as the principal etiological factor 
of myelopathy in experimental models of neural injury, tethered cord syndrome, and DAI 
(Henderson eI al 2005). 

Axonal injury reproducibly ocrurs at sites of maximal tensile loading in a well�defined 
sequence of intracellular events: myelin stretch injury, altered axoleI11 l1lal permeability, 
calcium entry, cytoskeletal collapse, compaction of neurofilaments and microtubules, 
disruption of anterograde axonal transport, accumulation of organelles, axon retraction bulb 
fonnation, and secondary axOlomy. Stretch and shear forces generated within the spinal cord 
seem to be imponant factors i n  the pathogenesis of cervical spondylotic myelopathy. 

A1zheimer's disease (AD) is characterized by synaptic and axonal degeneration together 
with senile plaques (SP). SP are mainly composed of aggregated bem�amyloid, which are 
peptides derived from the amyloid precursor protein (APP). Apart from TBI in itself being 
considered a risk factor for AD, severe head injury seems to initiate a cascade of molecular 
events also associated with AD (Olsson et al 2004). 

Seizures and Epilepsy 

Epilepsy is a disorder in which an individual has the predisposing tendency to suffer 
unprovoked recurrent seizures. A seizure is an episode of desynchronized bursts of brain 
activity that result in abnormal activity or experiences in the individual. '111e seizures 
in some forms of epilepsy may arise in the entire brain and result in generalized seizures. 
Other forms both start and are limited to a panicular region or forus in the brain. 
These type of seizures are referred to as partial or focal seizures. Seizures can start as 
a focal seizure in any area of the brain and spread to other areas 1O become secondary 
generalized seizures. ranial seizures can be further classified as simple or complex. 

Simple partial seizures can occur in any area of the brain and the symptoms generated 
will depend on the area of the brain involved. lne one common charaaeristic of a 
simple partial seizure is that consciousness is spared. The individual can recall  the events 
before, during. and after the seizure and may be aware of the seizure activity itself. 
For example, a simple partial seizure involving the right motor cortex may produce 
a slight twitching of the left hand. This twitching is referred to as a positive symptom 
because it increases activity. However, a simple partial seizure in the left frontal lobe in 
the area of Broca may result in impaired speech. This is referred to as a negative symptom 
because activity is impaired. The time that the seizure is actually taking place is referred 
to as the ictal period and the time period immediately following the seizure is the 
postielal period (Wyllie 1 993). 

CompleJ.· parrial seizures result in a disruption in consciousness, most probably because 
of interference with the reticular activation system in the brainstem or because of 
widespread areas of cortical involvement. Complex partial seizures may occur in any area 
of the brain but most commonly ocrur in the temporal lobe. Although there are multiple 
causes for temporal lobe epilepsy the most common form is referred to as mesial 
temporal lobe epilepsy syndrome (MTLE) or limbic epilepsy (Engel 1 993). It is common 
for people with MTLE 1O experience an aura prior 1O the complete onset of seizure activity. 
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The aura may manifest as an order or mental sensation such as deja vu or as repetitive 
motor tasks such as lip smacking or pelting motions of the hands. These types of repetitive 
tasks are referred to as automatisms. With MTLE the ipsilateral basal ganglia are 
commonly also involved and can result in contralateral dYSlOnias or immobility. Postictal 
recovery may take from minutes to hours and may include confusion, amnesia, agitation, 
tiredness, aggression, or depression. 

Generalized seizures are usually tonic-clonic type seizures, which begin with the tonic 
stage. which involves generalized contraction of mOst muscle groups and loss of 
consciousness. Clonic phase involves rhythmic jerking motions that occur bilaterally. 
They usually stan quite aggressively and lhen diminish as lime passes. In lhis stage biting 
and or swallowing the tongue is a real concern. Postictal recovery may take minutes to 
hours and includes exhauslion, amnesia, headache, and confusion. 

Ceneralized seizures have no preceding aura or focal seizure and involve bOlh 
hemispheres from the onset. The mechanism is related rhythmic activity by neuronal 
aggregates in the upper brainstem or thalamus that project diffusely to the conex. I n  
panial and secondarily generalized seizures, the abnonnal electrical activity originates 
from a seizure focus that results in enhanced excitability due to altered cellular properties 
or synaptic connections due to scar, blood clot, tumour, etc. Epilepsy very rarely occurs 
due to tumour, especially in the case of children. 

Alzheimer's Disease 

Alzheimer's disease is a progressive degenerative brain disease. It is the most common 
cause of dementia in the elderly. The prevalence of Alzheimer's disease increases rapidly 
over the age of 65 when the prevalence is about 1 % to the age of 85 were the prevalence 
about 40% (Blumenfeld 2002). The clinical symptoms of Alzheimer's include: 

• Impairment of memory; 

• I mpairment of language; 

• Apraxia; 

• Progressive cognitive impairment; 

• Psychosis; 

Depression; and 

• Personality changes. 

Alzheimer's Disease QUICK FACTS 24 

• Alzheimer's disease is the most common progressive degenerative brain 

disease in the elderly. 

• Alzheimer'S disease is characterized by synaptic and axonal degeneration 

together with ,enile plaque, (SP). SP are mainly compo,ed of aggregated 

beta-amyloid (APt which are peptides derived from the amyloid precursor 

protein (APP). 

• Apart from TSI in itself being considered a risk factor for AD, severe head 

injury seems to initiate a cascade of molecular events also associated with 

Alzheimer'S disease. 

The initial symptoms of memory loss common in Alzheimer's disease are usually very 
mild, not unlike the memory loss common in the normal aging process. 

Initially only the recent memory is affected and long·term memory is spared. 
Individuals can actually perfonn quite well even as me disease has advanced considerably 
by maintaining a consistent and non·variable routine, or as quite often occurs a family 
member will cover up the progressively more frequent lapses of memory and cognition. 
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Inevitably. the symptoms progress to the point where the individual startS to experience 
difficulty with the tasks of daily living even in their rouline and with family support 
(McKhann et al I 984).  

In order for the diagnosis of Alzheimer's disease to be established, the individual Illust 
have dementia. a progressive loss of memory. and at least one Olher cognitive impairment 
that impairs their normal daily functions. Often the diagnosis is only made when all Olher 
forms of dememia have been ruled out which can be quite difficult clinical ly. The average 
l ife expectancy from the initial diagnosis is approximately 10 years although a greal deal 
of variation is common. 

The neuropathology of the disease is the formation of neuritic plaques and 
neurofibrillary tangles. 111e neuritic plaques are composed of an insoluble protein called 
beta-amyloid and apolipoprotein E, which is enveloped in a cluster of abnormal axons 
and dendrites called dystrophic neurites. '''e neurofibrillary tangles are composed of 
intracellular accumulations of hyperphosphorylated microtubule associated proteins or 
paired helical proteins referred to as tau proteins (Blumenfeld 2002). Severe head injury 
seems to initiate a cascade of molecular events also associated with the development of 
neurofibrillary tangles and neuritic plaques and thus Alzheimer's disease. 

Headache Syndromes 

Headaches are a common neurological symptom that may indicate a serious pathological 
condition. "Joe majority of headaches, however, do not signal a major pathology but are 
benign in nature. The brain parenchyma itself is not able to detect painful stimulus. 'J11e 
pain of headache must therefore come from the other structures inside the head such as 
the blood vessels, meninges, and scalp or be referred from some other structures closely 
aligned, in a neurological sense, with the above structures. The trigeminal nerve supplies 
the nociceptive reception of the anterior face and most of the supratentorial internal 
structures of the skull such as the dura and blood vessels, except for the infratentorial 
posterior cranial fossa for which the vagus and glossopharyngeal nerves supply the 
nociceptive input. Headaches are usually classified into two groups, those being primary 
and secondary in nature. Primary headaches are not associated with other pathology and 
are, with the exception of the pain and disability they cause, usually benign. Secondary 
headaches are by definition associated with orher usually serious pathology that should 
not be missed on examination. 

Primary Headaches 

Primary headache syndromes are diagnosed by defining the clinical features of the 
patient's headaches and applying those to established definitions. If care is taken during 
the history and examination to identify any warning signs that may also be present, then 
the chances of missing a secondary headache is substantially reduced. Common warning 
signs that must be investigated thoroughly if found include: 

• Development of a first-time headache in someone who does not usually get 
headaches; 

• Sudden onset or thunderclap headache; 

• Initial onset of headaches after age 50 years; 

• Association of headache with other systemic signs or symptoms such as fever, 
myalgias, or weight loss; 

• Changes in headache pattern such as frequency, severity, timing. or type of pain; and 

• Associaled neurological signs or symptoms such as changes in personality, or 
cognitive dysfunctions. 

Some common primary headaches are oullined below. 

Cluster Headache 
This type of headache is relatively uncommon and occurs in men wilh a greater frequency 
than women. Men between the ages of30 and 40 years are usually affected to a greater 
degree than other age ranges. There is a genetic predisposition with the occurrence of this 
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headache. The pain is described as severe unilateral orbital. suborbital. or temporal and 
lasting from 15 to 180 minutes without treatment. Associated symptoms include conjunctival 
inject.ions. lacrimations, congestion. rhinorrhea, ptosis, miosis, and eyelid oedema. 

Migraine Headache: 
lne classical features of a migraine type headache include a frequel1l association with the 
menstrual cycle in women, characteristic triggers that set off the migraine process, family 
history of migraine. reversible 31lacks of cognitive impairment related to the headaches, 
and associated dizziness, vertigo, nausea, and vomiting. 'n,e typical migraine type 

headache will progress through a series of phases that have been referred to as the 
prodrome, aura, headache, and postdrome phases. 

The prodro",e pllase usually includes changes such as elation of mood, irritability, 
depression, sense of hunger or thirst. drowsy feelings, mental or physical slowing, and 
occasionally abdominal bloating. 'Ine aura phase usually precedes the actual headache and 
terminates before the start of the headache and involves visual features such as scoLQmas, 
fortification spectra, and scintillations. It may also include physical alterations including 
hemiparesis and numbness. 'ne headdche phase usually involves a moderate LQ severe 
unilateral temporal throbbing pain that is aggravated by activity. Associated symptoms 
may include nausea, vomiting. photophobia, phonophobia, and osmophobia. 

Tension Headache 
Tension headaches are the most common and least distinct type of headache. They may 
occur episodically or chronically and are usually described as dull, achy, bilateral in 
nature, with the sensation of squeezing or pressing of the head. Activity does not usually 
aggravate tension type headaches and phonophobia, photophobia, nausea, and vomiting 
are not usually associated. Tension headaches can be classified by their frequency and 
chronicity of occurrence. 

New Dail), Persiste'lf Helldaclle 
'This headache occurs greater than 1 5  days per month. The onset has been less than I 
month in duration. The headaches occur for greater than 4 hours each and the patient 
has had no prior history of migraine headache in the pasl. lne initial onset of the 
headache usually involves a constant headache in a constant location for more than 3 
days duration. 

Hemicmnjll Colllillua 
'l11is type of headache is present for greater than I month but less than 6 months. 'Iney are 
usually constant in location, which is unilateral in nature. 'l1,e pain is continuous and 
there appear 10 be no precipitating factors involved in initiating the headache. 

C/lronic TensiOlI TYPe Headaclie 
This headache occurs grealer than 1 5  days per l11omh. The headaches are over 4 hours 
in duration and have been occurring for the past G mOl1lhs. These paliel1ls usually have a 
history of episodic lension type headaches with a gradual increase in severity and 
frequency over the past 3 months. 

C/lronic Tnmsformed Migrtlille Helldacl!e 

This headache has the same criteria as Ihe chronic tension type headache but some of the 
symptoms of migraine headache also occur. 

Causes of Secondary Headaches 

A variety of pathological conditions or traumatic events can be associated with headaches. 
Some of the more common of these include: 

• 1Umours; 

• Meningitis; 

• Ciant cell arteritis; 

• Fasting; 

• Head trauma; 

• Intracranial haemorrhage; 

• Cerebral infarct; 

• Carotid or vertebral artery dissection; 
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• Venous sinus thrombus; 

• Postictal headache; 

• Hydrocephalus; 

• Low CSF pressure; 

• Toxic poisoning; 

• Metabolic imbalances; 

• Epidural abscess; 

• Vasculitis; 

• Trigeminal neuralgia; and 

• Tooth ache. 

Appendix 9 . 1  Right or Left Brain-Oriented? The Asymmetry 
Questionnaire 

266 

Name: _____ _ 

For each of these 1 S pairs of statements, mark an )( at the starr of the one statement that is most like you. 

Statement A Statement 8 

1. I often talk about my and others' feelings " 1 tend to avoid talking about emotional 
of emotion. feelings. 

2 J am good at finishing prOJects. 2, I am a strong starter of projects. 

3, J organize parts into the whole (synthetic, 3 J break the whole into parts (reproductive-
creative). reductionistiC). 

4, I am quick-acting in emergency 4, J methodically solve problems by process 
of elimination. 

5 I think and listen interacti\lely-vocally, and 5, I think and listen quietly, keep my talk 
talk a lot. to a minimum. 

6 I don't read other people's minds \lery well. 6, I am \lery good at knOWIng what others 
are thinking. 

7, I see the big picture (proje<1 data beyond, 7, I am analytical (stay within the lImits of 
can predict). the data). 

8, I tend to be independent, hidden, private, 8 I tend to be interdependent, open, public, 
and indirect. and direct. 

9, I usually design original outfits of clothing. 9 I dress for success and wear high stiltus 
clothing. 

10 I need to be alone and quiet when upset. 10, I need closeness and to talk things out 
when upset. 

1 1  I praise others, and also work for praise 1 1 .  I do not praise others, nor need the praise 
from others. of others 

12, I'm more interested in objects and things. 12, I tend to be more interested in people 
and feelings. 

13. I seek frank feedback from others 13  I avoid seeking evaluation by others 

14 I often feel my partner (or closest frtendls) 14, I feel my partner (or closest friend(s)) 
talks too much. doesn't talk or lIsten to me enough 

15, I'm strict when given �mE' authority- 15. I am not strict when given authority 
people (or my chitdren) obey me and work 
for my approval 

Source: Morton BE 2003b Asymmetry questionnaire outcomes correlate with several hemisphericity 
measures. Brain and Cognition 51:372-374. 
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The Thalamus and Hypothalamus 

Introduction 

1. The thalamus and hypothalamus have traditionally been thought of as a simple 
relay system and the master control over the pituitary gland respectively. But as our 
understanding of the functions of these areas of the neuraxis grows so 100 does the 
variety of functions these areas cOl1lribute 10 human function. The thalamus is 
now thought to play a vital role in the innate stimulatory patterns of wide areas of 
conex that allow consciousness. We can record this activity with an electro· 
encephalogram. rille hypothalamus seems La be the control centre for certain 
aspects of the sympathetic nervous system and is also involved in certain types 
of learning and memory. 

In this chapter we will explore the anatomy and neurological functional circuits 
of these interesting and clinically relevant areas of the neuraxis. 
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Anatomy of the Thalamus 

The diencephalon encloses the third ventricle and includes the thalamus with its lateral 
and medial geniallale bodies, the subthalamus, the epithalamus, and the hypothalamus. 
Each cerebral hemisphere contains a thalamus, whidl is a large egg-shaped mass of grey 
malter, in the dorsal ponion of the diencephalon (Fig. 10.1). The thalamus is an important 
link between sensory receptors and cerebral COrtex for all modalities except olfaction. 

1lle rostral end of the thalamus, also known as the anterior tubercle is narrower than 
the posterior portion of the thalamus which contains a medial enlargemelll referred to as 
the pulvinar and a lateral enlargement referred to as the lateral genialiale body. lne medial 
surface of the thalamus fomu the lateral wall of the third ventricle and forms a conneoion 
(Q the medial surface of the opposite thalamus through a short communicating prOjection of 
grey matter called the massa intennedia or the centrnl thalamic adhesion (Chusid 1982).'I'''e 
thalamus receives extensive projections from all of the main subcortical areas of the nervous 
system including spinal cord, hypothalamus, cerebellum, and the basal ganglia and forms 
reciprocal projeaions with the majority of the cerebral cortex. "nle connections to and from 
the cortex. also known as the thalamic radiations. are carried in four fibre tracts referred to as 
pedundes or stalks. T"ese projea.ions foml a considerable portion of the internal capsule (Fig. 
to.2)."he anterior thalamic peduncle carries projection fibres from the anterior and medial 

thalamic nuclei to all areas of the frontal cortex. The superior peduncle carries projeoioll 
fibres to and from the ventral and lateral thalamic nuclei to the pre- and postcentral gyri and 
premotor and prese:nsory areas of the cortex. T"e posterior peduncle caries projection fibres to 
and from the posterior and lateral thalamic areas including the lateral genirulate body and the 

QUICK FACTS 1 The Hypothalamus Acts on Four Major Systems 
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pulvinar to the poste.rior and occipital conical areas.l1le inferior thalamic peduncle connects 
the posterior thalamic areas including the medial geniculate body lO the temporal areas of 
cortex (Williams & Wan.vick t 984). 111e external medullary laminae are layers of myelinated 
fibres on the lateml surface of the thalamus immediately adjacent to the internal capsule (Fig. 
10.3). 'l'he internal medullary lamina is a vertical sheet of white matler deep in the substance 
of the thalamus that bifurcates in the anterior portion of the thalamus to divide the substance 
of the thalamus into lateral, medial, and anterior segments (Fig. 10.3). The thalamus has 
seven groups of nucle.i organized with respect to the imemai medullary lamina.lnese include 
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Fig 10.3 The thalamiC nuclei and their main projections to the cortex. 
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me anterior nuclear group located rostrally. the nuclei of the midline. the medial nuclei, the 
ventral nuclei. lateral nuclear mass which expands posteriorly to include the pulvinar, the 
intmlaminar nuclear group, and the relirular nuclei (I-ig. 10.3). Several nuclei of the thalamus 
are considered to be areas of singularity dependent on neuml activation from the COrtex 
to survive. nlese nuclei show marked trnnsneural degeneration if the areas of cortex that 
project to them are damaged, understimulated, or subject to excessive inhibition (Williams & 
Warwick 1984). This process is an example of diaschisis, where reduced output from one area 
of the neuraxis results in degeneration of the downstream neuron pools. 

The anterior nuclear group receives input from the ipsilateral mammillary nuclei of the 
hypothalamus via the mammillOlhalamic tract and from the presubiculum of the 
hippocampal formation (Fig. IDA). Neurons in the anterior thalamic group project to 
regions of the cingulate and frontal cortices, mainly areas 23. 24, and 32. 'nle anterior 
group of nuclei is a principal limbic component in linking the hippocampus and the 
hypothalamus and is involved with the modulation of memory and emotion. 

Recent advances in our understanding of this area of the neuraxis have lead to the 
conclusion that an intact and normally functioning hippocampal-fornical-mammillo
thalamic-limbo-cortical pathway is essential for the establishment of recent memory. The 
medial nuclei are composed of a number of small nuclei including the parafascicular, 
submedius, paracentral is, and paralateralis. Ilowever. the medial nuclei are dominated by 
the nucleus medius dorsalis. The medial nuclei form reciprocal projections from the 
hypothalamus. the frontal cortex, the amygdaloid complex, the corpus striatum, and the 
brainstem reticular formation. These nuclei also form reciprocal projections with all other 
thalamic nuclei. Dysfunction of the medial nuclei in man results in complex changes in 
motivational drive, in problem-solving ability, and in emotional stability. 

The ventral nuclear group is composed of three nuclei, the ventral anterior (VA), the 
ventral posterior (VP), and the ventral intermedius (VI). The ventral posterior nucleus is 
further divided into the functionally important ventral posterior lateral (VPL) and 
ventral posterior medial (VPM) nuclei. 111e vast majority of the fibres reaching the ventral 
group are from the afferent fibres of the sensory system of man. lhe VPL receives 
projections from the contralateral cuneate and gracile nuclei via the medial lemniscal 
pathway and both contralateral and ipsilateral spinothalamic projections via the 
anterolateral system.lne VPM receives projections from the trigeminal and gustatory 
lemnisci. These nuclei project reciprocally via the posterior limb of the internal capsule 
to the somatosensory areas including areas I, 2. and 3 of cortex (Fig. 10.2). 'n,e VI nuclei 
receive extensive projections from the dentate and interpositus nuclei of the cerebellum 
and from the basal ganglia. The VI projects to other thalamic nuclei and 10 the motor areas 
of cortex namely areas 4 and 6. The VA nucleus receives extensive projections from the 
globus pallidus via the thalamic fasciculus and from the dentate nucleus of the cerebellum. 
l1le VA nucleus is therefore very important in the integration or modulation of projections 
frolll the basal ganglia and the cerebellum on the cortical areas of Illotor function. 
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The midline nuclei are composed of the paraventricular, parataenial, and reuniens 
nuclei.l"e afferent and efferent projections of these nuclei are very difficult to elucidate 

but they. along with the intralaminar nuclei. most probably mediate conical arousal. 
'1,e fa/emf nuclear group is composed of the lateral dorsal (LD) nucleus, the lateral 

posterior (LP) nucleus. and the pulvinar. which on its own ocrupies approximately 25% of 

the whole caudal thalamic area. 11,e pulvinar is relatively late in phylogeny and only occurs 
in higher primal.e5 and man. 'l1,e pulvinar is thought 10 receive projections from the lateral 

and medial geniruiale bodies as well as direct projections from retinal cells of the optic 
tracts. l1H� pulvinar reciprocally projeclS to the temporal. occipital, and parietal con ices. 
lhe LD nucleus reciprocally projects to the inferior parietal and posterior cingulate conices. 
"111e LP nucleus reciprocally projects to the parietal and poslcenLraI gyri areas of cortex. 

'Ine relicu/nr nuclei form an outer shell around the laleral aspects of the thalamus. 
All afferent and efferent projection fibres, to and from the thalamus, pass through this 

reticular nuclear area. The neurons of this nucleus are predominantly CABA-ergic in 
nature, while other thalamic nuclei are mainly excitatory and glutaminergic. The reticular 
nuclei appear not to have direct projections to the cortex but only to other nuclei of the 
,halamus (DeSlexhe & Sejnowski 2003). 

'11e intralaminar nuclei include several small cluslers of neurons contained within the 
substance of the internal medullary laminae. 'nlese nuclei include paracentralis, centralis 
lateralis and centralis limitans, and the much larger central medial nucleus. "nle function 
of these nuclei is still not clear. 

"l11e nuclei of the midline are small islands of neurons usually in the area of the 
interthalamic adhesion. These nuclei receive a predominance of their projections from the 
reticular formation of the brainstem and project to the corpus striatum and cerebellum. 

The functional significance of these nuclei remains a mystery. 
'ne laleral gelliculafe rlucleus (LeN) appears as a swelling on the rostral surface of the 

pulvinar and receives afferent input from the axons of the retinal ganglion cells of the 

temporal half of the ipsilateral eye and the nasal half of the contralateral eye. "111e LCN 

neurons then projea axons to the ipsilateral prima!)' visual COrtex via the optic radiations. 
The nucleus consists of six layers of nerve cells and is the temlinus of about 900Al of the fibres 
of the optic tract. 'Ine remaining 10% of fibres temlinate in the pretectal areas of the 
mesencephalon, the superior colliculus of the teaum of the mesencephaJon, and some fibres 
synapse directly on neurons in the hypothalamus (Snell 2001). Only 10-20% of the 
projections arriving in the LeN are derived directJy from the retina. The remaining projeaions 
arise from the brainstem reLicular formation, the pulvinar, and reciprocal projections from the 
striate cortex. 1l1ese projections between the LeN and the striate cortex are important for a 
number of reasons but may play a major role in the process of physiological completion or 

'fill in' that occurs during visual processing in the COrtex. 
The medial genicula Ie nucleus (MeN) or body is the tonotopically organized auditory 

input to the superior temporal gyrus. It appears as a swelling on the posterior surface of the 

pulvinar. Afferent fibres arriving in the medial geniculate body from the inferior colliculus 
form the inferior brachium. '11e inferior colliculus receives projections from the lateral 
lemniscus. TIle MeN receives audito!), infomlation from both ears but predominantly from 
the comralateral ear. ·l1u� efferent projection fibres of the MeN form the auditory radiations 

thai terminate in the audito!), cortex of the superior temporal gyrus (Snell 2001)' 

The Physiological 'Blind Spot' 

The visual image inverts and reverses as it passes through the lens of the eye and forms an 
image on the retina. Image from the upper visual field is projected onto the lower retina and 

that from the lower visual field OntO the upper retina. The left visual field is projeaed to the 
right hemiretina of each eye in such a fashion that the right nasal hemiretina of the left eye 
and the temporal hemiretina of the right eye receive the image. '11e central image or focal 
point of the visual field falls on the fovea of the retina, which is me portion of the retina with 
the highest density of retinal cells and as such produces the highest visual acuity. The fovea 
receives the corresponding image of me cent.ral 1°_2° of the total visual field but represents 
about 50% of the axons in the optic nerve and projects to about 50% of the neurons in the 

visual cortex. The macula comprises the space surrounding the fovea and aJso has a relatively 
high visual aruity. 1'he optic disc is located about 15° medially or towards the nose on each 
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retina and is the convergence point for the axons of retinal cells as they leave the retina and 
fonn the optic nerve. This area although functionally important has no photoreceplors. This 
creates a blind spot in each eye about 15° temporally from a central flXation poinl. When 
both eyes are functioning, open, and forused on a central fixation point. the blind spots do 
not overlap so all of the visual field is represented in the cortex and one is nOI aware: of the 
blind spot in one's visual experience. 111e area of the visual striate cortex. whidl is the primary 
visual area of the occipital lobe, representing the blind spot and the monorular crescent 
which are both in the temporal field, does not contain alternating independent ocular 
dominance columns. This means that Lhese areas only receive information from one eye. If 
that eye is dosed, the area representing the blind spot of the eye remaining open will not be 
activated because of the lack of receptor activation at the retina. 

It is expected that when one eye is closed the visual field should now have an area not 
represented by visual input and the absence of vision over the area of the blind spot 
should be apparent. However, this does not occur. The cortical neurons responsible for the 
area of the blind spot must receive stimulus from other neurons thai creale the illusion 
that the blind spot is not there. 111is is indeed the case and is accomplished by a series of 
horizontal projecting neurons located in the visual striate cortex that allow for 
neighbouring hypercolumns to activate one another. "ne horizontal connections between 
these hypercolumns allow for perceptual completion or 'fill in' to occur (Gilbert & Wiesel 
1989; McGuire el .1 1991). 

'n,e blind spot is therefore not strictly monocular, but it is dependent on the frequency 
of firing (FOF) of horizontal connections from neighbouring neurons. These may be 
activated via receptors and pathways from either eye. 

Perceptual completion refers to the process whereby the brain fills in the region of the 
visual field that corresponds to a lack of visual receplOrs. This explains why one generally 
is not aware of the blind SpOt in everyday experience. 'nle size and shape of the blind 
spots can be mapped utilizing simple procedures as outlined in Chapter 4. 

'me size and shape of the blind spots are dependent to some extent on the central 
imegrative state (CIS) of the horizontal neurons of the conex that supply the stimulus for 
the aa of completion to occur. The integrative state of the horizontal neurons is detennined 
lO some extem by the activity levels of the neurons in the striate conex in general. Several 
faaors can contribute to the CIS of striate conical neurons; however, a major source of 
stimulus results from thalamoconical activation via t.he reciprocal thalamocortical optic 
radiation pathways. It is dear from the above that the majority of the projection fibres 
reaching the LeN are not from retinal cells. 'mis strongly suggests that the LeN acts as a 
multimodal sensory imegration convergence point that in tum aaivates neurons in the 
striate cortex appropriately. 'l1,e level of aaivation of the LeN is temporally and spatially 
dependem on the activity levels of all the multimodal projeaions that it receives. 

In 1997, Professor Frederick Carrick discovered that asymmetrically altering the afferent 
input to the thalamus resulted in an asymmetrical effect on the size of the blind spot in 
each eye. The blind spot was found to decrease on the side of increased afferent stimulus. 
This was attributed to an increase in brain function on the contralateral side because of 
changes in thalamocortical activation that occurred because of multi modal sensory 
integration in the thalamus. 

"me stimulus utilized by Professor Carrick in his study was a manipulation of the upper 
cervical spine. which is known to increase the FOF of multi modal neurons in areas of the 
thalamus and brainstem that projecl to the visual striate cortex.ll1ese reciprocal 
conneaions lower the threshold for aaivation of neurons in the visual cortex. By decreasing 
the threshold for firing of neurons in the visual conex, the manipulation resulted in a 
smaller blind spot because the area surrounding the permanent geometric blind spot zone 
is more likely lO reach threshold and respond to the receptor activation that occurs 
immediately adjacent to the optic disc on the contralateral side. 'nle size and shape of the 
blind spot will also be associated with the degree of aaivation of neurons associated with 
receptors adjacent lO the optic disc. "me receptors surrounding the optic disc underlie the 
neurons that form the optic nerve exiting by way of the optic disc. "'ne amplitude of 
receplOr potentials adjacent to the optic disc may therefore also be decreased because of 
interference of light transmission through the overlying fibres even though they should 
have lost their myelin coating during development; otherwise. interference would be even 
greater. "mis interference results in decreased receptor amplitude, which in turn results in 
decreased FOF of the corresponding primary afferent nerve.lnis may result in a blind spot 
that is physiologically larger than the true analOmical size of the blind spo!. 
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lhis lead (0 the understanding that the size and shape of the blind spots could be used 
as a measure of the CIS of areas of the thalamus and cortex due to the faci lhal the 
amplitude of somatosensory receptor potentials received by the thalamus will influence the 
FOr: of cerebello-thalamocortical loops thaI have been shown to maintain a CIS of cortex. 

111erefore, musde stretch and joint mechanoreceptor potentials will alter the FOF of 
primary afferenls thal may have an effect on visual neurons associated with the cortical 
receptive field of the blind spot when visual afferents are in a steady state of firing. Professor 
Carrick proposed that 'A change in the frequency of firing of one receplOr-based neural 
system should effect the central integration of neurons that sh .. re synaptic relationships 
between other environmental modalities, resulting in an increase or decrease of conical 
neuronal expression thaL is generally associated with a single modality' (Carrick 1997). 

Care should be taken nOt to base tOO much clinical significance on the blind spot sizes 
until any pathological or other underlying cause that may have resulted in the changes in 
blind spot size are ruled out. lne blind spot has been found 10 increase in size because of 
the following conditions: 

• Multiple evanescent while dot syndrome; 

• Acute macular neuroretinopathy: 

• Acute idiopathic blind spot enlargement (AIBSE) syndrome; 

• Muhifocal choroiditis; 

• Pseudo presumed oOllar histoplasmosis; 

• Peripapillary retinal dysfunction; and 

• Systemic vascular disease. 

An ophthalmoscopical examination is therefore an important component of the functional 
neurological examination. There are several Olher valuable ophthalmoscopic findings 
discussed in Chapter 4 that can assist with estimating the CIS of variOliS neuronal pools. 

Functions of the Thalamus 

'Ine thalamus receives input from every afferent sensory modality with the exception of 
olfaction. Olfactory perception occurs in the primary and secondary olfactory areas of the 
cortex, thus bypassing the thalamus. 

Thalamic Dysfunction May Result in Profound Effects Including 
Sensory loss, Thalamic Pain, and Involuntary Movements 

Lesions of the VPL or VPM usually result in seTlSory loss in all modalities of sensation of the 
contralateral side of the body including light touch, tactile localization and 
discrimination, and proprioception. 

Spontaneolls, contralateral, pain that is often excessive in nature to the stimulus may 
follow thalamic lesions such as infarction. This type of pain is referred to as ellalamic pain 
.. nd is usually not responsive to even powerful doses of analgesic drugs. 

Movement disorders involving choreoathelOid movements may result following 
thalamic lesions. "ne movement disorder is probably due to a loss of integration of 
information from the corpus striatum and may also be due to loss of proprioceptive 
integration due to a lesion involving the VPL or VPM nuclei. 

Processing of Thalamic Input 

Sensory input from all modalities except olfaction do not reach the cerebral cortex directly 
but first synapse on thalamocortical relay neurons in specific regions of the thalamus. 
These relay neurons in turn project to their respective are..."lS of sensory cortex via reciprocal 
pathways that result in a topographically organized thalamoconical loop projection 
system (Jones 1985). 'me thalamocortical relay neurons also form reciprocal connections 
with thalamic reticular neurons which are inhibitory. 'mese reticular neurons also receive 
projections from all other afferent or efferent projections coming into or leaving the 
thalamus. 'Ill is network thus receives bidirectional excitatory stimulus from the 
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thalamocortical and corticothalamic loops and inhibitory input from the reticular 
collaterals. In addition to relaying sensory input the thalamic relay neurons also have 
intrinsic properties that allow them to generate endogenous threshold activity and exhibit 
complex firing patterns (Sherman 2001). They relay information to the cortex in the usual 
integrate and fire pattern unless they have recently undergone a period of inhibition. 
Following a period of inhibition stimulus, in certain circumstances they can produce 
bursts of low-threshold spike action potentials referred to as post-inhibitory rebound 
bursts. "J11is ad.ivilY seems 10 be generated endogenously and may be responsible for 
production of a portion of the activation of the thalamoconical loop pathways thought to 
be detected in encephalographic recordings of conical activity captured by 
electroencephalograms (EEG) (Destexhe & Seinowski 2003). In addition to displaying 
integrate and fire and bUTSt and tonic modes of behaviour. the relay neurons can also 
generate sustained oscillation aaivity in the delta frequency range of 0.5-4 liz. (Curro 
Dossi et al 1992). The thalamic reticular neurons also produce oscillatory activity but in 
the range 8-12 Hz (Contreras 1996). The control of the thalamic neuronal oscillations 
appears to be under the modulation of the cortex (Blumenfeld & McCormick 2000). In 
fact it appears that cortical feedback is necessary to maintain the thalamic oscillations. 
One theory suggests that the thalamic oscillations are utilized by a variety of structures in 
the brain to promote neuroplaslic change through the constant repetition of synaptic 
stimulation that would result frolll the periods of oscillations in a neural circuit. One such 
example would be in the formation of long·term memory. The hippocampus recalls 
events that have happened throughout the day and presents them to the cortex. 'me cortex 
could then stimulate the thalamus to rorm oscillatory excitation patterns that would result 
in synaptic plasticity that may constitute long·tenn memory (Destexhe & Sejnowski 2001). 

It is clear from the above discussions that the thalamic integration of multi modal 
projections and the complex firing palterns seen in thalamic neurons position the 
thalamus as a key integrator and runctional element in the neuraxis and not a simple relay 
centre as once thought. 

Anatomy of the Hypothalamus 

The hypothalamus lies below or ventral to the thalamus and rorms the floor and lateral 
inferior walls of the third ventricle. 

The hypothalamus is composed of a number of strudures induding the mammillary 
bodies, the tuber cinereulll. the inrundibulum which arises from the tuber cinereum and 
continues inreriorly as the pituitary stalk, the optic chiasm, and a number of nudear 
groups of neurons (Chusid 1982). The nuclear groups of the hypothalamus are divided by 
the fornix and the mammillothalamic tract into medial and lateral zones. The medial zone 

contains eight distinct groups of nuclei induding the preoptic nucleus, the anterior 
nucleus, a section of the suprachiasmatic nucleus. the paraventricular nucleus, the dorsal 
medial nucleus. the ventromedial nucleus, the infundibular or arcuate nucleus. and the 
posterior nucleus (Fig. 10.5). 

l"e lmeral zone contains six distind groups of nuclei including a sedion of the preoptic 
nucleus. a section of the suprachiasmatic nucleus, the supraoptic nucleus, the lateral nucleus, 
the tuberomammillary nucleus, and the lateral tuberal nuclei. 

"nle hypothalamus receives information from the rest of the body in a variety of ways 
that include infomlation rrom the nervous system, information from the blood stream, 
and information from the cerebrospinal fluid (Fig. to.5). 

Afferent Inputs to the Hypothalamus 

Afferent projections to the hypOlhaJamus can take two basic forms. Direct projeaions, which 
fonn fairly distinct anatomical pathways. and l1lultisynaptic collateralized projections. which 
are known to exist but diffiruh to identify as distinct pathways. l"e hypothalamus receives 
collateralized and direct afferent projections from wide·ranging areas or the neuraxis including: 

• The tegmentum and periaqueductal grey area of the mesencephalon; 

• The subthalamic nuclei; 
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Fig 10.5 The (AJ meclial and (B) lateral nudear groups of the hypothalamus 

• TIle globus pallidus; 

• Various thalamic nudei; 

• 1ne hippocampal formation; 

• Areas of Lhe ante.rior olfactory cortex; 

• The amygdaloid nudear complex; 

• "l1,e septal nudei; 

• Prefrontal areas of cortex; 

• ll1e hypophysis cerebri; 

• Direct retinal projections; 

• The cerebellum; 

• The pontomedullary reticular formation; 

• Collaterals from the lemniscal somatic afferents; and 
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• Certain regions of the limbic cortex induding the orbital frontal cortex.. insular 
cortex, anterior cingulate cortex, and areas of the temporal conex. 
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The Hypothalamus Receives a Number of 
Prominent Projections from Limbic System 
Structures 

'l'lle hypothalamic nuclei receive: projections from a variety of areas of the neuraxis known 
to contribute to functional aspeclS of the limbic system. 

Thefomix is a fibre bundle that projects from the hippocampal formation to the 
mammillary bodies. The fornix receives collateral contributions from the cingulate gyrus 
and many of the septal nuclei as it curves venlIally towards the anterior commissural area. 
The fornix divides into two columns or crura at the anterior commissural area (Fig. 10.6). 
'me hippocampal commissure is a collection of transverse fibres connecting the two crura 
throughout most orthe length orthe fornix. Before the anterior commissure intersects 
with the crural fibres the fornix gives rise to precommissural projections to the preoptic 
regions of the hypothalamus. The postcommissural fornix gives rise to projections to the 
dorsal, lateral, and periventricular regions of the hypothalamus before terminating in the 
mammillary bodies of the hypothalamus. 

The amygdaloid complex projects to the preoptic regions and to a variety of other 
hypothalamic nuclei via the amygdalohypothalamic fibres that arise from two different 
pathways, the stria terminalis and the ventral amygdalofugal tract (Fig. 10.7). 

The medial forebrain bundle constitutes the main longitudinal pathway of the 
hypothalamus and contains both afferent and efferent fibres. Fibres from the seplal 
nuclei, the olfactory cortex, and orbitofrontal conex descend in this tract to the 
hypothalamic nuclei. Fibres from the pontomedullary reticular formation, the ventral 
tegmental cholinergic and noradrene, rgic projection systems, and mesolimbic dopamine 
projection system ascend in the medial forebrain bundle (Fig. 10.7). 

Efferent Projections of the Hypothalamus 

The three major efferent projection systems of the hypothalamus include: 

I. Reciprocal limbic projections; 

2. Polysynaptic projections to autonomic and motor centres in the brainstem and 
spinal cord; and 

3. Neuroendocrine communication with the neurohypophysis and adenohypophysis 
of the pituitary gland. 
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Fig 10.7 The structure of the amygdaloid complex and the medial forebrain bundle. 

Functions of the Hypothalamus 

inlercalalus 

Cerebral 
peduncle 
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formation 

111£ hYPOlhalamus functions to modulate a diverse array of bodily functions including 
autonomic. limbic, homeostatic, and endocrine activities. 

Hypothalamic projections that originate mainly from the paraventricular and dorsal 
medial nuclei influence both parasympathetic and sympathetic divisions of the 
autonomic l1elVOUS system. '''ese descending fibres initially travel in the medial forebrain 
bundle and then divide to travel in both the periaqueductal grey areas and the dorsal 
lateral areas of the brainstem and spinal cord. 'nley finally terminate on the neurons orthe 
parasympathetic preganglionic nuclei of the brainslem, the neurons in the intemlediale grey 
areas of the sacral spinal cord, and the neurons in the intennediolateral cell column of the 
thoracolumbar spinal cord. Descending alltonomic modulatory pathways also arise from 
the nucleus solitarius, noradrenergic nuclei of the locus ceruleus, raphe nuclei, and the 
pontomedullary reticular formation. 

The hypothalamus may play an important function in the emotional modulation of 
autonomic pathways and immune system funaion through influences of the limbic 
system projections it receives (Beck 2005). 

A variety of homeostatic funaions are also modulated by the hypothalamus. 
l1le suprachiasmatic nucleus regulates circadian rhythms; the lateral hypothalamus 
regulates appetite and body weight set points; the ventromedial nudeus inhibits 
appetite, where dysfunctions in this nucleus can result in obesity; the anterior regions of 
the hypothalamus regulate thirst, and bOlh anterior and posterior hypothalamic regions 
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2B2 

1. Blood pressure and electrolyte maintenance 

a. Drinking and salt appetite 

b. Blood osmolality 

c. Vasomotor tone 

2. Body temperature regulation 

3. Energy metabolism regulation 

a. Feeding 

b. Digestion 

c. Metabolic rate 

4. Reproductive functions 

a. Mating and sexual desire 

b. Pregnancy 

C. Lactation 

5. Emergency responses to stress 

a. Adrenal stress hormones 

b. Physical and immunological responses 

are: involved in thermoregulation. Sexual desire and other complex emotional states are 
also modulated by hypothalamic nuclei. Neuroendocrine (anlral mechanisms operate 
mainly lhrough the pituitary. PalVoceliular neurons project to the median eminence to 
control the anterior pituitary gland. The hypOlhalamus does this indirectly via release of 
neurotransmitters and peptides into the highly fenestrated portal venous system and 
promotes the release of 'releasing hormones' and 'release·inhibiting hormones'. 
Magnocellular neurons continue down the stalk to the posterior pituitary gland, 
directly into iLS general circulation. The hYPOlhalamus promotes the release of oxytocin 
and vasopressin (Figs 10.8 and 10.9). The intimate relationship between the 
hypothalamus. the pituitary gland. and the adrenal gland, which is modulated by 
hormones released by the pituitary gland, is referred to as the hypothalamus-pituitary
adrenal axis. lliis system is responsible for numerous homeostatic responses of the 

neuraxis and has been implicated in the negative aspects of the stress response. When a 
disturbance in the homeostatic state is detected, both the sympathetic nervous system and 
the hypothalamus-pituitary-adrenal axial system become activated in the auemptlO 
restore homeostasis via the resulting increase in both systemic (adrenal) and peripheral 
(postganglionic activation) levels of catecholamines and glucocorticoids. In the 1930s 
Ilans Selye described this series of events or reactions as the general adaptation syndrome 
or generalized stress response (Selye 1936). Centrally, two principal mechanisms are 
involved in this general stress response; these are the production and release of 
conicoLIophin.releasing hormone produced in the paraventricular nucleus of the 

hypothalamus and increased norepinephrine release from the locus cemleus 
norepinephrine·releasing system in the brainstem. Functionally. these two systems cause 
mutual activation of each other through reciprocal innervation pathways (Chrousos & 
Cold 1992). Activation of the locus ceruleus results in an increase release of 

catecholamines, of which the majority is norepinephrine. to wide areas of cerebral cortex 
and subthalamic and hypothalamic areas. The activation of these areas resulLS in an 

increased release of catecholamines from the postganglionic sympathetic fibres as well as 
from the adrenal medulla. 

ll1is results in a number of catecholamine·mediated responses such as increased hean 
rate, increased blood pressure, and increased glucose release into the blood (see Chapter 8 
for a more complete list of responses). 
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Questions 
11.3.1 

11.3.2 

11.3.3 

Describe the motion of a patient with the following movement disorders: 

chorea. athetosis, and ballismus. 

Describe the neuronal circuits of the basal ganglia thought to be 

responsible for hyperkinetic dyskinesias. 

Describe the differences between Huntington's disea'iie and Sydenham's 

chorea. 

Introduction 

lhe activation pathways of the conico-neoslriatal-thalamo-conical system are thought to 
operate as through parallel segregated circuits that maintain their segregation throughout 
the neostriatal-lhalamo-cortical projections. Several loops including a mOlor loop. 
a limbic loop, and a frontal cortical loop function to modulate mOlor, limbic, and fronlal 
conical activities, respectively. 

'111e thalamus, in normal circumstances. exens an excitaLOry influence on the target 
neurons of the conex to which it projects. 'ne basal ganglia with its high rates of 
spontaneous inhibitory discharge maintain the thalamic target nuclei in a st,He of Ionic 
inhibition. lhe inhibiLOry output nuclei of the basal ganglia are themselves modulated by 
two parallel pathways, one inhibitory and one excitaLOry that are themselves modulated 
by input from excitatory cortical neurons. 

LInder normal conditions the inhibition and excitation of the thalamus from the basal 
ganglia occurs al the appropriate lime and in the appropriate amounts to suppon the 
activities of the conex. Ilowever, in cenain circumstances dysfunction of the basal 
ganglionic circuits can result in a number of conditions that afrect movemem and thought 
processes: Idiopathic Parkinson's disease (PO), Iluntington's disease (liD). Sydenham's 
chorea (SC), Tourette's syndrome (TS), ballismus. dystonias, obsessive compulsive disorders 
(OCO), attention deficit hyperactivity disorders (ADIID), schizophrenia. depression. 
substance abuse disorders, and temporal lobe epilep�y (Marsden 1984; Swerdlow & Koob 
1987; Javoy-Agid el al 1984; Reiner el 31 1988; Modell el.1 1990; Swerdlow 1996; 
Castellanos 1997; Van Paesschen et al 1997; Leckman et al 1998). 

In this chapter we will consider the neurocircuitry of the conico-thalamo-thalamic
conico system and the disorders of movement that can arise from dysfunctions of this 
system. Other non-motor dysfunctions are discussed in Chapter I G. 

Anatomy of the Basal Ganglia 

The basal ganglia consist of a group of five principal subconical nuclei. These include the 
caudate nucleus. the putamen. globus pallidus. subthalamic nucleus, and substamia nigra. 
From a functional poim of view, the nucleus accumbens and the ventral paJlidum may 
also be included as pan of the basal ganglia as they are also involved in a V3riety of basal 
ganglionic activities mostly involving limbic functions. 

"'ne caudate nucleus and the putamen are embryological homologues that have 
maintained similar morphological structure and function as they matured. For this reason 
these two nuclei. and the nuclei formed by the merger of these structures, the ventral 
striatum, are grouped into a single functional structure called the neostriatum (Kandel 
el 31 2000) (Fig. 11.1). 

The neostriatum receives projection axons from virtually all areas of conex and acts as 
the gatekeeper for all inpUl lO the basal ganglia. The caudate nucleus is a large C-shaped 

Copyrighted Material



The Basal Ganglia I Chapter 11 

����_.C"u<lale nucleus 

��:}-���-Putamen 

lateral ventricle-
Ilic---_��&; 

_caudate nucleus 
"'L_---..' 

Putamen 

Internal capsule- l----T<�� ... ji__r.__: 
Globus pailidus: 

�����E����-Extema, segment 
-Internal segment 

-Subthalamic 
nucleus 

Amygda. -Substantia nigra 

Basal 
ganglia 
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Fig 112 The anatomical relatIOnship of the basal ganglia and related structures from a laleral, three-dImensional perspective. 

structure composed of a head, body, and tail that maintains a constant relationship with 
the lateral ventricle of the brain. Except for an area located anterior and ventrally where 
these two nuclei merge as the ventral striatum, the caudate nucleus and the putamen are 
separated by the fibre tracts of axons of the internal capsule. Most of the area composing 
the ventral striatum, which receives projections from areas of the limbic system, is taken 
up by the nucleus accumbens (Blumenfeld 2002) (Fig. 11.2). 

AILhough the cauda nucleus and putamen are separated by the internal capsule they 
reJ1l<1in in communication with each other via small projections ofaxons called cellular 
bridges. These bridging struaures give the region a striped appearance when anatomically 
sectioned, and thus lead to the name 'striatum'. 

Thalamus 

of caudate 
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Ut€: putamen is a large nucleus that forms the lateral most aspect of the basal gangliar 
nuclei. Togelher with the globus palJidus, which lies just medial 10 the putamen, these 
two nuclei form the lentiform nucleus. 

lne globus pallidus is formed from two distinct nuclei, the globus pallidus pars 
internus (CPi) and the globus pallidus pars extern us (ePe). "le external nuclear region 
lies lateral (0 the internal nuclear region. lne globus pallidus pars internus lies 
immediately lateral to the internal capsule, ",hich separates it from the thalamus. the 
subthalamic nuclei, and the substantia nigra of the midbrain. 

'Ine subthalamic nucleus, or body of Luys. is a cylindrical mass of grey substance 
dorsolateral to the upper end of the substantia nigra and extending posteriorly as far as 
!he lateral aspect of the red nucleus. It receives projection fibres from the globus pallidus 
pars extern us and fOnTIS part of !he indirect pallidal pathway. 

TIle substantia nigra is a broad layer of pigmented grey substance separating the 
ventral portion of the mesencephalon from the tectum and extending from the upper 
surface of the pons to the hypothalamus. The substantia nigra can be separated into two 
areas which have different cell types. 'l1le most ventral area is referred to as the substantia 
nigra pars reticulata (SNr) and the more dorsal portion the substantia nigra pars 
compaaa (SNc). TIle SNc contains a large population of dopaminergic neurons that 
contain a darkly pigmented grey substance, neuromelanin, which accumulates with age 
in dopaminergic neurons. l1H� neuromelanin is thought to be composed of oxidized 
polymers of dopamine that accumulate in lysosomal storage granules in the neurons 
(Kandel el.1 2000). 

"ne vemral tegmental area of !he mesencephalon also contains a population of 
dopaminergic neurons that are homologues of !he neurons in the SNc. 

The Neostriatum is the Input Nucleus of the 
Basal Ganglia 

The neostriatum, which is composed of the caudate nucleus and the putamen, is 
the major input nucleus of the basal ganglia. The neostriatum has been estimated to 
contain some liD million neurons per hemisphere (Alexander & Delong 1992) 
compared to the 12 million neurons receiving cortical projections in each half of the basis 
pontis rlbmasch 1969).11le striatum receives excitatory glutaminergic topographic 
projections from all areas of cortex and the intralaminar (cemromedian and 
parafascicular) nuclei of the thalamus (Kunzle 1975, 1977; Selemon & Goldman·Rakic 
1985). Dopaminergic input projections are also received from the SNc via the nigrostriatal 
pathway. The influence of this pathway on the neostriatal neurons involves complex 
interactions with various classes of dopamine receptors that result in excitation in some 
neurons and inhibition in others. Serotonergic axons from the raphe nuclei also project to 
the neostriatum. 

The neostriatum contains a variety of different neurons including medium-spiny 
projection neurons, large cholinergic neurons, and small interneurons. 

Medium-spiny projection neurons, whicll comprise about 90-95% of the neurons in 
the neostriatum, release gamma.aminobutyric acid (CABA). These GABA-ergic inhibitory 
neurons receive the majority of the cortic..'11 input to the neostriatum and are the sole 
output neurons of the neostriatum. Thus all output from the neostriatum to the globus 
pallidus and substantia nigra is inhibitory in nature. 

These neurons can be funher divided into two more basic groups. One group 
projects 10 the globus pallidus pars extern us and in addition to GABA also releases 
the neuropeptides enkephalin and neurotensin. The second group projects to the 
globus pallidus pars internus or the substantia nigra pars reticulata and in addition 
10 releasing GABA also releases the neuropeptides substance P and dynorphin 
(Kandel el al 2000). 

The large cholinergic interneurons release ACh and have extensive collateral branching 
systems with the medium·spiny projection neurons and are thought to excite the 
inhibitory output neurons. 

The small cell group of interneurons releases a variety of inhibitory neuroactive 
substances such as somatostatin, neuropeptide V, and nitric oxide synthase (Fig. 11.3). 
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Direct and Indirect Pathways from the 
Neostriatum to the GPi and SNr Can Modulate 
Inhibition of the Thalamus and Pontomedullary 
Reticular Formation 

'rl'Ie:re are two predominant pathways from the neostriatum to the output nuclei of the 
basal ganglia, the globus pallidus pars internus and the substantia nigra pars reticulata. 
Understanding the inhibition and excitation circuits involved in these two pathways will 
help one understand the spectrum of functional disorders ranging from hyperkinetic to 
hypokine:tic. involving movement and thought processes caused by basal ganglia 
disorders. 

In the direct pathway, the output neurons of the neostriatum project axons that 
synapse on the neurons of the CPi and/or on the neurons in the SNr.'1,ese projections, 
arising from the neostriatum, release CABA, substance P, and dynorphin, which act in an 
inhibitory fashion on the target neurons in the CPi and the S r. 

In the indirect pathway, axons froll1the neurons of the neostriatum project to neurons 
in the GPe where they release the neurOlransmilter CABA, enkephalin, and neurolensin, 
which act in an inhibitory nalure on the neurons of the CPe. The neurons of the Cre in 
turn project to the neurons located in the subthalamic nucleus of Luys (SrN), where they 
release the neurotransmitter CABA and act 1O inhibit the output neurons of the 
subthalamic nuclei. The neurons of the subthalamic nuclei project to the neurons of the 
CPi via the subthalamic fasciculus where they release glutamate and are excitatory in 
nature. The subthalamic output neurons are the only excitatory neurons in the basal 

ganglionic circuits. These STN neurons project to neurons in the GPi. 
The output neurons in the CPi and SNr are inhibilOI), in nature and release the 

neurotransmitter GABA (Fig. 11.4). 
lhe neurons in GPi project axons via the anterior thalamic fasciculus to the vemral lateral 

and ventral aillerior nuclei of the thalamus. 111ese projections are mainly associated with 
motor control functions of the body below the head and neck. GPi neurons also projea to 
the intralaminar nuclei (cemromedian and parafascicular) and the mediodorsal nuclei of 
the thalamus. These projections are largely associated with limbic activities (Fig. 11.5). 
Output projections of me GPi reach the thalamic fasciculus via two different pathways. 
lhe first pathway called the ansa lenticularis loops ventrally and passes beneath the internal 
capsule before swinging dorsally to join the thalamic fasciculus and reach the thalamus. 
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FI9 11.4 Two predominant pathways from the neostnatum to the output nuclei of the basal 9.10911<1, the globus 
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The second pathway called the lenticular fasciculus passes straight through the internal 
capsule to join the ansa lenticularis to form the thalamic fasciculus and el1ler the 
thalamus (Chusid 1982). 'ne point at which the two pathways combine to form the 
thalamic fasciculus is sometimes referred to as the II fields of Forel. lne H I field of Forei 
refers to the thalamic fasciculus, the 1-12 field of Forel refers to the lenticular fasciculus, 
and the H or prerubral field of Forel refers to the area where the ansa lenticularis joins 
the thalamic fasciculus (Fig. 11 .6). Finally the GPi neurons also project to the complex 
reticular neurons in the pons and medulla known as the pontomedullary reticular 
formation (PMRF). These projections are involved in the modulation of the reticulospinal 
tracts (A"" 1994). 

The neurons in the SNr also project to the ventral anterior and ventrolateral nuclei of 
the thalamus. -Illese projections are associated with motor control of the head and neck. 
'l1te SNr neurons also project to the superior colliculus where they modulate actiolls of 
the teoospinal pathways. Finally, the SNr neurons project to the PMRE where they also 
modulate the output of the reticulospinal tract neurons (Fig. 11.5). 

The neuron in the substantia nigra pars compaoa release dopamine as their 
neuromodulators. These neurons project to the neostriatum where they have complex 
modulato!), effeos on the output neurons of the neostriatum. 11,e net effect of the SNc release 
of dopamine in the neostriatum is an excitation of the output neurons of the direct pathway 
and an inhibition of the output neurons of the indireo pathway (Parent & Cicchetti 1998). 

Functional Modulatory Outputs of the Direct and 
Indirect Pathways may result in Movement and 
Cognitive Dysfunctions 

The activation pathways of the cortico·neostriatal·thalamo·cortical system are thought to 
operate through parallel segregated circuits that maintain their segregation throughout the 
neostriatal·thalamo·cortical projections. Several loops including a motor loop, a limbic 
loop, and a frontal conical loop function to modulate motor, limbic. and fronlal cortical 
activities respectively (Fig. 11. 7). 

Cortical activation of the direct basal ganglionic pathway results in a net excitation of 
the thalamus and subsequently excitation of the cortical areas that receive thalamic 
projections. Conical activation of the indirect basal ganglionic pathway results in 
inhibition of the thalamus and subsequently inhibition of the conical areas receiving 
thalamic projections (Fig. 11.4). lne large ACh.releasing neurons in the neostriatum tend 
to preferentially form excitatory synapses on the output neurons of the indirect pathway; 
thus, excitation of these neurons would result in an increased activation of the indirect 
palhway or an inhibition of movement and thought processes. 
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QUICK FACTS 1 Summary of Outputs from Basal GanglionIC Structures 

QUICK FACTS 2 Components of the Direct and Indirect Pathways 
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Direct Pathway 

Neostriatum-Globus pallidus interna-Thalamus-Cortex and other targets 

Indirect Pathway 

Neostriatum-Globus pallidus externa-Subthalamic nuclei-Globus pallidus 

interna-Thalamus-Cortex and other targets 

Motor 

loop 
Umbic 

loop 
Prefrontal 

loop 
Neost alum Neosl alum Neost alum 

Fig 11 7 loops of the neostnatal-thalamo-cortlCal system 

Under normal conditions the inhibition and excitation of the thalamus from the basal 
ganglia occurs at the appropriate lime and in the appropriate amounts to support the 
activities of the cortex. l lowever. in certain circumstances dysfunction of the basal ganglionic 
circuits can result in a number of conditions that affect movement and thought processes. 
lhe5e include idiopathic Parkinson's disease (PO), Huntington's disease (1-10), Sydenham's 
chorea (SC), Tourette's syndrome (TS), ballismus, dYSlOnias, obsessive compulsive disorders 
(OCO), attention deficit hypernaivity disorders (AOIIO), schizophrenia, depression, 
substance abuse disorders, and temporal lobe epilepsy (Marsden 1984; Javoy·Agid et al 
1984; Swerdlow & Koob 1987; Reiner e! al 1988; Modell et.1 1990; Baxter e! al 1992; 
Swerdlow 1996; Castellanos 1997; Van Paesschen et al 1997; Leckman el al 1998). 
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Idiopathic Parkinson's Disease 

Idiopathic Parkinson's disease (PO) is associated with the degeneration of the dopaminergic 
neurons of the SNc. which as slated previously have an excitatory effect on the direct 
pathway and an inhibitory effect on the indirect pathway. A loss of dopaminergic 
stimulation in the neostriatum would result in a net inhibition of movement through 
both direct and indirect pathways (Fig. 11.8). TIle onset of PO is gradual in nature, but 
slowly and progressively cominues until eventual severe disability. The cardinal signs and 
symptoms include tremor at rest. Bradykinesia (slowness of movement). muscular rigidity, 
akinesia (impainnem in initiation and poverty of movement), and loss of postural 
renexes (Wichmann & Delong 2002). l11e clinical diagnosis of PD can only be tentative 
because the major symptoms described above are not specific for PD. Some degree of 
certainty of the diagnosis can be achieved if the patient responds favourably to levodopa, 
a precursor in the formation of dopamine synthesis. 

The Effects of Excitation and Inhibition on the Direct and Indirect 

Basal Ganglionic Pathways QUICK FACTS 3 

Fig 118 Pathological functIOn of the dopammerglc neurons In the development of Idiopathic Parkinson's 
disease (PD) 
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PO must be distinguished (Tom orner disorders with extrapyramidal, cerebellar. or 
oculomotor features resembling PO, which are referred to as atypical Parkinson's or 
Parkinson-plus syndromes. These disorders include progressive supranuclear palsy. 
olivopontocerebellar atrophy. corticobasalar ganglionic degeneration, and Shy-Drager 
syndrome. all of which can frequenLly be identified by specific clinical features. In 
addition to the motor abnormalities, patients with PO frequently have cognitive and 
affective disturbances. Depression is common in PO and in many patients predates the 
extrapyramidal features. Dementia also commonly occurs in PO patients; prevalence data 
suggest that about 50% of PO cases have significant cognitive impairment. This 100 seems 
to be an integral part of the spectrum of clinical manifestations of PD. 

QUICK FACTS 4 What Do They Mean? 
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• Dyskinesia-abnormal movements 

• Bradykinesia-slowing of movements 

• Hypokinesia-reduced amounts of movements 

• Akinesia-absence of movement 

• Rigidity-increased resistance to passive movement of a limb or joint 

• Paratonia-active resistance against movement of limbs 

• Dystonia-prolonged muscle spasms resulting in distorted pOSitions 

or postures 

• Athetosis-slow, twisting movements of the face, limbs, or trunk 

• Chorea-dance-like movements that have a fluid, jerky, constant quality 

• Ballismus-flinging, ballistic movements of the limbs 

• Tremor-slow or fast rhythmic or semirhythmic oscillating movements 

The pathological hallmark of PO is intracellular inclusions called Lew)' bOllies. These 
occur inside the dopamine-producing neurons in the substantia nigra pars compacta. 
111ese inclusions probably accumulate in neurons as breakdown products of dopamine 
and probably increase in concentration in neurons undergoing degeneration. During the 
past decade it has become clear that Lewy bodies are not limited to the substantia nigra in 
PO, but may occur in a widespread distribution in the cortex. Diffuse Lewy body disease is 
a pathological entity whose clinical correlates have not yet been defined. Patients 
commonly have cognitive decline and Parkinsonian features, and either one may 
dominate the picture (Korczyn 2000). 

The number of dopamine (DA)-producing neurons progressively diminishes in PD 
over time. It is important to note that only DA neurons in the substantia nigra whose 
axons are destined to go to the putamen (less so to the caudate) in the nigrostriatal tract 
are affected. Chemical analysis shows progressive loss of DA in the striatum with the 
clinical symptoms first becoming apparent when DA content in the striatum is reduced by 
about 70%. rl11is process may take as long as 20 years before symptoms become apparent 
(ilornykiewicz 1988; Scherman et aI1989). 

Other neurotransmitter systems are also affected in PD. rl11ese include norepinephrine 
(NE) loss in the cell bodies of the locus coeruleus, serolOnin (5-hydroxyuyptamine 
(5-I-IT)) loss in the raphe nuclei. and cholinergic cell loss in the nucleus basalis of 
Meynen.. These deficiencies probably contribute to the affective and cognitive changes in 
PD but may also be involved in motor dysfunaion. 

The etiology of PO is uncertain but is most probably multifactorial in nature with both 
genetic and environmental (aaors cO lllribUling to the development of the disease. One 
theory that has gained some popularity recently is that excessive concentrations of 
excitatory amino acids, panicularly glutamate. may be involved in causing irreversible 
neuronal damage (Sonsalla et al 1989). 111is is particularly relevant for PO because 
of the massive cortical. glutaminergic innervation received by the corpus striatum. 
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rlne neurotoxicity is thought to be produced by avef4 or sustained activation of N-methyl
I)-aspartate (NMDA) receptors on the neuron membranes. One environmental hypothesis 
suggests that a se.leClive increase in lipid peroxidation in the substantia nigra neurons may 
occur in PD. This process may lead to excessive production of free radicals, which may in 
turn result in cellular damage and death (Ben Shachar el 31 1991). A particularly relevant 
fact concerning this theol)' is that DA degradation may involve the sequestration af iran in 
free radical formation in the process of lipid peroxidalion. Both the substantia nigra and 
globus pallidum are rich in iron, and the iron concentration increases with age, 
particularly in PD. 

The gold standard treatment of PO is replacement of DA using levodopa. Levodopa is 
absorbed from the gastrointestinal tract and converted to DA in both the brain and 
.he periphery by the enzyme I-amino acid decarboxylase (I-MO) (Clough 1991). The 
peripheral conversion of levodopa to DA can be inhibited by the actions of benserazide 
and carbidopa. Most patients today are treated by a combination of levodopa and 
benserazide or carbidopa. The aim of using lhis combination is to prevent the 
peripheral conversion of levodopa to DA, because DA may act in the periphery to 
produce undesirable side effects such as orthostatic hypotension and nausea 
(Cederbaum e. al 1991). 

Surgical interventions of PO include ablative and transplanting approaches. Targets for 
functional stereotactic neurosurgical lesions, which reduce tremor, are the velllrolateral 
thalamus and the posteroventral pallidum. l11ere has been extensive interest in 
transplanting DA tissue removed from aborted foetal midbrains into the caudate or 
putamen in PO; however, the results remained confusing because of small cohort sizes 
and disease severity issues of the parlicipants (Widner & Rehncrona 1993). 

l11e prevalence of dementia in PO is far greater than that in the general population. 
PO dementia may be preceded by mild memory loss, transient confusional episodes, or 
hallucinosis. The progression of the cognitive decline is unrelated to that of the motor 
disability, and the only robust predictor for the development of dementia is the patient's 
age. Clinically, the dementia of PO differs from that of Alzheimer's disease (AD). 
PO patients rarely develop dysfunctions of the isocortical association areas, such as 
dysphasia or agnosia, and their dementia resembles a 'frontal' type of dementia. 

Depression is also rather common in PD. Because depression is potentially treatable, 
every patient with PO must be assessed for possible depressive symptomatology 
(Cummings 1992). Several tests are available for diagnosing depression. lnese include 
neuropsychological evaluations, self-reports, and projection lests. However, while all these 
tests have important roles in research, nOlle is superior to the clinical assessment by a 
competent clinician. The clinical evaluation of the affective state of PO patients may be 
difficult because the motionless face, the slowness of movement, and the bradyphrenia 
may create an erroneous impreSSion of depression. The distinction from depressive motor 
retardation is obviously very importanl. 

Huntington's Disease 

In IltwtinglOn's disease (II D) the neurons in the neostriatum degenerate. The degeneration 
appears 10 be more pronounced in the output neostriata I neurons of the indirect pathway 
(Albin et al 1992).1"is results in the disinhibition of the GPe, which in turn results in an 
overinhibition of the subthalamic nucleus. TIle functional overinhibilion of the subthalamic 
nucleus results in a situation that resembles an ablative lesion to the subthalamic nucleus 
and results in a hyperkinetic movement disorder (Fig. 11.9). In the laller stages of II D 

Hallmark Signs and Symptoms of Parkinson's Disease QUICK FACTS S 

1. Akinesia-Global impairment of movement initiation including gait 

2. Bradykinesia-Global slowing of movement 

3. Rigidity-'Cogwheel' rigidity superimposed over subclinical tremor 

4. Tremor-4-S Hz at rest; tremor is suppressed by voluntary movement initiation 
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Chorea 

\Putamen 
. 

.. 

Fig 11 9 The pathology observed In Huntington's disease (HD) In which the neUfOf'lS In the neostriatum degenerate 

neostriatal degeneration spreads 10 include the output neurons of bOlh the direct and 
indirect pathways, resulting in hypokinelic Parkinson-like activities (Young et al 1986). 

Although a juvenile form of HD does occur and the onset of 1-10 can range from as 
young as 2 years to as old as 80 years, disease onset typically occurs in adults in their 
mid-thirties to mid-fonies. The disease affect men and women in equal frequencies. 
ranging from 5 to 10 per 100,000 (Kandel et al 2000). The disorder is characterized by 
insidious onset of bolh neurological and psychiatric symptoms. Initial symptoms include 
personality change and the gradual appearance of small involuntary movements; as 
the disease progresses, chorea becomes more obvious and incapacitating (Harper 1996). 
Over time, motor symptoms worsen such that walking. speaking. and eating becomes 
more difficult, and weight loss is common because of the extra energy required for 
movemel1l and an increase in their basal metabolic rate. A large percentage of 110 patients 
eventually succumb to aspiration pneumonia, resulting from the inability to coordinate 
pharyngeal muscles and vocal cords, which results in swallowing difficulties. It has a large 
genetic component. 

The juvenile form ofHO, which is also referred to as the Westphal variant form of 
HO, occurs in about 10% of reponed cases. The initial presentation is more 
Parkinsonian in nature with bradykinesia. rigidity, and tremor rather than chorea as 
the prominent symptoms. Juvenile onset 1-10 is usually the result from paternal 
transmission and in individuals who develop symptoms before age 10; more than 
90% have an affected father (Folstein 1989). There is a unique tendency for juvenile 
110 to have a younger age of onset in successive generations. which is referred to as 
anticipation. Anticipation in juvenile 110 is especially pronounced in cases of paternal 
transmission. 

Within the striatum, I-ID differemially affects subpopulations of neurons, with 
projection neurons rather than interneurons preferemially being lost (Oi Figlia 1990). 
Consistent with the finding of loss of projection neurons is the fact that GABA levels are 
markedly reduced in the caudate-putamen of 1-10 patients. Of the two populations of 
striatal projection neurons, the neurons of the indirect pathway are affected first; thus, the 
indirect pathway is predominanuy disrupted. With imerruption of the indirect pathway. 
the current models of basal ganglionic circuitry predict an overall increase in movement, 
manifested as chorea and ballism. lhe functional result of degeneration of both the direct 
and indirect pathways is a rigid bradykinetic state, which occurs in the later stages of adult 
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HD. In the case of juvenile 1-10 where the symptoms resemble Parkinson's disease early in 
the presentation, degeneration of bOlh direct and indirea pathway striatal neurons occurs 
from the onset (Albin et al 1989). 

The mode by which neurons die in 1-10 is still unclear although the process of 
apoplOsis or preprogrammed cell death may be the final common pathway through 
which neurons are terminated. Prior lO the discovery of the HD gene, the leading 
hypotheses concerning the pathogenesis of HD implicated either excitolOxicilY or 
metabolic dysfunction. The protein huntinglin, which is coded for by the huntingtin 
gene, has no clear relationship to excitatory amino acid neurotransmission, nor to 
mitochondrial energetics. The normal function of huntingtin is not completely 
known, although it has been implicated in membrane recycling (DiFiglia et al 1995). 
Thus, the innuence of the huntingtin protein remains unclear as it relates to these 
hypotheses. 

ExcitolOxicity is the process in which neuronal cells die as a result of excessive 
excitalOry amino acid neurotransmission. This process has been well documented 
with respect to overstimulation or excessive stimulation of glUlaminergic NMDA 
receptors. This overstimulation can result excessive amoums of Ca"" ions emering 
neurons and triggering pre-programmed genetic termination pathways in the neuron. 
Glutamate has been postulated to trigger neuron death in a number of neurological 
disorders, including hypoxia-ischaemia, head trauma, epilepsy, schizophrenia, and 
neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, and 
amyotrophic lateral sclerosis (Fagg et 31 1986; Choi & Rothman 1990; Kornbuber & 
Wiltfang 1998). 

MilOchondrial dysfunction has also been implicated as a pathologic mechanism in 
HO, potentially rendering cells vulnerable LO normal ambient levels of extracellular 
glutamate (Albin & Greenamyre 1992). Positron emission tomography and MRI 
spectroscopy studies have demonstrated abnormalities in glucose metabolism in HD 
patients (Mazziotla et al 1987). 'Ine impact or contribution of milOchondrial dysfunction 
in the development of HD remains under investigation; however, at least one study has 
demonstrated that administration of coenzyme QIO' an essential cofactor of the 
mitochondrial electron transport chain, lowers elevated cortical lactate levels in !-ID 
patients back lO levels seen in normal controls (Koroshetz et al 1997). This suggests 
that milOchondrial energetic processes are in some way contributing to the development 
of 110. 

The discovery of the huntingtin gene was unusual in that the usual genetic mutations 
observed in human diseases include point mutations, deletions, duplications, or missense 
mutations. The mutation in the huntingtin gene (IT-IS gene), however, resides in an 
unstable region orthe gene, where mutation can result in an expansion of a normally 
appearing trinucleotide repeat motif present in the alleles of 110 patients. CAG is the 
codon for glutamine, and the trinucleotide repeat of this motif gives rise to a 
polyglutamine moiety within the hU'Hillglin protein. Normal huntingtin alleles contain 
from G to 35 CAe repeats, giving rise to 6 to 35 glutamines in the mature protein. Patients 
with Huntington's disease invariably have alleles with greater than 35 repealS. While 
repeats greater than 40 invariably give rise to Huntington's disease, there is a 'grey area', 
between 3S and 39 repeats, where some uncertainty whether the disease will develop 
exists (Cha & Young 2000). 

There are currently no effective therapies for preventing the onset or slowing the 

progression of 110. Current therapies are symptomatic, and include the use of 
neuroleptics to decrease dlOrea, and the use of psychotropic medications to address 
depression, obsessive compulsive symptoms, or psychosis. In addition, speech therapy 
and physical therapy are useful in addressing the swallowing and walking diffirulties that 
many 110 patients experience (Ranen et al 1993). 

Ballismus 

Ballismus or ballism includes a group of conditions characterized by ninging, large 
amplitude, rotary movements, usually involving the proximal limb muscles. The most 
common form of this condition occurs unilaterally and is referred to as hemiballism. 
The cause is classically a basal ganglionic lesion in the contralateral subthalamic nucleus, 
but contralateral lesions in the neostriatum can also result in ballismic dyskinesia 
(Provenzale & Schwarzschild 1994) (Fig. 11.10). 
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Hemiballism 

FIg 11.10 The pathology seen In ballismus or ballism 

Sydenham's Chorea (SC) 

lltis syndrome develops after an infection with group A streptococcal bacteria that has nOI 
been treated with the appropriate antibiotics. The mosl frequently involved population is 
adolescent females. The onset is usually 4-5 mOIllhs following the infection and 
begins with an increased feeling of restlessness and increased periods of fidgeting. 
Occasionally, periods of emotional lability and obsessive-compulsive behaviours will also 
accompany the mOLar symplOms. The symptoms become gradually worse over weeks to 
months and then subside. The symptoms will recur in about 20% of those affected in later 
life. The cause is thought to involve a cross reaction of anti-streptococcal antibodies with 
receptors on striatal neurons. 

Tourette's Syndrome (TS) 

lne diagnosis ofTS is based solely on the patient history presented. The DSM-IV 
diagnostic criteria forTS is the frequent occurrence of multiple motor tics and one or 
more types of vocal tic present and occurring over a continuous interval for mOst of one 
year. Usually the onset of symptoms must have occurred early in life, before the age of 21 
to be considered as TS (American Psychialric Association 1994). 

Tics are sudden. rapid, recurrent, nonrhythmic. stereotyped movements or 
vocalizations. Simple tics are brief circumscribed movements or sounds that resemble 
'chunks' of movement or sounds rather than meaningful or recognizable actions. 
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These may include facial grimaces, mouth movements, head jerking, and shoulder, arm, 
and leg jerks. Complex tics are more sustained and elaborate movements or more 

recognizable words or sounds lhal can give the perception of being intentionally 
produced (Swerdlow & Leckman 2002). In  a small percentage ( 10%) of those with 1'$ 

vocal tics can involve vulgar or obscene expletives. This form of expression is referred La as 
coprolalia. Tics can be voluntarily suppressed but like obsessive-compulsive tendencies the 
suppression builds up anxiety and results in a more forceful expression when the Lie 
eventually is expressed. Many children express tics as a normal activity as they pass 
through various phases of development. These normal or deveiopmemal tics have usually 
completely disappeared by 1 8  years of age (Shapiro et al 1978). 

"he usual presentation ofTS typically begins between the ages of 3 and 8 years old, 
with periods of worsening and remission of the ties throughout childhood. The period of 
8-12 years of age seems to be the period of greatest severity in most children with a steady 
decline 10 the age of 18 years where as many as 50% of the children will present as tic free 
(Leckman et al 1998). For !hose who maintain !heir tics into aduhhood a more predicable 
pattern usually emerges with the frequency and intensity of the tics increasing during 
periods of increased stress or emotional excitement and generally over time. 

The cause ofTS has a high degree of concordance with a genetically generated 
dysfunction that has been postulated 10 involve the cortico-neostriatal-thalamo-cortical 
circuils in a wlriety of locations and in a variety of ways thai seem 10 affect the function of 
the whole system rather than any one part of the system. Four areas of dysfunction have 
been suggested: 

1. Intrinsic neostriatal neuron abnormalities such as increased packing density of the 
neurons in the neostriatum (Balthasar 1957); 

2. A decrease in the activity of the output neurons of the direct pathway (Haber & 
Wolfer 1992); 

3. Increased dopaminergic innervation of !he neostriatum, with increased density of 
dopamine transporter sites (Singer et al 1992); and 

4. Reduction in the glutaminergic output of the subthalamic nucleus (Anderson et al 
1992). 

Treatment of TS is aimed at developing flexible, integrated biosocial and 
biopsychological strategies to allow the build-up of anxiety 10 be dissipated in a 
controlled fashion, and control the excitement in emotional situations. 

Dystonia 

'nle characteristic features of dystonia are the distorted postures and movemenlS caused by 
spasmodic muscular activity in people with this condition. If the spasmodic muscular 
activity is maintained for long periods it is referred to as dystonic posturing. If the 
spasmodic muscular activity results in slowly changing repetitive activity then it is referred 
to as dyslOnic movements (Rothwell et al 1983). 

The hallmarks of dystonia include: 

1. Excessive contraction of antagonistic muscles during voluntal)' movement; 

2. Overflow of contraction to remote muscles not usually involved in the attempted 
movement; and 

3. Development of spontaneous spasms on contraction of muscles. 

TIle excessive involvement of antagonistic muscles and overflow of contraction suggest 
that the nonnal spinal inhibitory feedback mechanisms are dysfunctional in this condition. 
However, this does not appear 10 be the case. " le classic spinal disynaptic pathway 
involving 1a reciprocal inhibition of antagonist muscles remains intact in dystonic patients 
(Nakashima et al 1989). However, the presynaptic or supraspinal inhibition of these 
reflexes is dysfunctional. lne cause of the dysfunctional descending inhibition is thought 
to be due to altered function of the basal ganglionic circuits that relay back 10 the cortex 
via the thalamus. 

Oystonias can be described in terms of the extent of spasmodic involvement. Focal 
dyslOnias include torticollis, which is spasm orthe neck muscles; blepharospasm, which is 
spasm of the orbicularis oris muscle surrounding the eye; spasmodic dysphonia, which 
involves the muscles of the larynx and vocal cords; and writer's cramp, which involves the 
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muscles of the hand. Generalized dystonias involve large areas of the body and can be 
unilateral or bilateral in nature. 

111e syndrome of primary idiopathic wrsional dYSlOnia (ITO) is a rare hereditary 
generalized dystonia that can affecl most muscles of the body, although usually the 
muscles controlling eye movement and the sphincter muscles are spared. The cause of rro 
is thought to involve the OITI gene on the chromosome 9q34. "Ill is gene codes for the 
enzyme dopamine beta-hydroxylase (DSH). The activity of the gene is thought lO be 
related to the stimulus activity of neurons in the basal ganglia in such a way that when 
activation levels fall below a certain frequency the gene is activated. Such a situation might 
occur following an injury. I t  has been postulated that peripheral trauma may be a 
precipitating event to the development of ITO in gene carriers, 
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Case 1 1 .3 

1 1 .3.1 

1 1 .3.2 

1 1 .3.3 

Ballismus or ballism includes a group of conditions characterized by 

flinging, large amplitude, rotary movements, usually involving the 

proximal limb muscles. The most common form of this condition occurs 

unilaterally and is referred to aO) hemiballism. The cause is classically a 

basal ganglionic lesion in the contralateral subthalamic nucleus, but 

contralateral lesions in the neostriatum can also result in ballismic 

dyskinesia. 

Chorea consists of repetitive. brief jerky large-scale dance-like. 

uncontrolled movemenh that start in one part of the body and move 

abruptly and unpredictably to other parts of the body. 

Athetosis is a continuous stream of slow, sinuous, writhing 

movements, generally of the hands and feet. 

Disorders of the indirect loop are thought to produce hyperkinetic 

movement disorders (see Fig. 1 1 . 1 .2). 
Huntington's disease is characterized by insidious onset of both 

neurological and psychiatric symptoms. Initial symptoms include 

personality change and the gradual appearance of small involuntary 

movements; as the disease progresses, chorea becomes more obvious and 

incapacitating (Harper 1996). Over time, motor symptoms worsen such 

that walking, speaking, and eating becomes more difficult, and weight 

loss is common because of the extra energy required for movement 

and an increase in their basal metabolic rate. A large percentage of HD 

patients eventually succumb to aspiration pneumonia, resulting from the 

Inability to coordinate pharyngeal muscles and vocal cords which results 

in swallowing difficulties. It has a large genetic component. 

Sydenham's chorea develops after an infection with group A 

streptococcal bacteria that has not been treated with the appropriate 

antibiotics. The most frequently involved population is adolescent 

females. The onset is usually 4-5 months following the infection and 

begins with an increased feeling of restlessness and increased p�riods 

of fidgeting. Occasionally, periods of emotional lability and obsessive· 

compulsive behaviours will also accompany the motor symptoms. The 

symptoms become gradually worse over week.s to months and then 

subside. The symptoms Will recur in about 20% of those affected in later 

life. The cause is thought to involve a cross reaction of anti"streptococcal 

antibodies with receptors on striatal neurons. 
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The Limbic System 

Introduction 

lne limbic system was traditionally thought of as the integration system for olfaction and 
hence the old term rhinencephalon. It is now clear that the limbic struaures are involved 
in a variety of functions that define us as human. The limbic system is involved in the 
complex integration of multimodal information concerning olfactory, visceral. and somatic 
input that emerges in the form of emotional and behavioural responses. 111is involves such 
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behaviours as seeking and capturing prey, (Qunship. mating, raising children, the 
socialization of aggression, and the maintenance of human relationships. "me limbic system 
also plays a role in the development of emotional drives and the establishment of memory. 

Anatomical Components of the Limbic System 

The exact components of the limbic system remain open to debate. For our purposes in 
this text the following Slnlctures will be considered as components of the limbic system 
(Figs 12.1 and 12.2): 

• 'Ine olfactory nerves, bulb, and tract; 

• l'he anterior olfactory nucleus; 

• '''e olfactory striae and the olfactory gyri; 

• The olfactory trigone; 

• The anterior perforated substance; 

• The olfactory tubercle; 

• 'l'lle piriform lobe; 

• The amygdaloid complex of nuclei; 

• Septum pellucidum and septum verum; 

• 1ne hippocampal formation; 

• The fornix; 

• The stria terminal is; 

• The stria habenularis; 

• 'Ine cingulated and parahippocampal gyri; 

• 1ne hypothalamus; and 

• The medial and al1lerior thalamus. 

The Olfactory BUlb, Tract, and Cortex 

"oe olfactory bulb and tract develop from ectodermal extensions of the anteromedial part 
of the primitive cerebral hemisphere. rlne bulb is radial in structure with six defined layers, 
which include from the surface to the central core (Fig. 12.3): 

1. 'Ioe olfactory nerve fibre layer; 

2. 10e area of synaptic glomeruli; 

3. 10e molecular and external granule layers; 

4. '111e mitral cell layer; 

5. '111e il1lernal granule layer; and 

G. °nle fibres of the olfadory tract. 

1he olfactory nerves (eN I) emerge as the axons of the olfactory cells of the nasal 
mucosa.lnese axons are then collected into complex inlercrossing bundles, whidl gather 
il1lo about 20 nerve axon bundles that traverse the cribriform plate of the ethmoid bone 
to synapse in the glomeruli of the olfactory bulb (Fig. 12.4). 11,e olfactory epithelium is 
bathed in lipid substance produced by Bowman's glands that dissolves particles in the air 
and makes them accessible to the receptors of the olfactory nerves. 

The glomenjJi of the olfactory bulb are composed of a complex of axons, dendrites, and 
neurons including the dendrites of external granule. mitral and tuft cells, and axons from the 
contralateral olfactory bulb and corticofugal fibres supplying descending modulation. 'n,e 
axons of the mitral and tuft cells course centrally through the olfactory tract to the anterior 
olfactory nucleus where some axons synapse and others project collaterals but continue with 
the postganglionic axons to form the olfactory stria. 111e axOIlS continue posteriorly and 
divide il1lo the medial and lateral olfaclOry stria at the junaion of the alllerior perforated 
substance circumventing the olfactory tubercle. The lateral olfactory stria project to the 
anterior perforated substance. the pirifonn lobe of the cerebrum, the lateral olfactory gyrus, 
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Fig 12 1 The Itmbtc system from a vaflety of VIeWS 

and the cortiromedial group of amygdaloid nuclei. Ihis group of structures is referred to as 

the pnmaryl olJafw,), ronex (Fig. 12.5). 'me medial olfactory stria give collatcrals to the anterior 
perforated substance. Some fibres cross me midline via the anterior commissure and synapse 
in the contralateral anterior olfactory nucleus. '!nese fibres are the only sensory fibres known 
to reach the cortex without synapsing in one of the thalamic nuclei. The entorhinal area of 

the parahippocampal gyrus, which fomls the caudal area of the piriform lobe. is considered 

the secontlmy olfaclory corlex. The secondary olfactory conex mediates emotional and 
autonomic reflexes associated with smell, along with the hypothalamus. The primary and 
secondary olfactory conical areas are responsible for the human perception of smell. 
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Fig 12 5 Anatomical structures and locations of the primary and secondary olfactory cortICes 

The Amygdala 

The amygdala. so named because it resembles an almond in shape. is also referred to 
as the amygdaloid body or the amygdaloid nuclear complex. rhe amygdala is 
composed of groups of neurons and their associated nerve fibres in the dorsal medial 
part of the temporal lobe. The amygdaloid complex is composed of two main groups 
of nuclei. the corticomedial or basomedial circuit and the basolateral circuit. 
rhe corticomedial circuit is composed of the central. medial, and cortical amygdaloid 
nuclei, the nucleus of the lateral olfactory stria, and the anterior amygdaloid area, 
The corticomedial division contains irregular groups of pyramidal and granule neurons 
that resemble a rudimentary conical structure. The basolateral circuit includes the 
lateral, basal. and accessory basal amygdaloid nuclei and through its transitional zone 
is continuous with the parahippocampal gyrus. The amygdala receives projections from 
the anterior olfactory nucleus, the olfactory bulb, the lateral olfactory stria, various 
hypothalamic nuclei, various thalamic nuclei, the reticular formation of the brainstem, 
and a number of areas of COrtex. Some neurons of the amygdala project via the stria 
terminal is to the septal areas and preoptic areas of the hypothalamus, while others 
project their axons via the 'llllygdalofugaJ fibres to many hypothalamic nuclei, the 
medial dorsal nucleus of the thalamus, and the mesencephalic reticular formation 
(Williams & Warwick 1982). 

The Hippocampal Formation 

rhe hippocampal formation is composed of a curved column of phylogenically ancient 
bmin called the archipallium (Fig. 12.6). The hippocampal formation includes the 
hippocampus proper, the subiculum, and the dentate gyrus. Following the structure of the 
archipallium from a central point in the dentate gyrus in a radial clockwise fashion. the 
archipallium can be dived into three zones: the dentate gyrus, the cornu ammon is, and 
the subiculum (Fig. 12.7).lhe dentate gyrus and cornu ammonis display the three·layered 
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conical Slnicture o(lhe ancient cortices; the subiculum demonstrates a gradual shift from 
four layers to six layers through its length (Fig. 12.8). r111£ hippocampal (onnation 
includes the following structures: 

• r111£ indusium griseum; 

• r111£ longitudinal stria; 

• '111£ dentate gyms; 

• 'nu� cornu ammonis (Ammon's hom); 

• The subiculum; and 

• Parts of the uncus. 

'me hippocampus consists of the complex interfolding of the dentate gyrus and the 
cornu ammonis and remains superior to the subiculum and the parahippocampal gyrus 
throughout its length. 

Afferent projeaions received by the hippocampus include (Fig. 12.9): 

• Cingulate gyrus; 

• Septal nuclei; 
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Fig 12.8 The components of the hippocampal formation 
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• Entorhinal cortex; 

• Indusium griscum; 

• Commissural fibres from the opposite hippocampal formation; and 

• Aminergic fibres from the brainstem reticular formation. 

'me efferent oUlnow from the hippocampus courses through the fornix. which is 
mainly composed of the axans from pyramidal neurons in Ammon's horn and the 
dentate gyrus. These fibres terminate in the following structures: 

• "ne cingulate gyrus; 

• The septum pellucidum; 

• Preoptic and anterior hypothalamic nuclei; 

• Anterior thalamus; 

• Mammillary nucleus; 

• Reticular formation of the brainslem; and 

• Tegmentum of the mesencephalon. 

'Tlle hippocampus has several important functions including a primary role in the 
acquisition of associative behaviour. It is also is involved in the identification of contiguity 
between spatial and temporal events through memory recall mechanisms (Mcintosh & 
Gonzalez-Lima 1998). 

Functions of the Limbic System 

rille limbic system is involved in the complex integraLion of multi modal information 
concerning olfaClory, visceral, and somatic input that emerges in the form of emOlional 
and behavioural responses. This involves such behaviours as seeking and capturing prey, 
courtship, mating. raising children, the socialization of aggression, and the maintenance of 
human relationships. The limbic system also plays a role in the development of emotional 
drives and the establishment of memory. In the process of integrating the perceplions 
generated by the sensory systems, the amygdala is recruited 10 colour those perceptions 
with emotion. rllle hippocampus is called lIpon to store aspects of those perceptions in 
long·term memory. 

l1"te medial circuit or archiconical division of the temporolimbic system mediates 
important aspects of learning. memory, and atlenlional control, as well as information 
related LO internal states. "l'he lateral or basolateral circuit, which has extensive connections 
with dorsolateral prefrontal cortex and posterior parietal association cortex, processes 
information concerning the external world, the implicit integration of affect, drives, and 
social·personal inleraaions. 

Disorders of Temporolimbic Function 

Disorders of the limbic system produce a wide variety of bizarre behavioural !'),ndromes, 
disorders of memory, and aggressive behaviours. 

'Ine hypothalamus, amygdala, and prefrontal cortex are the critical neural stnldures 
implicated in the expression of aggression (Weiger & Bear 1988). "'he ventromedial 
hYPOlhalamic area, in particular, mediated primarily via cholinergic neurOlransmission, 
has been associated with predatory-type aggression. Bilateral lesions in this area may 
lead to aggressive outbursts referred to as hypothalamic rage that are provoked by fnlstrated 
alLempts to salisfy basic drives such as hunger, thirst, and sexual need. Ilypothalamic rage 
typically involves outbursts of simple behaviours such as kicking, biting. scratching, or 
throwing objects and is usually a wild, lashing out response not directed against specific 
targets (Reeves & Plum 1969). After the event, patients may express remorse and exhibit 
some insight about their uncontrolled impulses. Aggressive behaviour is also the hallmark 
of intermittent explosive disorder, which likely involves frontotemporolimbic circuitry. 
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Patients with this disorder present with impulsive loss of behavioural (amral episodes, in 
response to minimal provocation which often leads to serious violence. '11e prefrontal 
cortex is intimately connected wim the hypothalamus and the amygdala and is essential in 
the hierarchy of aggression conlrol. Orbitofrontal lesions frequently lead to affective 
disinhibition, most commonly irritability with angry outbursts but also including silliness. 
euphoria, loud behaviour. and interpersonal and social disinhibition (Lichter & Cummings 
2001). '111£ actions of individuals that exhibit aggressive behaviour and violent criminal 
adivity resulling from disinhibited frontal lobe syndromes are usually impulsive. and lack 
elaborate planning and consider<!.Iion of consequences. The aaions are usually simple in 
nature and committed without remorse. Abnormalities in prefrontal and subcortical 
circuitl)' may also underlie the aggressive and violent acts seen in patients with antisocial 
personality disorder. Aggressive behaviour has also been linked to disturbed 
neurotransmission involving specific neural circuitry in the limbic system. Serotonergic. 
noradrenergic. dopaminergic. and GABA-ergic circuits have all been identified as playing a 
role in modulating behaviours including aggressive behaviour. 'nle most consistent 
findings relate to the serotonergic system. Both high and low concentrations of serotonin 
levels have been implicated in abnormal behaviours For example. low serotonin levels have 
been found in the cerebrospinal fluid of people who have attempted suicide and of those 
who have successfully completed suicide (Virkkunen et al 1995). 

As outlined above. the amygdala receives sensory input from various cortical areas and 
projects to the hypothalamus and temporolimbic cortex via the velllral amygdalofugal 
pathway and stria terminalis (Othmer et al 1998). 'nlis connectivity provides a neural 
mechanism. whereby external stimuli receive emotional colouring. Hence. a limbic 
hyperconneaion syndrome may account for the heightened emotional responsivity that is 
part of the rare and cOlllroversial behavioural syndrome, the Gtlstaw-Cescllwind syndrome. 
which is characterized by dysfunction in three distinct areas of psychosocial interaaions 
including heightened emotional responses, exaggerated behaviours, and lability in 
physiological drives. 'Ine altered emotional responses include periods of intense 
metaphysical preoccupation with hyperreligiosity, and exaggerated philosophic or moral 
concerns.11l{�:y may also experience changes in affect such as depression. paranoia, or 
irritability. Their behavioural 'viscosity' manifests as exaggerated verbal. motor. and 
writing behaviours, nonrational adherence to ideas, interpersonal adhesiveness with 
prolonged encounters. obsessive preoccupation with detail. excessive need to collect 
background information. and copious description of thoughts and feelings with a moral 
or religious twang (Trimble et al 1997). 

Finally. they experience prolonged and powerful alterations of physiological drives 
resulting in hyposexuality. aggression, and fear responses (Lichter & Cummings 2001). 

Damage or dysfunction of the amygdala may result in alterations of perception of 
various learned emotional Slates. Sensory innow for various learned emotional states. 
especially fear and anxiety. projects to the amygdala via the basolateral complex. Recall 
that this group of nuclei receives information directly from the thalamus and the conex. 
Lesions of th€: lateral basal complex often result in placid. satiated. and neglectful 
responses to somatic. visual. and olfactory stimuli with no regard to the significance of the 
behaviour actually performed and the stimulus for performing it. It appears that lesions of 
the basolateral complex leave intact the learned association between conditional stimuli 
and non-rewarding aspens of the unconditional stimulus. but abolish the association 
between the conditional stimuli and rewarding aspects of the unconditional stimulus. 
'111 is mechanism may explain the bizarre behaviour exhibited in the Kluller-Biley syndrome. 

Classically, the person will tl)' to put anything in their hand into their mouths. 'nley often 
make attempts to have sexual intercourse with inappropriate species or objects. A classic 
example is of the unfortunate chap arrested whilst attempting to have sex with the 
pavement. Effectively. it is the 'what is this' pathway that is damaged with regard to 
foodstuff and choice of sexual partners. Monkeys with surgically modified temporal lobes 
have great difficulty in knowing what prey is, what a mate is. what food is. and in general 
what the significance of any object might be. 

Other symptoms of temporolimbic dysfunction may include inability to visually 
recognize objects. which is referred to as visual agnosia. the loss of nomlal fear and anger 
responses. memol)' loss. distractibility. seizures, and dementia. "ne disorder may be 
associated with other diseases or conditions that can result in brain damage such as 
herpes encephalitis or trauma. Similar symptomatology can be seen with lesions of the 
hypothalamus as previously discussed. 
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The Amygdala Theory of Autism 

It has been proposed that in humans a network of neural regions may comprise the 'social 
brain'; this network includes the amygdala. Since the childhood psychiatric condition of 
aUlism involves deficits in 'social intelligence', it has been proposed that autism may be 
caused by an amygdala dysfunction that results in deficits in social behaviour in these 
individuals. Recent studies involving the use of functional magnetic resonance imaging 
(ft...tRI) found that patients with autism did nOI activate the amygdala when making 
mentalistic inferences from the eyes, whilst people without autism did show amygdala 
aClivily.l11e amygdala is therefore proposed (0 be onE.': of several neural regions that are 
abnormal in autism (Baron-Cohen et al 2000). 

Learning and Memory 

ln.e hippocampus and various other areas of the limbic system are known to play a role in 
the establishment of memory and learning. TIle memory process will be explored in an 
overview fashion here since memory problems are frequently observed in patients with 
other neurological dysfunctions, and a rudimentary understanding of memory is clinically 
relevant to their treatment. 

Implicif memory, which is the memory we use lO perform a previously learned task 
and does not require conscious recall, and includes various types of memory such as 
procedural, prirning, associative, and nonassociative. Procedllml memory is involved with 
recall of how lO perform previously learned skills or habits. It is thought to rely heavily on 
areas of the striatum. Priming is a type of memory in which me recall of words or objeas is 
enhanced with prior exposure to the words or objeas. This type of mernory utilizes 
neocortical circuits. Associatille le"nling or memory involves me association of two or more 
stimuli and includes classical conditioning and operant conditioning (Kandel et a1 2000). 

Classic"f conditioning involves the presynaptic facilitation of synaptic transmission that 
is dependent on aaivity in both pre- and postsynaptic cells. The neuron circuit learns lO 
associate one type of stirnulus with another. When stimuli are paired in this manner the 
result is a greater and longer li1sting enhancernent. For this forrn of activity-dependent 
facilitation LO occur, the conditioned and unconditional stimuli must occur al closely 
spaced intervals in lime. Innux of calcium in response LO action potentials in the 
conditional stimulus pathway leads to potentiation of the stimulus by binding of 
activated calcium/calmodulin to adenylyl cyclase. This occurs in a fashion similar to 
sensitization due to seroLOnin release described above. Adenylyl cyclase aas as coincidence 
detector, recognizing molecular response LO both a conditioned stimulus and an 
unconditional stimulus present simultaneously or within a required space of time. 
The postsynaptic component of classical conditioning is a retrograde signallO the sensory 
neurons that potentiation of the stimulus has indeed occurred. 

In a simple circuit subjected to classical conditioning. the neuron has both the NMDA 
type and non-NMDA receptors. Only non-NMDA receptors are activated in habituation 
and sensitization due LO a magnesium plug in the NMDA receptor channel. In classical 
conditioning, as a result of pairing of stirnuli the magnesium plug is expelled. opening the 
NMDA channel, which results in the innux of calcium, thereby activating signalling 
pathways in the neuron. This gives rise to activation of a variety of retrograde messenger 
systems that enhance the amount of neurotransmitter released. 

111erefore, in classical conditioning three signals need to converge within a peciflc 
period of time for learning to occur. These signals include: 

I .  Activation of  adenylyl cyclase by calcium innux (conditioned); 

2. Activation of serotonergic receptors coupled to adenylyl cyclase (unconditioned); and 

3. Retrograde signal indicating that the postsynaptic cell has been adequately 
activated by the unconditioned stimulus. 

Long-term storage of implicit memory involving both sensitization and classical 
conditioning involves the cyclic AMP (cAMP)-protein kinase A (PKA)-milOgen-activated 
protein kinase (MAPK)-cAMP response element-binding protein (CREB) pathway 
(see Chap'.' 3). 
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Operant conditioni'lg involves the association of a stimulus to a behaviour utilizing 
rewards and punishments as reinforcement for the desired behaviour. Operant 
conditioning probably utilizes a similar neurophysiological mechanism as described 
above for classical conditioning. 

NOfUlSSocitHille learning or memory occurs when a persoll or neuron is exposed to 
a novel stimulus either once or repeatedly. This Iype of learning or memory involves 
the neurophysiological processes of habituation and sensitization of synaptic 
function, which are important processes in nonassociative learning and memory 
(Kandel el .1 2000). 

'11£ process of habitulltion involves the presynaptic depression of synaptic transmission 
that is dependent on the frequency of activation of the circuit. In the presence of cenain 
types of long·term inactivation or long-term activation of synaptic transmission, the 
structure of the sensory neuron will adapt to the stimulus. This process predominantly 
occurs at sites in the neuraxis specific for learning and memory storage. If habituating 
stimuli are presented one after the other without rest between sessions, a robust shon-term 
memory can be formed, but long·term memory is seriously compromised. l11erefore, the 
main principle for stimulating long-term memory is that frequent but well·spaced training 
is usually much more effective than massed training. To say this in another way, 'cramming' 
for an exam may work in the shon term but for long·teml memory retention frequent, 
spaced study sessions are much bener. 

11le process of sensitization involves presynaptic facilitation of synaptic transmission. 
'Ihis process is particularly effective when a stimulus is harmful to the neuron or perceived 
as harmful to the person. Sensitization involves axoaxonic, serotonergic conneaions which 
activate the G protein, adenylyl cyclase. cAMP, PKA/PKC pathway, which increases release of 
transmitter from neurons through phosphorylation of several substrate proteins. The process 
of sensitization can occur in a direct fashion which only involves the pre- and postsynaptic 
neurons, or in an indirect fashion which involves the participation of interneurons. 

Memory can be classified into twO distinct, but functionally related systems, based on 
how the information contained in the memory is stored and retrieved. 'lnese 
classifications include implicit and explicit memory. 

Explicif memory, which is the factual recall of persons, places, and things and the 
understanding of the significance of these things, is more nexible than implicit memory 
and includes various classifications of memory which include: 

I. Episodic memory, which involves the recall of events in time and space; and 

2. Semantic memory, which involves the recall of facts, words, names, and meanings. 

For example. the statement 'Last year I attended the Rolling Stones concen with my sister' 
is utilizing episodic memory and the statement 'Mercury is the planet closest to the sun' is 
utilizing semantic memory. 

Explicit memory involves the process of long-term potentiation of synapses in the 
hippocampus. The entorhinal cortex acts as both the primary input and primary output of 
the hippocampus in this process. The unimodal and polymodal areas of association cortex 
project to the parahippocampal gynls and the perirhinal conex. which both project to the 
cntorhinal cortex. Information then nows from the entorhinal cortex to the hippocampus 
in three possible pathways including the perforant, the mossy fibre, and the Schaffer 
collateral pathways (Kandel et al 2000). 

The perforant pathway projects from entorhinal cortex to granular cells of the dentate 
gyrus. "mis is the primary conduit for polymodal information from the association conices 
to the hippocampus. The mossy fibre pathway, which contains axons of the granule cdls 
and nllls to the pyramidal cells in the CA3 region of hippocampus, is dependent on 
noradrenergic activation of beta-adrenergic receptors, which activate adenylyl cyclase. 
This pathway is Ilonassociative in nature and can be modified by serotonin. TIle Schaffer 
collateral pathway consists of excitatory collaterals of the pyramidal cells in the CA3 region 
and ends on the pyramidal cells in the CA 1 region. Long·term potentiation in the Schaffer 
collateral and perforant pathways is associative in nature (Fig. 12.10). 

LonS tenn memory of explicit nature occurs through multiple sensory components 
being processed separately in unimodal and multi modal association conices of the 
parietal, temporal, and frontal lobes. "nlis information then passes simultaneously to the 
parahippocampal and perirhinal cortices. The information then projects to the 
entorhinal conex and via the perforam pathway to the dentate gyrus and the 
hippocampus. From the hippocampus, information nows back to the entorhinal conices 
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Ummodal and poIymodal 
association areas: 
Frootal, lempo<ai and 
panetallobes 

Hippocampus (CAl) 

Subiculum 

Fig 12.10 Input and output pathways of the hippocampal fOf'rTlal1()(l 

via lhe subiculum. then perirhinal and parahippocampal cOTtices, then polyrnodal 
association areas of the neocortex. 'me elements involved in long-term memory occur in 
the conical association areas and appear to have an unlimited capacity for storage of 
memories. 

The enlOrhinal cortex is the first site of pathological changes in Alzheimer's disease; 
therefore. the first sign would be loss of or defective explicit memory. 

Memory processing can be divided into four processes which include: 

1.  Encoding-lhe process in which new material is .mended to. 'n1t� degree 1 0  which 
attention is allotted 10 the new information is directly related to the strength of the 
memory. 

2. Consolidmi01J-prOCesses that make the memory more stable; includes expression of 
genes and synthesis of proteins in the neuron. Loss of consolidation of a memory 
ocrurs because of inhibition of mRNA or protein sYlllhesis to block long-term 
memory selectively. Consolidation involves three processes which include: 

• Gene expression; 

• New protein synthesis; and 

• Growth (or protein) of synaptic connections. 

Repeated application of serotonin causes the catalytic subunits of PKA to recruit 
another second messenger kinase: the mitogen-activated protein kinase 
(MAPK), which is commonly associated with cellular growth. rKA and MArK 
Lransloc31e to the nucleus of the sensory neurons where they activate a genetic 
switch. 

3. Storage-the process of solidifying the memory into long-term memory which 
seems to have unlimited storage capacity. 

4. Relrielllli-the process in which the memory is brought back to conscious 
awareness and is dependent to some extent on a working shon-term memory 
circuit called the attentional control system. 

'me prefrontal cortex is the (Hlentional control system, also referred to as the central 
exerutive centre. The attentional control system regulates information flow to two 
rehearsal systems, the articil/arory loop, which is involved with language, words, and 
numbers processing. and the lIisllospalilli slletcl! pad, which is involved with vision and 
actions such as memorizing data or recognizing the face of a friend at a party. This system 
is important for both establishing new memories and recalling long-term memories. 
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primarily via cholinergic neurotransmission. has been associated with 

predatory-type aggression. Bilateral lesions in this area may lead to 

aggressive outbursts referred to as hypothalamic rage, that are provoked 

by frustrated attempts to satisfy basic drives such as hunger, thirst and 

sexual need. Hypothalamic rage, typically involves outbursts of simple 

behaviours such as kicking, biting. scratching or throwing objects and is 

usually a wild, lashing out. response not directed against specific targets 

(Reeves & Plum 1969). After the event. patients may express remorse and 

exhibit some insight about their uncontrolled impulses. Aggressive 

behaviour is also the hallmark of intermittent explosive disorder, which 

likely involves frontotemporolimbic circuitry. 
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Introduction 

There is probably no more complicated area to study anatomically than the brainstem. 
Understanding the anatomy in a three-dimensional perspective is crucial for the 
application of clinical neurology. TIle reticular formation receives little attention in 
traditional neurology textbooks. It is an area that spans aHlevels ohhe brainstem, from 
the thalamus to the spinal cord, and is responsible for integrating information from the 
brain and periphery and linking senso'Y. motor, and autonomic nuclei of the brainsrem. 
"l'he reticular formation therefore mediatE'S complex renexes and functions such as eye 
movements, posture, feeding. breathing. homeostasis, arousal, sleep, control of vasomotor 
tone and cardiac output, and pain. The cranial nerves are very imponant as clinical 
windows into the functional state of various levels of the brainstem. TIle brainslem is also 
responsible for the control of vital functions like hean rate and respiration. This area, 
although complicated, promises access to a great amount of clinical information to those 
who spend the necessary investments of time and energy 10 thoroughly grasp the stnlcture 
and functional relationships that compose the brainstem. 

I 

Anatomy of the Brainstem 

The brainstem is composed of the fol lowing anatomical areas (Figs. 13.1, 13.2, and 13.3): 

Input from Primary Afferents and Their Collaterals Results 

QUICK FACTS 1 in the Following 

1. Monosynaptic reflex involving the alpha motor neurons 

2. Inhibition of antagonist 

3. Excitation of synergists 

4. Inhibition of contralateral homologues 

S. Excitation of antagonist of contralateral homologues 

6. Excitation of IMl neurons 

7. Excitation of granular layer of the cerebellum, which leads to increased 

contralateral (ortical integration via excitation of contralateral thalamus. 

I.  Midbrain or mesencephalon is contained between the cerebnllll and the pons in an 
area which measures approx:imately 2.5cl11 long; 

2. Pom is contained between the midbrain and the medulla; 

3. Medulla obiongalll, which extends from the base of the pons to the first pair of 
cervical nerves. Caudally the medulla is continuous with the medulla spinalis or 
the spinal cord. 

We will approach the description of the brainslem by outlining the Stnlctures observed 
at variolls levels in cross-sectional dissections. 

M esencephalon 

nle structures of the mesencephalon can be observed in a cross section of midbrain at the 
superior colliculus and the inferior colliculus (Figs 13.4 and 1 3.5). 
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Fig t 34 A cross-sectional View of the mesencephalon at the SUperiOf colhculu5. (From Standnng, Gray's Anatomy 3ge Elsevier ltd 2005) 
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Fig 13_5 A cross-sectional view of the mesencephalon at the mfenor colhculus (From Standnng; Gray's Anatomy 3ge Elsevier ltd 2005) 

Periaqueduclal Crey Area 
lhe periaqueduclal grey area is an area of neuron cell bodies that surrounds the cerebral 
aqueduct. IL is cominuolls with the grey substance of the third ventricle. 

What is the Extrapyramidal System? QUICK FACTS 2 

The extrapyramidal system is used to denote all areas and tracts of the brain and 

brainstem involved with motor control that are not part of the direct pyramidal or 

corticospinal projection system. The extrapyramidal system includes: 

,. The basal ganglia 

2. The reticular formation of the brain stem 

3. Vestibular nuclei 

4. The red nucleus 

Tectum 
The tectum comprises the 'roof' or dorsal ponion of the midbrain and contains the 
corpora quadrigemina, which includes the superior and inferior colliculi and all the 
substances that lie dorsal to the cerebral aqueduct in the midbrain area of the neuraxis. 
"I'he superior colliculi are involved with visual reflexes and project to the lateral geniailate 
bodies of the thalamus. The inferior colliculi are involved with reflexes associated with 
sound, and project to the medial geniculate bodies of the thalamus. 
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Tegmentum 
The tegmentum consists of the bulk of the matter of the brainslem and comprises the area 
ventral to the cerebral aqueduct and founh ventricle. It contains the bulk of the brainslem 
nuclei and the reticular formation of the midbrain, pons, and medulla. 

Substantia Nigra 
The substantia nigra is a broad layer of pigmented neurons that separates the basis from 
the tegmentum. It extends from the upper surface of the pons to the hypothalamus. It 
projects to and receives projections from the neostriatum, thalamus. subthalamic nucleus. 
superior colliculi, and the retirular system of the brainstem. 'ne neuron of this region 
util ize dopamine as a neurotransmiuer. 

Oculomotor Nuclei 
The oculomotor nuclei are the motor nuclei of the superior rectus, inferior rectus, and 
medial rectus muscles of the eye. 

Red Nucleus 
These bilateral structures are ovoid groups of nuclei composed of two different cell types, 
the magnocellular and parvocellular groups of neurons. The magnocellular neurons are 
large, multipolar cells located in the caudal area of the red nuclear mass. rlnese neurons 
receive bilateral projections both from sensorimotor cortical areas via the corticorubral 
tracts and from collaterals via the corticospinal uacts. The conical projections and their 
target neurons in the red nucleus are somatotopically organized. Axon projections from 
the magnocellular neurons form the rubrospinal tracts, which cross in the brainstem and 
project in a somatotopically organized fashion, mainly to the interneurons of the 
intermediate grey areas of the spinal cord. Some rubrospinal fibres terminate directly on 
ventral hom motor neurons as well. Some axons that form the rubrospinal tracts 
terminate on neurons in the pontomedullary reticular formation and the motor nuclei of 
various cranial nerves, forming the rubroreticular system and the rubrobulbar tracts 
respectively (Brown 1974). Reciprocal, bilateral projections to the superior colliculi are 
also present and form the rubrotectal tracts (Fig. 13.6). The rubrospinal and corticospinal 

Cortex 

Cerebellum Ponlomedullaly 
reticular formation 

Cortex 

Cerebellum 

PAN - Parvocellular red nucleus 
MAN - Magnocellular red nucleus 
SC - Superior coIliculus 

GPE - Globus pallidus pars extema 
STN - Subthalamic nucleus 
SN - Substantia nigra 

FIg. 136 Afferent and efferent proJections of the red nucleus. 
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tracts form the lateral motor system of the spinal cord. lne medial motor system is 
composed of the reliculospinal and vestibulospinal tJacts. 

fhe Parvocellular neUTons of the red nucleus are small pyramidal- and spherical
shaped neurons, mostly located in the rostral areas of the red nuclear mass. These neurons 
receive projections from the dentate nucleus of the contralateral cerebellum, and from the 
ipsilateral globus pallidus pars externa, substantia nigra, and subthalamic nuclei. These 
neuron project to the ipsilateral thalamus ( Fig. 13.6). 

Medial Longitudinal Fasciculus (MLF) 
'nlis structure is a highly myelinated axon tract mat descends from the interstitial nudeus of 
Clial in the lateral wall of third ventricle through the midbrain, pons, and medulla to the 
spinal cord where it becomes continuous with the anterior intersegmental fasciculus. The MLF 
acts as a major communications conduit between all of the cranial nerve nuclei and all related 
structures including the retirular fonnations of the mesencephalon, pons, and medulla. The 
medial vestibulospinal tract axons project with the MLF to the spinal cord (BrodaJ et al 1962). 
Other axons from the vestibular nuclei ascend in the MLF to more rostral structures including 
the extraocular cranial nuclei. 'I'he MLF is the first fibre tract in the developing embryo to 
become myelinated and probably acts as a major pathway providing stimulus to devdoping 
neurons in the early stages of embryonic development. 

Medial Lemnisci 
'111e medial lemniscus is a bundle of axons that forms a triangular structure medial to the 
spinothalamic tract. "ne bundles are formed from axons of the contralateral dorsal 
column nuclei, the nucleus gracilis and runeatus, which have decussated and formed the 
internal arcuate fibres which become continuous with the medial lemnisci. 'The fibres are 
joined by axons of the trigeminal sensory nucleus to project to the ipsilateral thalamus. 
Axons from the dorsdl column nuclei terminate on neurons in the ventral posterior lateral 
nucleus of the thalamus, whereas axons from the trigeminal sensory nucleus terminate on 
neurons in the ventral posterior medial nucleus of the thalamus (Guyton & Iiall 1996). 

ems Cerebri 
This semilunar structure, also referred to as the basis, is located anterior to the substantia 
nigra and is composed of the corticospinal, corticonuc1ear, and conicopolltine fibre tracts. 
1'le corticospinal fibres terminate on the ventral horn neurons of the contralateral spinal 
cord. "ne corticonuclear fibres terminate mainly on contralateral cranial nerve nuclei 
throughout the brainstem The corticopontine fibres are composed of projections from 
the frontal and temporal cortical areas and terminate on the interneurons of the nuclei 
pontls. Inese nuclei then project mostly to the contralateral cerebellum 

Pons 

lne structures of the pons can be observed through a cross section at the level of the 
trigeminal nerves ( Fig. 13.7), just superior to the cerebral peduncles. 

Superior Cerebellar Peduncle 
111is structure, which is also referred to as the brachium conjunctivum, proceeds from the 
upper white substance of the cerebellar hemisphere to the tegmentum where it completely 
decussates at the level of the inferior colliculus. It is composed of: 

Wallenberg's Syndrome QUICK FACTS 3 

This syndrome of symptoms can occur with damage or dysfunction to the posterior 

lateral medullary region from ischaemia or ablative stroke: 

1. IpSilateral Horner's syndrome 

2. Contralateral loss of pain and temperature 

3. Ipsilateral facial numbness 

4. Nausea, vertigo, vomiting, and nystagmus 

5. Ipsilateral cerebellar signs 

6. Difficulty swallowing + hiccups 
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Fig 13 7 A cross-sectional view of the pons at the level of the tngemlnal nervE'S. (From Standnng. Gray'S Anatomy 3ge Elsevier ltd 2005) 
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I. Dent3torubral and dentatothalamic fibres, both of which terminate contralaterally 
in the red nucleus and the thalamus, respectively; 

2. Fibres of the ventral or anterior spinocerebellar Ira ct projecting to the cerebellum 
from the spinal cord; and 

3. Fibres of the uncinate fasciculus that contains fibres from the fastigial nucleus that 
will terminate in the lateral vestibular nucleus {Chusid 1982}. 

Anterior {Ventral} Spinocerebellar Tract 
These tracts form bilateral structures that ascend in the spinal cord in the ventral lateral 
fasciculi. They terminate in the vermis and intermediate zones of the ipsilateral 
cerebellum. These tracts relay information to the cerebellum about what information or 
commands have arrived at the ventral horn cells. These pathways are part of the efference 
copy mechanism of the cerebellar motor system. 

Lateral Lemnisci 

This tract carries fibres from the contralateral dorsal cochlear nucleus to the inferior colliculus. 

Middle Cerebellar Peduncle 
These bilateral structures, which are also referred to as the brachium ponti, are the largest 
of the cerebellar peduncles. They carry fibres from the pontine nuclei to the contralateral 
neocerebellum. They are a component of the corticopontocerebellar pathways. 

Reticular Formation 
"me reticular formation of the pons is cOlllinuous with the reticular formations of the 
medulla and the mesencephalon. This area receives input from virtually all areas of the 
neuraxis and projects widely throughout the neuraxis. (See below for more detail.) 

Medial and Trigeminal lemnisci 
lhese structures were discussed earlier; see above. 

Fourth Ventricle 
This cavity is bounded by the pons and medulla ventrally and by the cerebellum dorsally. 
It is continuous with me cerebral aqueduct above and the central canal of the medulla 
below and has a capacity for cerebrospinal fluid (CSF) of about 201111. "111e floor of the 
fourth ventricle, which is also referred to as the rhomboid fossa, is formed by the dorsal 
surfaces of the pons and medulla. TIle fourth ventricle acts as a component of the CSF 
system (Chusid 1982). 
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Medulla 

SLnlCIUreS of the medulla can be viewed by cross sections at 

L Inferior olivary nuclei; 

2. The lemniscal decussation; and 

3. The pyramidal decussation. 

Structures Found at a Cross Section at the Inferior Olive (Fig. 13.B) 
C/lOroid Pfe.\"s of 41'. 
lhis Siruoure is also referred to as the tela choroidea of the fourth ventricle and is composed 
of a layer of pia matter thal has become highly vascularized. 'T11e dlOroid plexus produces CSF. 

Inferior CerebellM Pell,mcle 
These bilateral Slmctures, which are also referred to as the restiform bodies, ascend 
latemlly from the walls orthe fourth ventricles to enter the cerebellum between the 
superior and middle cerebellar peduncles. 'l1ley carry fibres of the following tracts: 
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Fig 13.8 A Cfoss-sectional VIew of the medulla at the level of the Inferior olive. (From Standnng, Gray's Anatomy 3ge. Elsevier ltd 2005). 
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I. Olivocerebellar tract, which arises from neurons of the contralateral superior 
olivary nucleus and projects to the cerebellar hemispheres and vermis; 

2. Dorsal spinocerebellar lfaCl, which arises from neurons in the area or Clark's 
column of the spinal cord to project to the interpositus nuclear region and the 
palaeocerebellar conex; 

3. Dorsal external arcuate fibres from the nuclei gracilis and cuneatus; 

4. Ventral external arcuate fibres from the lateral reticular nuclei of the medulla; and 

5. Vestibulocerebellar tract, which arises from the vestibular nuclei and projects to the 
nocculonodular lobe of the cerebellum. 

Cuneate Nucleu.s 

'nese structures are located bilaterally, lateral and superior lO the nuclei gracilis. They are 
composed of neurons that receive proprioceptive information from the arms and 
shoulders. Axons from these nuclei project via the internal arcuate fibres where they 
decussate to form the medial lemnisci projecting ultimately to the contralateral thalamus. 

Lateral SpinotJwlllmic Tract 
These tracts are located medial and anterior to the ventral spinocerebellar tracts in the 
ventral lateral fasciculus of the spinal cord. They are formed by axons projecting from 
neurons located in the contralateral dorsal horn area. 111ese neurons project their axons 
via the anterior white commissure to the opposite lateral spinothalamic tract where they 
terminate on the ipsilateral thalamus to the tract in which they ascend. 

Inferior Olil1llry Nuclens 

These bilateral groups of nuclei are located within the olive of the medulla. They receive 
projections from the cortex, from other brainstem nuclei, from the ipsilateral 
parvocellular red nucleus, and from the ipsilateral spinal cord. These neurons project 
axons, referred to as climbing fibres, via the inferior cerebellar peduncles to all areas of the 
cerebellar cortex. '11ese structures are part of a group of projections and nuclei referred to 
as the inferior olivary nuclear complex, which fOfms a complicated loop from the 
cerebellar COrtex to the dentate nucleus to the contralateral red nucleus to the inferior 
olivary nucleus and back to the contralateral cerebellar COrtex (Fig. 13.9) 

Dors{11 Motor Nllclells of tile V(lgllS Neroe (DMN) 

These nuclei are located bilaterally, dorsal and lateral to the hypoglossal nuclei. These 
nuclei supply the preganglionic parasympathetic axons of the vagus and spinal accessory 
nerves. 

Solitary Tract Nllcleus 
These nuclei are also referred to as the nuclei of the tractus solitarius (N'TS). These nuclei 
are located ventrolaterally to the mOtor nuclei of the vagus nerve and run the full length of 

the medulla. All cranial visceral afferent nerves project to the NTS. "Ine rostral portion of 

Red nucleus 
(parvocellular) 

Central tegmental tract 

Cerebellum 

Red nucleus 
(parvocellular) 

Denlorubrallracl 

Cerebellum 

�--
Inlerior olivary nucleus f,; .s Inlerior olivary nucleus 

FIg 13 9 T he fundlonal loop of the Infenor olivary complex 
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the NTS, which is referred to as the gustatory nucleus. receives projections from the special 
visceral afferent nerves (eN VII, eN IX. eN X) for taste. The caudal portion of the N1'S, 
which is referred to as the cardiorespiratory nucleus, receives projections from the general 
visceral afferent fibres of eN IX and eN X. 

Nucleus Ambigulls 

These bilateral nuclei are located ventromedially to the spinal nucleus of the trigeminal 
nerve and run longitudinally throughout the medulla. 111e neurons of these nuclei supply 
'he branchial mOlOr ou'pu, of , he glossopharyngeal (CN IX). the vagus (CN X). and the 
spinal accessory (eN XI) nerves. 

Vagus Neroe 
These nerves exit the rostTal medulla ventrolaterally from the pontomedullary junction as 
several rooLiets between the inferior olive and the inferior cerebellar peduncle. The nerves 
exit the skull via the jugular foramen. The nerves supply the preganglionic 
parasympathetic output to all structures below the neck induding the hean, lungs, 
pancreas, liver, kidneys, and gastrointestinal tracr, and the branchial motor supply to the 
pharyngeal muscles and 'he muscles of the larynx. 

Pyrtlmids 

'",ese bilateral structures are found on the ventral surface of the medulla from the 
pontomedullary junction to the pyramidal decussation. '''ey are fanned by the axons of 
the motor output neurons of the conex that largely involve the pyramidal neurons. These 
axons will form the conicospinal tracts of the spinal cord. 

Hypoglossal Neroe 
'Olese nerves exit the medulla ventromedially between the pyramids and inferior olivary 
nuclei. ""e hypoglossal nerve exits the skull via the hypoglossal canal and supplies the 
motor axons to the tongue. 

HypoglosSil1 Nucleus 

'I"ese nuclei are located bilaterally near the ventral latcral ponion of the central canal in 
the lower half of the medulla. 

Structures Found in a Cross Section at the Lemniscal Decussation (Fig. 13.10) 
Pascicu/us Crtlcilis 
These bilateral tracts run dorsally in the medulla medial to the cuneate fasciculi.l11ey are 
formed by the axons of the dorsal root ganglion cells that detect proprioception and touch 
in the lower limbs and trunk usually below the T6 level. The axons enter the spinal cord 
via the dorsal root and ascend ipsilaterally in the fasciculus gracilis to the gracile nucleus. 

Cracile Nucleus 

These bilateral nuclei are located caudally and medially to the cuneate nuclei. These nuclei 
receive the axons of the fasciculus gracilis, which have arisen from the dorsal roOt 
ganglion cells detecting proprioception and touch in the lower limbs and trunk. The 
neurons project their axons via the internal arcuate fibres where they decussate and 
terminate in the contralateral ventral posterior lateral nudeus of the thalamus. 

FllSeicuJ"s Curreallls 
These bilateral structures are located dorsally in the medulla, lateral 10 the fasciculus 
gracilis. 'l11ey are formed by the axons of the dorsal root ganglion cells tha, de,ect 
proprioception and 10uch in the upper limbs and trunk usually above theT61evei. The 
axons enter the spinal cord via the dorsal rool and ascend ipsilaterally in the fasciculus 
cuneatus to the cuneate nucleus. 

CunelUe Nucleus 
l"is structures was discussed earlier; see above. 

DeClISSliLiorl of LenUlisci 

Axons from the nucleus cuneatus and nucleus gracilis form the internal arcuate fibres that 
cross in the decussation and continue from there as the medial lemniscus. 

Pyramid 

'''is Slructure was discussed earlier; see above. 

Medial lemnisCI'S 

This Structure \'I3S discussed earlier; see above. 
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Fig 13 10 A cross-sectional View of the medulla at the level of the lemmscal decussation, (From Standnng; Gray's Anatomy 3ge Elsevier ltd 2005) 

Spi'lotlJalamic Tract 

This structure was discussed earlier; see above. 

Hypogloss,,' Nucleus 

rllis structure was discussed earlier; see above. 

Postedor {Iud Autedor Spillocerebellar 1raClS 

These slru(lures were discussed earlier; see above. 

Structures Found at a Cross Section through Pyramidal Decussation ( Fig. 1 3 . 11) 

QUICK FACTS 5 The Parabrachial Nucleus 
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The parabrachial nucleus maintains reCiprocal connections with the following 

systems: 

• Vestibular system and midline cerebellum 

• Cortical and subcortical visceral and limbic centres. including amygdala 

• Somatic nuclei 
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Fig 13.11 A cross-sectional View of the medulla through pyramidal decussation. (From Standnng; Gray's Anatomy 
3ge. Elsevier Ltd 2005) 

FlUcicllllIs Gmcilis IIIIlI Cllllellllls 

This structure was discussed earlier; see above. 

Ulleml Corticospinal TmCl 
'mis structure was discussed earlier; see above. 

Pyramid 

This SlruCture was discussed earlier; see above. 

Atlfenor Corticospitwl Tracts 
These bilateral lracIs are contained in the pyramids of the medulla unlil the decussation of 
the pyramids where they do not decussate but continue ipsilaterally in the ventral medial 
ponion of the ventral fasciculus of the spinal cord. These tracts relay mOlOr information to 
the muscles of the: tnll1k, spine. and proximal limbs. 

Spiuotillllllmic Tract 

This structure was discussed earlier; see above. 

Auterior arid Posterior SpitiocerebeUIlr TmclS 

These structures were discussed earlier; see above. 

The Reticular Formation (RF) 

The reticular formation receives little attention in traditional neurology textbooks. It is 
an area that spans all levels of the brainstem, from the thalamus to the spinal cord, and 
is responsible for integrating information from the brain and periphery and linking 
sensory, mOlOr, and autonomic nuclei of the brainstem. The reticular formation 
therefore mediates complex reflexes and functions such as eye movements, posture, 
feeding, breathing, homeostasis, arousal, sleep, control of vasomotor tone and cardiac 
output, and pain. The reticular formation is composed of continuous groups of 
neurons interconnected via polysynaptic pathways that can be both crossed and 
uncrossed in nature. The RF receives projections from virtually all sensory modalities 
and projects to all areas of the neuraxis including direct projections to the cortex 
(Webster 1978). 
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QUICK FACTS 6 The Cerebeliopontine Angle 

The cerebellopontine angle forms a triangle between the lateral aspect of the pons, 

the cerebellum. and the inner third of the petrou5 ridge of the temporal bone. 

Cranial nerve (CN) V (motor) is at the rostral border while eN IX is at the caudal 

border. eN VI ascends at its medial edge, and eN VII and VIII traverse it before 

entering the internal auditory meatus. 

Afferent projections to the RF include: 

• Spinorelicular tracts; 

• Spinothalamic tracts; 

• Medial lemniscus; 

• All cranial nerve nuclei; 

• Cerebelloreticular tracts; 

• Thalamoreticular tracts; 

• I-Iypolhalamoreticular tracts; 

• Subthalamoreticular tracts; 

• COrLiCOrelicular tracts from frontal and parietal cortex; and 

• Limboreticular projections. 

Efferent projections from the RF include: 

• Reticulobulbar tracts; 

• Reticulospinal tracts; 

• Projections to autonomic nuclei and imermediolateral (IML) column; 

• Reticulocerebellar tracts; 

• Reticulostriatal tracls; 

• Reticulorubral tracts; 

• Direct projections to the thalamus and cortex; and 

• Direct projections to other areas of the reticular system. 

Anatomy of the Reticular Formation 

The neurons of the reticular formation form multiple interconnecting patterns that 
resemble a fish net; hence the name reticular, which means net·like. The neurons are 
located centrally in me neuraxis. The neurons can be roughly grouped into three columns 

QUICK FACTS 7 Pontomeduliary Reticular formation functional Aspects 

336 

There are four particular functions of the pontomedullary reticular formation 

(PMRF) that have particularly strong clinical relevance in practice: 

1. Inhibits ipsiiateral lMl (sympathetic) output 

2. Inhibits pain ipsilaterally 

3. Inhibits the inhibition of al l  ventral horn cells (VHCs) ipsilaterally (facil itates 

muscle tone) 

4. Inhibits ipSilateral anterior muscles above T6 and posterior muscles below T6 
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based on their size. The median column is located most centrally and is composed of 
intermediate-sized neurons.'''e medial column. which is just lateral to the median 
column, contains relatively large neurons. The lateral column is located mosl laterally and 
contains relatively small neurons (Fig. 1 3.12). 

"111e neurons of the RF columns can be grouped into various nuclei which include the 
following (Fig. 13.12): 

Median Column Nuclei 

• Dorsal raphe nucleus; 

• Superior central nucleus; 

• Pontine raphe: nucleus; 

• Nucleus raphe magnus; and 

• Nucleus obscures and pallidus. 

Medial Column Nudei 

• Cuneiform and subcuneiform nuclei; 

• Oral pontine reticular nucleus; 

• Pontine tegmental reticular nucleus; and 

• ucleus gigalllocellularis (magnocellularis). 

Lateral Column Nuclei 

• Pedunclulopomine legmenlal nucleus pars compacta; 

• Laleral parabrachial nucleus; 

• Medial parabrachial nucleus; 

• Central pontine nucleus; and 

• Cenlral medullary nucleus. 
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00rsaI rap/1e nt.detJs 

Cooeiform and subcunefform --���;:;;==1� 
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nucleus Oral pontine reticular n._ucl=.=u�s __ :::t.J2Z::::: 

Pontine raphe nudeus - �.>....<-- Motor nucleus 01 trigeminal 
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Nucleus rap/1e ma!11<JS 

Nucleus rap/1e obscuns and oallidus...--

nerve 
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Motor nudeus of facial nerve 
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medulla obIoogala 
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Fig 13 12 The columnar structure of the retICular formation (RF) In the bramstem. 

(nucleus reticularis IateraJis 
of the medulla obIongala) 
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Reticular Neurons Projection Systems Utilize Different 
Neurotransmitters 

Nuclear groups can also be identified based on the neurotransmitter that they releasE':. 
Several projeClion systems have been discussed in detail in Chapter 9. Only those related 
to the reticular formation will be described here. 

Chofirlergic projection axons arise from neurons located in two areas of the 
ponIomesencephalic region of the brainslem. The first group of neurons are located in the 
lateral portion of the reticular formation and periaquedudal grey areas in a nuclear group 
of neurons referred lO as the pedunculopontine tegmental nuclei. ll1E': second group of 
neurons are located at the jUlloion between the midbrain and pons referred to as the 

laterodorsal tegmental nuclei. Projection axons from both of these nuclear groups 
terminate in various nuclei, including the intralaminar nuclei of the thalamus. 

Dopaminergic projection nellrons arise from two pathways in the reticular nuclei. 
The mesolimbic projection pathway arises from neurons in the ventral tegmentum of 
the midbrain and projeas to the medial temporal conex, the amygdala, the cingulate 
gyms, and the nucleus accumbens, all areas associated with the limbic system. Lesions or 
dysfunction of these projections are thought to contribute to the positive symptoms of 
schizophrenia such as hallucinations. 

The mesoconical projection pathway arises from neurons in the ventral tegmental and 
substantia nigral areas of the midbrain and terminates in widespread areas of prefrontal 
conex. 'I'lle projeaions seem lO favour mOlOr conex and association conical areas over 
sensory and primary motor areas (Fallon & Loughlin, 1987). 

'!11e normlrenergic projection system consists of neurons in two different locations in the 
rostral pons and the lateral tegmental area of the pons and medulla. The neurons in 
the rostral pons area are referred to as the locus cemleus and together with the neurons 
in the lateral tegmental area of the pons and medulla project to all areas of the entire 
forebrain induding the limbic areas as well as to the cerebellum, brainslem, and spinal cord. 

111e serotonergic projection s),stem consists of a group of nuclei in the midbrain pons and 

medulla referred lo as the raphe nuclei and additional groups of neurons in the area 

poslrema and caudal locus cemleus. These nuclei can be divided into rostral and caudal 
groups. The rostral raphe nuclei project ipsilaterally via the median forebrain bundle to 
the entire forebrain where serotonin can aa as either excitatory or inhibitory in nature, 
depending on the situation (Fallon & Loughlin 1987). 111e caudal raphe nuclei project to 
the cerebellum, medulla, and spinal cord. 

1"e histaminergic projection system has only recently been identified. It consists of 
scauered neurons in the area of the midbrain reticular formation as well as a more defined 
group of neurons in the tuberomammillary nucleus of the hYPOlhalamus. 

Functions of the Reticular Formation 

Functions of the reticular formation include the following: 

I .  Moduillfiofl of moror corllrol-TIlE.' RF can modulate the activation levels o f  both 
alpha and gamma mOlor neurons, and thus alter the tone and reflex aaivity of 
muscle. 1"e RF is particularly involved with reciprocal inhibition of antagonist 
muscles and in the maintenance of muscle tone in antigravity muscles. Motor 
activity of the facial muscles associated with an emotional response is mediated by 
the RF. These pathways are independent of the corticobulbar tracts to the cranial 
nerve nuclei, and thus a person with a corticobulbar stroke can still smile 
symmetrically when stimulated emotionally. 

"r1te mesencephalic reticular fonnllfion (MRF) is responsible for increasing flexor 
tone on the contralateral side. The pOrllomedul1ary reticular fonllariorl (PMRF) is 
responsible for the inhibition of ipsilateral anterior (flexor) muscles above T6, and 

the inhibition of ipsilateral posterior (flexor) muscles belowT6. 

2. Modulation of sommic arid visceral sematioTl5-The RF has the capacity to modulate 
all somatic and visceral sensations including pain. '111e PMRF in particular 
modulates the inhibition of pain. 

3. Mod,llaliotT of the autonomic "en/ous sysrem-The RF is also involved with 
modulation of the activity of both sympathetic and parasympalhetic functions 
of the autonomic nervous system. Activation of the MRF results in excitation of 
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the preganglionic sympathetic neurons of the I M L  bilaterally. Activation of the 
PMRF resuhs in inhibition of the ipsilateral preganglionic neurons of the IML. 

4. Moduitlliorl ofpituirary hormones-The RE through both direct and indirect 
pathways, modulates the output of releasing factors from the hypothalamus, 
thus modulating the release of pituitary hormones. The RF also inOuences the 
hypothalamic circadian and biological rhythm patterns. 

5. Modu/mion of reticular acril!(lliorl system-The RF is also involved i n  the maintenance 
and level of consciousness through direct projections to wide areas of cortex. 'J11is 
projeClion system is referred [0 as the reticular activation system. 

As an example of the complexity of the reticular formation, feeding renexes such as 
chewing, sucking, salivating, swallowing, and licking are mediated via the pontomedullary 
reticular formation in conjunction with cranial nelVes (eN) v, VII, IX, X. and XII. 
I lowever, feeding behaviour can also be i nfluenced by eN I, II,  III, IV, VI, VIII, and XI as 
well as the MRF and mesolimbic reward centres-e.g. an infant responds 10 the stroke of a 
cheek by turning its head (eN IX, VIII  and mesencephalic reticular formation) and 
performing Slicking movements. Like animals, humans can respond to certain spatial 
characteristics such as the location of a stimulus such as food in the visual field. 111e 
odour and appearance of food and our satisfaction will be mediated by the reward 
centres. Respiratory renexes such as phonation, sneezing, coughing, sighing, vomiting, 
and hiccupping are also mediated in the reticular formation. 

Importantly, the relationship between the spine, vestibular system, midline cerebellum, 
conex, limbic system, and the autonomic nelVous system can be seen intimately i n  this 
region and may innuence immune function and behavioural characteristics such as fear, 
anxiety, panic, mood, disinhibition, sleep, arousal, and risk taking. 

Functional Systems and Clinical Implications of the Reticular 
System Dysfunction 

The cortex projects to excite the MRF bilaterally and the PMRF ipsilaterally. 111e MRF then 
projects as described above to excite the IML and the nexor muscle groups bilaterally. Loss 
offunctional integrity of the MRF would result in a decreased activation of the 
sympathetic nelVous system bilaterally and decreased flexor lOne bilaterally (Fig. 1 3. 1 3 ). 

The PMRF projects to inhibit the IML and nexor groups ipsilaterally (Fig. 13. 1 4).  
Decreased PMRF integrity may therefore result in the following clinically relevant signs: 

• Increased blood pressure; 

• I ncreased V:A ratio; 

• Increased sweating; 

• Decreased skin temperature; 

• Arrhythmia (l) or tachycardia (R);  

Decreased PMRF Activation May Result in the Following 

Functional Affects QUICK FACTS 8 

• Increased blood pressure 

• Increased V:A ratio 

• Increased sweating 

• Decreased skin temperature 

• Arrhythmia (L) or tachycardia (R) 

• large pupil (also due to decreased mesencephalic integration) 

• Ipsilateral pain syndromes 

• Global decrease in muscle tone ipsilaterally 

• Flexor angulation of the upper limb ipsilaterally 

• Extensor angulation of the lower limb ipsilaterally 

339 Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

QUICK FACTS 9 Cerebropontocerebeliar Pathways 

340 

These pathways constitute enormous axon projections of over 20 million fibres 

between the cerebral cortex and the cerebellum. Neurons synapse in the 

pontine nudei before decussation. Signals from all areas of the cerebral cortex 

therefore reach the cerebellum via the pons and the contralateral middle 

cerebellar peduncle. The afferent (incoming) to efferent (outgoing) ratio in 

the cerebellum is approximately 40:1. making the cerebellum a major site of 

integration for the control of mental, motor. sensory, and autonomic functions. 
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Fig 13_13 Functional prOjections of the MRF and PMRF 
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• Large pupil (also due to decreased mesencephalic integration); 

• Ipsilateral pain syndromes; 

• Global decrease in muscle tone ipsilaterally; 

• Flexor angulation of the upper limb ipsilaterally; 

• Extensor angulation of the lower limb ipsilaterally. 

Cranial Nerves 

-

"'"e cranial nerves, with the exception of the olfactory (eN I) and optic (eN 11), all arise 
from nuclei in me brainstem (Figs 13 . 15  and 1 3. 1 6). 

Olfactory Nerve (CN I) 

Olfactory epithelium is bathed in lipid substance produced by Bowman's glands. Primary 
afferenlS synapse with mitral cells of the olfaoory glomerulus after passing through the 
cribriform plate unmyelinated. Axons of milral cells make up the olfaaory nerve (Fig. 1 3. 1 7). 
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Fig 13  15 A lateral View of the anatomical poSition and relationships of the cranial nerve nuclei 
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Fig 13.16 A posterIOr View of the anatomical POSition and relationships of the cramal nerve nudel 
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Fig 1 3  1 7  The anatomy of the olfactory apparatus. 
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'111e Illain traCI has bOlh centrifugal and centripetal fibres lhal help modulate receptor 

activity and enhance variety of perceived odours. The tract passes above the optic nerve 
and chiasm below the frontal lobes. 

The tract terminates in three striae which synapse with neurons of the olfactory 
tubercle and gyrus, medial amygdaloid nudeus, and other limbic regions. "ne secondary 
olfactory conex mediates along with the hypothalamus emotional and autonomic reflexes 
associated with smell (Moore 1 980; Wilson-Pauwels et al 1 988) (Fig. 13.18).  

Optic Nerve (CN II) 

Strudurally the optic nerve is not a true nerve but a series of fibre projection tracts from 

the retina to the occipital cortex. The optic nerve proper is formed by the axons of the 
retinal ganglion cells. These axons then exh the retina via a non receptive area referred to 

as the optic disc to the optic chiasm where they are segregated into axons from right and 
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left visual fields and become the optic tracts. "l1le optic disc is located about 15° medially 
or towards the nose on each retina. 

l"e optic tracts project to the laleral geniculate nucleus of the thalamus where they 
synapse. TIle projections orthe axons from the thalamic neurons are referred to as the 
optic radiations. These axons terminate on the neurons in the visual cortex. 

The visual image inverts and reverses as it passes through the lens of the eye and forms 
an image on the retina. Image from the upper visual field is projected on the lower retina 
and lhe lower visual field on the uPI)er retina. 'I'll€: len visual field is projected (0 the right 
hemiretina of each eye in stich a fashion thai the right nasal hemire:tina of the left eye and 
the temporal hemiretina ofthe right eye receive the image. The central image or focal 
point of the visual field falls on the fovea ofthe retina, which is the portion of the retina 
with the highest density of retinal cells and as such produces the highest visual acuity. 111e 
fovea receives the corresponding image of the central 10_20 of the total visual field but 
represents about 50% of the axons in the optic nerve and projects to about 50% of the 
neurons in the visual cortex. 'me macula comprises the space surrounding the fovea and 
also has a relatively high visual acuity (Fig. 13. 19).  

The rods and cones are the primary receptors of light stimulation and are located at the 
deepest point on the retina adjacent to the pigment epithelial cells. lhey synapse with 
bipolar cells, which in turn synapse with the ganglion cells. '111e ganglion cells can be 
further classified as M cells, which have large receptive fields and respond best to 
movement, or P cells, which have small receptive fields and respond best to fine detail 
and colour (Fig. 13.20). Injury or dysfunction at any point along the optic nerves, tracts, 
or radiations can produce characteristic clinical visual field deficits ( Fig. 13.21). Clinical 
testing of the optic nerve includes visual acuity and visual field testing (Moore 1980; 
Wilson-Pauwels et al 1988). 

Oculomotor Nerve (CN III) 

These nerves arise from the oculomotor nuclei of the midbrain and course through the 
red nucleus, exiting the skull through the superior orbit fissure to supply motor 
innervation of the superior rectus, inferior rectus, and medial rectus muscles of the eye. 
Parasympathetic fibres from the "::dinger-Westphal nucleus also accompany the axons 
of these nerves to supply the parasympathetic component (Moore 1980, Wilson-Pauwels 
ct .1 1988) ( Fig. 13.22). 

Trochlear Nerve (CN IV) 

'Ihese nervE'S arise from the tfoclliear nuclei located just caudal from the oculomotor 
nuclei at the level of the inferior colliculi. lhe axons exit posteriorly and cross in the 
anterior medullary velum and wind around the cerebral peduncles to exit the skull 
lhrough the superior orbital fissure and innervate the superior oblique muscles of the eye 
( Moore 1980; Wilson-Pauwels et al 1988). 
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FIg 13.19 The appearance of a normal fundus 
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Fig 1 3  20 The anatomy of the retina. 
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'''e:se axons arise (rom nuclei in the Ooor of the fourth ventricle in the caudal portion of 
the pons. 'nl€: axons course through the pons and exit anteriorly (0 run along the pe:trous 
portion ohhe te mporal bone 10 the outer wall of the cavernous sinus, where the nerve 
exits the skull through the superior orbital fissure to supply Illotor innervation to the 
lateral reaus muscle (Moore 1980; Wilson-Pauwels el al 1988). 

Control of Eye Movement 
In order lO understand oculomolOr control it is necessary to re member that all eye 
move ments are designed to keep a desired object centred on the fovea, which allows for 
the greatest visual acuity. In order for the desired object to be clearly visualized, it lllust be 
held relatively steady on the fovea, and the two eyes must be si multaneously al igned to 
w ithin a few minutes of arc ( Leigh & lee 1992). Understanding normal function allows us 
to have a better understanding of when and why abnormal eye move ments occur. The 
normal tendency of the eyeball is to return to primary position. To hold the eyeball in any 
other position requires constant contraction of the extraocular muscles in exactly the right 
proportions. 

When the eye moves to a new target it does so by a movement called a saccade, 
which is a fast, burst·like movement. Sacca des can reach velocities of 7000 per second 
and vision is transiently suppressed during saccadic movements. The saccade is 
programmed with two distinct components, a pulse phase and a step phase. The pulse 
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phase is the burst of action potential activity to move the eye to the new target. lne 
step phase is the new action potential firing rate to maintain the eye in the new 
posilion (Fig. 1 3.23). 

Saccades can be: horizontal or vertical in nature:. The: burst phase o( adivity for a 
horiwmal saccade is generated by burst neurons in the pontine paramedian reticular 
(ormation. The duration of firing of a burst neuron begins just before the saccade and 
ends exactly when the saccade enters the step phase. I n between burst outputs, the burst 
neurons are tonically inhibited by omnipause neurons in the nucleus raphe inteq)ositus 
(Buuner.Ennever et al 1 988). The omnipause neurons continuously discharge. inhibiting 
the burst neurons until they enter a pause cycle in which the burst neurons become 
disinhibited and fire a burst o( action potentials that results in a saccade motion of the 
eye until the pause neurons resume their firing and inhibit the burst neurons. 'Ille step 
phase of the horizontal saccade is thought to be c.reated by a neural gaze maintenance 
network or neural integrator that calculates the saccadic velocity to produce the 
appropriate position and to produce the appropriate contraction in the extraocular 
muscles to maintain the g37.£ at a specific point. 'JOe medial vestibular nucleus, the 
nocculus of the cerebellum, and the nucleus preposilUS hypoglossi are important 
components of the neural integration system of horizontal movements (Zee et al 1981;  
Cannon & Robinson 1 987) (Fig. 13.24). 

The burst phase of activity for a verlical saccade is generated by burst neurons in the 
rostral interstitial nucleus of the medial longitudinal fasciculus (riMLF) (Buttner· En never 
el al 1988). This nucleus is located venlral to the aquedud of Sylvius in the prerubral 
fields at the junction of the mesencephalon and the thalamus. The activity in this nucleus 
is dependent on ascending projections from the pontine paramedian reticular formation, 
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Fig 1 3  24 The components involved in the generation of hOrizontal eye movements 

omnipause neurons in the nucleus raphe interpositus, and inputs from the contralateral 
vestibular nuclei, The riMLF projects lO the ipsilateral orulomolor (eN III) and trochlear 
(eN IV) nuclei. Reciprocal connections occur between the right and left riMLF through the 
posterior and anterior commissures of the midbrain. The fibres of the elevatOr nuclei 
which innervate the superior rectus and the inferior oblique muscles pass through the 
posterior commissural pathways, and the projections to the depressor nuclei innervating 
the inferior rectus and superior oblique muscles pass through the anterior commissural 
pathways. The velocity commands of vertical saccadic movements are integrated by the 
interstitial nucleus ofCajal (Fukushima et al 1990) (Fig. 13.25). 

Cortical Modulation of Saccadic Eye Movements 
Conical modulation of saccadic eye movements is also a necessary component for normal 
vision. 1"11e frontal lobe contains three areas that contribute to saccadic control; these are 
the frontal eye fields (FEF), the supplementary eye fields, and the dorsal lateral prefrontal 
cortex. The FEF are composed of a group of neurons in the posterior areas of Broadmann 
area 8 that discharge prior to saccadic movement and are thought to play a part in the 
initiation of saccades to previously seen or remembered targets (Bruce & Goldberg 1 985). 
Excitation of these neurons results i n  contralateral saccades. Neurons in the 
supplementary FEF which are located in the dorsomedial frontal lobes are involved in 
programming saccades as part of complex learned behaviours (Mann et al 1988). The 
dorsal lateral prefrontal cortex is involved with programming sacca des to remembered 
target locations (Boch '" Goldberg 1989). 
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Ftg 1 3 25 The components Involved In the generation of "�lCal eye movements 

Conlrol of Smooth Pursuit 
5moOLh pursuit movements allow viewing of moving objects. 'l1ley are much slower than 
saccades and can reach a maximum velocity of only 100° per second. 1'lCY are not under 
voluntary control. SmoOlh pursuit activities seem to be modulated in the middle and 
superior medial temporal visual areas. These areas of cortex project to the dorsal lateral 
median pontine nuclei (Suzuki ct al 1990).  '111£ dorsal lateral median pOnline nuclei 
project to the nocculus. uvula. and dorsal of the cerebellum where the smoothness of the 
motion is calculated and adjusted. 

Cerebellar Influences on Eye Movements 
'me cerebellum is involved in two basic operations involving eye control. The first 
involves its role in both real time positional eye control with respect to visual acquisition. 
and the second involves long-term adaptive comrol mechanisms regulating the 
oculomotor system (Leigh & Zee 1 99 1 ) .  

'1,e cerebellum functions to ensure mal the movements of the eyes are appropriate for 
the stimulation that they are receiving. 111e flocculus of the vestibulocerebellum contains 
Purkinje cells that discharge in relation 10 the velocity of eye movements during smooth 
pursuit tracking. with the head either stationary or moving. For example. you can keep 
your head still and fLXate your gaze on a moving object; in whidl case your eyes should 
smoothly follow the object across your visual field. Or you could keep your eyes fixed on 
a stationary object and rotate your head; in which case your eyes should still smoothly 
track in the opposite direction and at the same speed as the rotation of your head to 
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maintain the target in focus (Zee et al 1981).  Other neurons discharge during sacCc1dic 
eye movement in relation to the position of the eye in the orbit. Individual control of eye 
movement is accomplished for the most part by the contralateral cerebellum although 
intimate bilateral integration is also important For example the smoothness of pursuit 
activity and the return to centre function of saccadic movement of the right eye are under 
left cerebellar modulatory control. 

Disorders of Saccadic Eye Movement 
Disorders of saccadic eye movements can involve the accuracy. velocity. latency, and 
stability of the eye movements. 

QUICK FACTS 1 0  The Corneal Reflex 

350 

Fig 13 26 The co/neal reflex 
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1 .  Saccadic dysmetria ocrurs when the saccade over- o r  undershoots the target. 111is 
type of lesion is characteristic of lesions of the dorsal vermis or fastigial nuclei of 
the cerebellum. In Wallenburg's syndrome a specific dysmeLric pattern that 
involves overshooting saccades to the side of the lesion and undershooting 
saccades to the contralateral side occurs. When pure vertical saccades are attempted 
there is an inappropriate horizontal component to the saccade that results in the 
eye drifting .owards the side of the lesion (Ranalli & Sharpe (986).  

2. Decreases in velocity of the saccade are usually related to dysfunction of the burst 
neurons. Slow horizontal saccades involve the horizontal burst neurons in the 
pons, and slow vertical saccades involve the vertical burst neurons in the midbrain. 
Diseases such as olivopontoce.rebellar atrophy and progressive supranuclear palsy 
can affect these neurons respectively. 

3. A mismatch between the pulse phase and the step phase of saccadic movement can 
result in postsaccadic drift of the eyes or glissades. This condition occurs with 
dysfunction of the vestibulocerebellar inputs. 

4. A combination of slow, hypometric saccades and glissades can occur with 
disorders such as ocular nerve palsies, myasthenia gravis, and ocular myopathies. 

5.  Saccades that exhibit an increased latency of action may be caused by dysfunction 
ofthe frontal or parietal lobes. They have been reported in Humington's disease. 
supranuclear palsies, and Alzheimer's disease. 

6. Saccadic oscillations are referred to as ocular flutter when they are limited to the 
horizontal plane and opsoclonus when they are multidirectional in nature such as 
vertical and/or torsional. These lesions have been reported with various lypes of 
encephalitis and neuroblastomas and in association with certain toxins. 
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Disorders o f  Smooth Pursuit 
Disorders of smooth pursuit are orten associated with dysfunction of the cerebellum or 
brainstem. Slow jerky pursuit motion can be associated with physiological decreases in  
activation due (0 medication or decreased cerebellar stimulation. 

Nystagmus is a repetitive 10 and fro movement of the eyes lhal can be generated by 
watching moving targets such as occurs when looking QlIt the window of a moving car or 
by moving an object stich as an opticokinetic tape past an individuals eye. When 
nystagmus occurs inappropriately it reflects dysfunction in !he mechanisms that hold 
targets steady on the fovea of the retina. ·Iltese mechanisms involve areas of the vestibular 
system, the neural integralOT, and pursuit comrol systems. A variety of nystagmic pauems 
can be observed and related to specific dysfunctional areas. 

I .  Lesions or dysfunction of the peripheral vestibular apparatus usually produce 
horizontal nystagmus with the slow phase towards the side of the lesion. 

2. Up-beating nystagmus usually represents a lesion or dysfunction in pontomedul
lary or pOlllomesencephalic junction or areas surrounding the forth ventricle. 

3 .  Down-beating nystagmus usually renens disease or  dysfunction of areas around 
the craniocervical junction such as Amold-Chiari malformations or degenerative 
lesions of the cerebellum. 

Trigeminal Nerve (CN V) 

Trigeminal nerve has three projection divisions that supply different areas of the head and 
face. The ophthalmic division supplies sensation from the midpoint of the eyes to the apex 
of the frontal skull at the level of the ears. TIle maxillary division supplies the nasal mucosa 
and the skin from the upper lip to the inferior halve of the eye. 111e mandibular division 
supplies the internal mouth, tongue, teem, skin oflower jaw, and pan of the external ear 
and auditory meatus and meninges. The sensory neurons are located in the semilunar or 
Gasserian ganglion. Motor neurons in the motor nucleus of the trigeminal nerve, which is 
located in the mid-pons area, supply motor innervation to the muscles of mastication, 
which include the masseter, temporal, internal, and external pterygoid muscles. Neurons in 
the otic ganglion supply mOlar fibres to the tensor tympani and tensor veli palatine. Fibres 
of the trigeminal nerve also supply motor to the mylohyoid muscle and the anterior belly 
of the digastric muscle via the mylohyoid nerve (Moore t 980; Wilson-Pauwels et al 1 988). 
Fibres of the ophthalmic division relay sensation of the cornea and are involved in the 
afTeren! loop of the corneal reOex (see Chapler 4 )  (Fig. 13.27). 

Facial Nerve (CN VII) 

1ne facial nerve supplies motor innervation to the muscles of facial expression. The 
neurons of the facial nerve are located in  the facial nerve nuclei in the caudal pons. 
The facial nerve exits the brainstem ventrolaterally at the pontomedullary junction; 
it then travels along the subarachnoid space until it enters the internal auditory meatus 
and travels via the auditory canal to the facial canal where it then exits the skull via the 
stylomastoid foramen. 111e facial nerve acts as the efferent arm of the corneal reflex by 
supplying the muscles around the eye. 111e genirulate ganglion lies in the genu of the 
facial nerve and houses the neurons that receive taste sensation from me anterior 

two-thirds of the ipsilateral tongue. 
The parasympathetic efferent projections of the facial nerve arise from the nervous 

intermedius and involve motOr axons to the submandibular gland and the lacrimal gland. 
lhe motor fibres project in two different pathways and to two different ganglia. lhe motor 
projeaions to the slIbmandibllftlr glllnd arise from neurons in the superior salivatory 
nucleus in the medulla. The axons of these neurons emerge from the brainstem in the 
nervous intermedius and jOin the facial nerve u11til me stylomastoid foramen where they 
separate as the chorda tympani, which traverse the tympanic cavity until they reach and 
join with the lingual nerve. -mey travel with the lingual nerve until they reach and synapse 
on the postganglionic neurons of the submandibular ganglion. The axons from these 
neurons project to the submandibular glands via the lingual nerve supplying the 
secretomotor fibres to the gland. Activation of the postganglionic neurons results in  
dilatation of the arterioles of the gland and increased production of saliva (Moore 1 980; 
Wilson-Pauwels et al 1 988) (Fig. 13.28). 
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Fig 1 3 27 DistributIon of the tngemmal nerve (eN V). 
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Vestibulocochlear Nerve (CN VIII) 

l'he Ve5tibulocochlear nerve as the name implies is composed of two separate nerve 
supplies, the vestibular portion and the cochlear portion. 

rr11e axons from the hair cells of the utricle synapse in the superior vestibular ganglion. 
The axons of the neurons in the superior vestibular ganglion then form the superior 

vestibular nerve. These axons conlribute along with the axons of me inferior vestibular llelVe 

from the sacade and the cochlear nelVe to form the ipsilateral vestibulocochlear nerve (see 
Chapter 14).  

'11e cochlear nerves arise from the axons of the bipolar cells of the spiral ganglion which 
temlinale in the vemral or dorsal cochlear nucleus (Moore 1 980; Wilson-Pauwels el al 1988). 

The Cochle. 

The Cochlea consists of three nuid-filled lubes in helical arrangement called the scala 

media, scala tympani, and scala vestibuli. The conduction of sound pressure waves occurs 
as the stapes, which acts as a piston on the round window, depresses the cochlear 

partition, which increases pressure in scala tympani. This increase in pressure results in an 
outward bowing of the round window. Any up and down motion of fluid is detected by 
the basilar membrane between the sC:1la tympani and media. 

Organ Of Coni 
'I11e organ of Corti contains 1 6,000 hairs cells in four rows arranged as one inner row and 

three outer rows. 'Ine hair cells project into the gelatinous tectorial membrane and 
together support approximately 30,000 afferent nerve fibres and numerous efferent fibre 

terminals. Movement of the hair cells towards the tall edge results in excitation, whereas 
movement away from the (all edge or downward deflection results in inhibition. 

Mechanical Transduction 
The stapes foot plate acts as a piston that pushes and pulls, causing a conduction of pressure 

waves through the fluid of the scala vestibuli. The pressure waves depress the cochlear 
partition, causing increase in pressure in the scala tympani and outward bowing of the 

round window. Up and down motion of the fluid is transmiued to the basilar membrane. 
resulting in deflection of the stereocilia on hair cells. ea- and K' enter through channels at 
the tips of stereocilia (

,
gating springs' or 'tip links'), resulting in a receptor potential. I-lair 

cells of vestibular and cochlear apparatus transduce sound and accelerations into electrical 
responses. They act as synaptic temlinals by releasing chemical neurotransmitters to 
activate nerve fibre terminals when ion channels are opened by medlanical bending of 

stereocilia. loe afferent fibres encode intensity, time course, and frequency. 

The Ventral Cochlear Nucleus (VCN) 
'nle ventral cochlear nucleus is composed of two main cell types, the stellate cells, which 

are also known as chopper cells and give a steady regular rhythm of impulses denoting 
stimulus frequency, and the bushy cells, which generate only one action potential and 

signify the onset of sound. Therefore. they provide accurate information about the timing 
of acoustic stimuli and are involved in locating sound stimuli along the horizontal axis 

(azimuthal). 
11le various cell types of the cochlear nuclei project along parallel pathways to specific relay 

nuclei thai serve a common purpose. 'Ioe VCN comprises two main divisions which include: 

t .  A'lterovemml coc/Ilear m,cleus-" o is division has the most prominent output and 

projects via the ventral acoustical stria and the trapezoid body to the superior 

olivary complex (medial and lateral divisions). 'l"11e anteroventral cochlear nucleus 
receives input from the ascending branch of the cochlear nerve. 

2. Poslerovemml cocillear tlUclellS-This division contributes axons to the trapezoid 
body and to the lateral superior olive via the intermediate acoustical stria. 

The Dorsal Cochlear Nucleus (DCN) 
lhe DeN may be an important site of early auditory processing implicated in the 
physiology of tinnitus. In laboratory animals, the DCN has been found to comprise the 
following three layers that are parallel to the free surface of the brainstern: 

t .  Molecular layer; 

2. Fusiform cell layer; and 

3. Deep DCN layer. 
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The first and second layers are sometimes referred to as the supcrficial layers orthe 
DeN. The molerular layer consists predominately of parallel fibres formed by the axons 
of granule cells and inhibitory interneurons including canwheel and stellate cells. 
'11e anatomic organization of the superficial layers of the DeN is therefore considered 
to be similar in many ways to that orthe cerebellar folium. 

The superficial layers of the DeN receive both auditory and nonauditory information 
including vestibular afTerenls, which are primarily from the saccule and somatosensory 
inpuLS. Within the superficial layer, the granule cells form excitatory connections with Iype 
IV units and inhibitory interneurons (especially canwheel cells). In turn, the cartwheel 
cells form inhibitory conneaions on the type IV units. Type IV units are the output cells of 
the DCN and project to other components of Lhe exualemniscal pathway as well as some 
neurons within the lemniscal pathway. Increased rOF of type IV unilS has been associated 
with the expression of tinnitus episodes and these neurons are exquisitely sensitive to 
sound. In  the deeper layers oCthe DCN there are two inhibitory interneuronal circuits that 
have been identified: 

I .  Type I I  units (thought to arise from venical cells in the deep DCN region); and 

2. Wideband inhibitors with evidence pointing to cells in the posterovemral cochlear 
nucleus (!'VCN) region. 

Type II units have very low spontaneous rates of firing and give weak responses to 
broadband noise. They primarily respond to best frequency tones and provide inhibition 
to type IV units of the DCN. They are also thought to form inhibitory conneaions with 
bushy and multipolar cells or the VCN. 

Medial Superior Olive (MSO) 
'This nuclear area localizes sound sources along the horizontal axis by distinguishing 
interaural time delays as small as lO llS, and hence location to a few degrees. 

A source in the midsagittal plane should excite two ears at the same time. Axon 
terminals from the contralateral anterior ventral cochlear nucleus (AVCN) excite successive 
neurons throughout Lhe medial superior olive. Input from one ear is insufficient to bring 
an MSO neuron to threshold, so the illle.raurai time difference is exactly counterbalanced 
by delay in conduaion from the opposite ear. 

lherefore. Lhe simultaneous excitatory sound potential brings an MSO neuron to 
threshold and a map of sound source location along the horizontal axis is formed over an 
array of MSO neurons. 

lateral Superior Olive ( LSO) 
This area is also involved in localization of sound but employs intensity cues rather than 
interaural time differences [0 calculate where a sound originated. 

lhe LSO receives input from both cochlear nuclei such that ipsilateral inpulS are direct 
and contralateral inputs from the sound source are via the nucleus of the trapezoid body. 
These inputs are antagonistic. 

A given neuron in the LSO responds best when the intensity of a stimulus reaching one 
ear exceeds that on the opposite ear by a particular amount. 'Ille lateral olive is more 
e.fficient at processing high.frequency sounds because the head absorbs shon wavelengths 
better than long wavelengths. This allows for clearer interaural intensity differences. Low
frequency sounds are processed more efficiemly by the medial olive. 

Inferior Colliculus 
lhe laternl lemniscus includes axons from the superior olivary nucleus and the 
contralateral DCN via the dorsal acoustic stria. It provides passage for neurons to the 
inferior coll iculus. 'Ine inferior colliculus consists of a dorsal region that receives both 
auditory and somatosensory inputs, and a central nucleus that comprises several layers 
forming a tonotopic map. 

lne multimodal division is sometimes referred to as the external nucleus of the inferior 
colliculus in research papers and forms part of the extralemniscal pathway. 

Medial Geniculate Nucleus (MGN) 
The central nucleus of the inferior colliculus projects by way of the brachium of the 
inferior colliculus to the principal nucleus of the MeN. The principal nucleus of the MeN 
projeas its neurons to the primary auditory area (A 1 or 4 1 .  42) on the transverse gyri of 
Hesch!. The remaining components of we MeN are multi modal and form pan of the 
extralemniscal pathway. 
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Plasticity i n  the Auditory Cortex 
Consider the role of either hemisphere in the processing of auditory inputs from either 
field of space. " 11 is is analogous to the independent ocular dominance columns of the 
visual system. 

Tinnitus has been referred to as a phantom auditory sensatjon that may occur because 
of reorganization orthe auditory cortex following some: degree of deafferentation from 
the cochlear of the inner ear. Cochlear lesions resulting in  loss of a specific range of 
frequencies can lead lO reorganization orthe auditory cortex due to replacement afthe 
corresponding cortical areas with neighbouring areas of sound representat.ion (Mcintosh 
& Gonzalez·Lima, 1998). 

Glossopharyngeal Nerve (CN IX) 

These nerves exit the brainstem as several rootlets along the upper ventrolateral medulla, 
just below the exiling rootlets of the vestibulocochlear nerves, inferior to the 
pontomedullary junction. nle nerves then course through the subarachnoid space to exit 
the skull via the jugular foramen. "me nerves subserve a variety of functions including 
(Moore 1980; Wilson·Pauwels et al 1 988) (Fig. 1 3.29): 
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1 .  The sensation of taste from the posterior third ohile tongue via the rostral nucleus 
solitarius or the gustatory nucleus; 

2. Information concerning blood pressure and blood gases via baroreceplors and 
chemoreceplOTs in the carotid body via the caudal nucleus solitarius or the 
cardiorespiratory nucleus; 

3. The sensations relating to tOllch, pain, and temperature from the middle ear, 
external auditory meatus, pharynx, and posterior third or the tongue via the 
inferior and superior glossopharyngeal ganglia; 

4. Parasympathetic supply lO the parotid glands via the inferior sa I ivatory nucleus, 
the lesser pelTosal nerve, and the otic ganglia; and 

S. Motor supply to the stylopharyngeus muscle via the nucleus ambiguus of the 
medulla. 

Vagus Nerve (eN Xl 

TIle vagus nerves exit the ventral lateral medulla between the inferior olives and the 
inferior cerebellar peduncles. These nerves then course through the subarachnoid space to 
exit the skull via the jugular foramen. 

QUICK FACTS 1 1  Control of Blood Pressure durong a Change on Posture 
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The brmlclJitil mOlor projeclioflS, which include motor supply to the muscles o f  the 
pharynx and larynx. arise from the nucleus ambiguous of the medulla. The branchial 
motor component includes the pharyngeal muscles responsible for the gag renex and 
swallowing. and the laryngeal muscles that control the vocal cords. TIle laryngeal muscles 
are innervated by two branches of the vagus nerve, the recurrent laryngeal nerve, and the 
superior lal)'ngeal nerve. The recurrent larogea! nerve: is clinically important because it 
loops down around the aorta before ascending to the larynx and may be affected by 
cardiac or aortic involvement leading to a change or harshness in voice tone (Figs 1 3.31 
and 1 3.32). 

loe parasympathetic motor projections of the vagus nerve arise from the neurons of 
the dorsal mOlar nucleus. The Cllrdiac branclJes are inhibitory. and in the hean they ao to 
slow the rate of the heanbeat. TI,e pulmonary brancli is excitatory and in the lungs they act 
as a broncho constrictor as they cause the contraction of the nonstriate muscles of the 
bronchi. The gastric branch is excitatory to the glands and muscles of the stomach but 
inhibitory to the pyloric sphincter. The i1Tlestinal branches, which arise from the 
postsynaptic neurons of the mesenteric plexus or Auerbach's plexus and the plexus of the 
submucosa or Meissner's plexus, are excitatory to the glands and muscles of the intestine. 
caecum, vermifoml appendix, ascending colon. right colic flexure. and most of the 
transverse colon but inhibitory to the ileocaecal sphincter (Fig. 13.31 ). The ganglia for 
most of the vagal distribution occur in close association to the effector organs and are 
referred to as terminal ganglia. 

'l1,e general somatic sensory projecliDrIS of the vagus detect pain. temperature. and touch 
sensations in the pharynx, infratentorial meninges, and a small region of the extemal 
audiLory meatus. The neuron cell bodies are located in the inferior or nodose ganglion 
and the superior or jugular ganglion. 'rhese ganglia are comparable to the dorsal root 
ganglion of the spinal cord (Fig. 13.31 ) .  

Pharyngeal 

Sensation. """ing'es-, of posterior fossa 

nerve (sensory ) 
and motor plexus) 

Tasle, I i 
Superior laryngeal 'eo'e-----

Recurrent laryngeal n.,'e--

Aortic arch ,eo,'Ptc,rs------7��:1': 

[J--Sp,inal trigeminal nucleus 

JJ-I�uclleus solilarius 
-=_--7.-fr-C���11 motor nucleus 

ol CNX 

'::Adlf--+-Juc,ulla, foramen 

FIg. 13.31 The branchIal motor projections of the vagus nerve (CN X). 
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Fig 13.32 The course and relationship of the vagus nerves and their recurrent laryngeal branches 

The visceral setlsor), projecriorlS of the vagus carry laste sensations from the epiglottis and 
pharynx to the rostral nucleus solitarius (gustatory centre), and chema- and baroreceptor 
input from the aortic arell receptors to me caudal nucleus solilarius (cardiorespirawry 
centre). Tne neuron cell bodies are located mainly in the inferior or nodose ganglia 
(Moore 1 980; Wilson-Pauwels el al 1 988) (Fig. 13.31 ). 

Accessory Nerve (eN XI) 

These nerves are sometimes referred to as the spinal accessory nerves because some the 
projection fibres arise in the cervical spine and ascend to exit the skull via the jugular 
foramen in association with the cranial branches, which are accessory to the vagus 
nerves. The accessory nerves are formed by the union of the cranial and spinal projectioll 
axons but they are associated for only a very brief portion of their course. The cranial 
portion of the nerve arises in the caudal nucleus ambiguus and exits the lateral surface of 
the medulla to course via the jugular foramen, where it joins the vagus nerve on exiting. 
lne cranial ponion of the nerve supplies motor innervation to the wall of the larynx and 
pharynx. The spinal portion of the nerves arises in a column of neurons located in the 
anterior horn of the first five or six cervical segments referred to as the spinal accessory 
nuclei. The spinal roots exit the spinal cord laterally between the dorsal and velllral roots 
of the spinal cord to form a trunk that ascends in the subarachnoid space of the spinal 
canal, through the foramen magnum to exit the skull through the jugular foramen. 
The spinal portion of the Ilerve supplies twO superficial muscles of the neck, the 
sternocleidomastoid and trapezius muscles (Fig. 1 3.33) (Moore 1 980; Wilson-Pauwels 
et al 1 988). The sternocleidomastoid muscles turn the head in the opposite direoion. 
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Fig 1 3  33 Distribution of the spinal root of the accessory nerve (eN XI). 

So the right sternocleidomastoid muscle turns the head to the left. This is imponant 
clinically because a lower motor neuron lesion of the eN XI nerve will result in an 
ipsilateral shoulder shrug weakness and a weakness in turning the head to the side 
opposite the shoulder shmg weakness. 'Inc upper mOlor neuron projections are thought 
to project to the ipsilateral spinal accessory nuclei, whidl would also result in weakness 
of ipsilateral shoulder shrug and turning the head away from the side of the lesion 
(Blumenreld 2002). 

The Hypoglossal Nerve (CN XII) 

The hypoglossal nerves arise from the hypoglossal nuclei posterior pan of the Ooor of the 
founh venLricle in the medulla. l11ese nerves exit the medulla between the olive and the 
pyramid and course through the subarachnoid space to exil the skull via the hypoglossal 
canal of the ocdpital bone.lne many rootlets thai have exited the medulla unite as they 
emerge from the hypoglossal canal and then course posterior 10 the vagus nerve, where 
they pick up fibres from the cervical roolS ofCI and C2 spinal levels. 'l'lle hypoglossal 
nerves supply the mOlor innervation to the tongue, and send collaleral branches to 
the sympathetic trunk and the lingual nerves (Moore 1980; Wilson-Pauwels et al 1 988) 
(Fig. 13.34). 

Clinical Testing of Cranial Nerves 

Clinicai te5ting of cranial nerves is covered in detail in Chapter 4. I will include a brief 
overview here for compleleness. 

When performing the neurological examinalion it is 1110S1 imponant to remember the 
functional relationships belween the cranial nerves and the various levels of the neuraxjs, 
including Ihe reticular formation and lobes of the brain and cerebellum (Table 13 . 1 ) .  
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Fig 1334 Distribution of the hypoglossal nerve (eN XII) 
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Brainstem Respiratory Control Centres 

Medullary respiratory centre is the primary centre for control of respiration. Output from 
the medullary respiratory centre is modulated by twO higher centers in the pons, which 
are referred to as me apneustic (emre and the pneumotaxic centre. The pneumotaxic 
centre appears to exert the 'brakes' on inspiration. while the apneustic cemre enhances 
inspiratory 'drive� 

Quiet breathing involves alternating contraction and relaxation of the inspiratory 
muscles, whidl includes the diaphragm and external i ntercostal muscles. This is dependent 
on cyclical firing of a pan of the medullar control centre called the dorsal respiratory group. 
lne ventral respirawry group comprises both inspiratory and expiratory neurons, which are 
activated most during forced breathing when demands for ventilation are greatest . Forced 
expiration involves activation of the abdominal muscles and internal intercostals. 

Hering-Breuer Reflex 

When the tidal volume is large as during exercise this renex is triggered to prevent 
overinnation of the lungs. Stretch receptors in the smooth muscle of the ai lWays are 
activated and trigger inhibition of inspiration via the medullary centres. 

Regulation of Ventilation 

Decreased arterial partial pressure of oxygen (POJ) is detected by peripheral 
chemoreceptors located in the carotid and aonic bodies. These receptors are not 
dependent on lOtal blood 0, concentration; therefore severe anaemia may not trigger this 
renex. These receptors are not sensitive to small changes in POI' In fact a change in POl 
must be greater than a 40% reduction or it must drop below 60 mml-lg due to the 
characteristics of oxygen interaction with haemoglobin ( l ib). The reactivity forms a 'safety 
net' plateau on the 02-1-lb curve. For example, Hb is still 90% saturated at an arterial POI 
of 60 rnrnl-lg, but drops dramatically below this. 
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Table 1 3.1 Cranial Nerve Function Tests 

No. Name Entry level Functions and Tests 
1 Olfactory Forebrain Smell 

2 Optic Thalamus (lGN) Vision 
Midbrain Visual fields 

Pupil light reflexes (afferent 
eN II, efferent eN III) 

3 Oculomotor Midbrain Corneal reflection test 
Six positions of gaze 
Pupil light reflexes (afferent 
eN II, efferent eN HI) 

4 Trochlear Midbrain Corneal reflection test 
Six positions of gaze-superior 
oblique muscle 

5 Trigeminal Midbrain Sensation on skin and mucous 
Pons membranes of facelhead 
Medulla Corneal reflex (V and VII) 

MUKles of mastication 

6 Abducens Pons (cclud.) Corneal reflection test 
Six positions of gaze-lateral 
rectus muscle 

7 Facial Pons « clud.) Muscles of facial expression 
Corneal reflex (V and VII) 
Speech (labial sounds) 
Taste 
Salivation and lacrimation 

8 Vestibular PontomeduJlary junction Balance and posture, Spatial 
awareness 
Binocular movement control. 
OKN and OTR 
Autonomic function tests 

Cochlear Pontomedullary junction Hearing (through bone and air) 

9 Glossopharyngeal Medulla Swallowing (sensory), Salivation 
(parotid) 
Taste (posterior), Gag reflex 
(semory) 
Baroreceptor reflex (carotid sinus) 

10 Vagus Medulla Palate elevation, swallowing, gag 
reflex (efferent limb) 
Spe>ech (plosive sounds) 
Baroreceptor reflex (efferent limb) 
Digestion 

1 1  Cranial accessory Medulla Swallowing 
Spinal accessory Medulla Neck movement-SCM and 

(1-(6 superior trapezius fibres for 
orientation of head in space 

12 Hypoglossal Medulla Tongue protrusion and other 
movements 
Observation for deviation, 
atrophy, and fasciculatiom 
Speech (lingual sounds) 

The Affect of Increased Partial Pressure of Carbon Dioxide (PCO,) on 
Neuron Function 

Increased arterial PC02 exerts its effect via corresponding changes in brain exuacellular 
fluid (fCF) H' ion concentrations. Carbon dioxide combines with water to eventually 
produce hydrogen ions (II') and bicarbonate ions (HCOj-). The following reaction 
outlines the chemical process involved. 

CO,+I 1,0 "'" H,CO, "'" H· + HCO; 

361 
Copyrighted Material



FuncllOnal Neurology for Practitioners of Manual Therapy 

Changes in the II' concentration in the ECF stimulate the chemoreceplOTs in the 
vicinity of the medullary respiratory centres. In other words, the brain Ecr II· 

concentration is a direct reflection of peoz (Champe & I larvey 1994). 
When you hold your breath, what do you think happens to peol and brain ECF I I ' 

ion concentration? I folding your breath results in an increase in PCOl• which results in an 
increase i n  I I' ions. Peripheral chemoreceptors are far more sensitive to I I  J + l lhan CO} or 
01' but less important i n  normal circumstances compared to PeOl,induced changes in 
brain ECF I I'. Other causes of increased [ I I' J  can be buffered by this pathway via the 
production of bicarbonate ions. 

Regulation of Blood Pressure 

Sympathetic imbalances may also arise because of altered integration in the brainsu.:m 
reticular formation or the IML cell column of the spinal cord due to peripheral or 
descending central influences on the reticular neurons. Visceral arrerellls or ascending 
spinorelicular projections from sammie AO and C fibres promote activation of the rostral 
ventrolateral medulla, which i ncreases vaSon'lOtor tone ( i loit el al 2006). Ihis alters the 
systemic vascular resistance and modulates the systemic blood pressure. 
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The Vestibulocerebellar System 

I ntrod uction 

'[he cerebellum has traditionally been considered as a sensory maLOr integration centre 
involved in monitoring and modulating motOr function in the spine, head, and limbs. 
The cerebellum receives afferent input from sensory receptors via the spinocerebellar tracts 
as well as from the brainstem and from me cerebral cortex. 

111e input and output connections flow through the superior, inferior, and middle 
cerebellar peduncles which connect the cerebellum to the brain stem "ne flocculonodular 
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lobe is involved in the control of posture. eye movement, and certain autonomic 
responses via its connections with vestibular nuclei. TI,€: anterior lobe and posterior parts 
of the vermis receive input from the axial regions or the body and project to medial 
descending pathways. The lateral parts of the cerebellum and the central vermis are 
considered the 'neocerebellum' and are thought to play a role in the planning of 
movement rather than the execution of movement. 

It is now widely accepted thal lhe cerebellum also plays a part in controlling affect, 
emotion, and cognition, especially the lateral component of the cerebellum. which is 
referred to as the neocerebellum or cerebrocerebellum. 

TI,e prefix 'neo' indicates that this component of the cerebellum is me newest region to 
develop in human evolution. It is therefore the most advanced region of the cerebellum 
and its development parallels the growth of the lateral aspects of the cerebral hemispheres, 
the association cortices, and those areas associated with advanced communication, higher 
consciousness, and skilled use of me digits. 

II is now clear that the cerebellum and vestibular systems also play a role in Ihe 
integration of sensory information that is essential for generating appropriate responses to 
environmental stimuli and for a variety of other functions including constructing a 
perception of ourselves in the universe; controlling muscle movement; maintaining 
balance; maintaining internal organ and blood now functionality; maintaining cortical 
arousal; and developing active plasticity in neural networks which allows environmental 
conditioning to occur. The importance of the cerebellum in the overall function of the 
neuraxis is demonstrated by the fact mat mere are approximately 20 million 
corticopontocerebellar fibres projecting between the cerebellum and the cortex, compared 
to only about 1 million corticospinal fibres supplying the cortical output to the voluntary 
muscles of the body. 111e illlegration function of the cerebellum is evident as the input-to
output or afferent-to-efferent ratio in the cerebellum is approximately 40: I. 

Anatomy of the Cerebellum 

The cerebellum is composed of an outer covering of grey matter, the cerebellar cortex, the 
internal white malter, and three pairs of deep cerebellar nuclei arranged on either side of 
the midline. The deep nuclei are the fastigial. interposed, and the dentate nuclei. The bulk 
of the output of the cerebellum emerges from these three nuclei. 

QUICK FACTS 1 Removal of the Cerebellum 
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1. Does not alter sensory thresholds 

2. Does not alter the strength of muscle contraction 

Thus the cerebellum is not necessary in the perception or performance of 

movement. 

The cerebellum lies behind the pons and medulla in the posterior cranial fossa 
(Fig. 14.1). It is separated from the cerebrum by an extension of dura mater. the tentorium 
cerebelli, and from the pons and medulla by the fourth ventricle (Fig. 14.2). It is 
somewhat smaller lhan the cerebrum but this difference varies with age. being 1/8 the size 
of the adult conex but only 1/20 the size of the infant cortex. 

1ne cerebellum is derived from lhe rhombencephalon, along wim its homologues the 
pons and medulla. and is connected to me brainstem via three peduncles. These 
peduncles. together with the anterior and posterior medullary velum. are the main routes 
of entry or exit from the cerebellum. The inferior cerebellar pedllncle, also known as the 
restifonn body, conveys a number of axon projections into the cerebellum including 
(Figs 14.3 and 14.4): 

Copyrighted Material



The Vestlbulocerebellar System I Chapter 14 

Fig 14 1 The OOtlOn o f  the cerebellum. The cerebellum lies behind the pons and medulla I n  the poster)()r cranial 
fO!ls.l Frontal lobe, pauetal lobe. OCCIPItal lobe, tempol'aJ lobe, cerebellum 

Fig 14 1. The relatlonstup of the cerelx>llum to the cortex 

Ceremal pedurde 
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nerve 
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SUperior cerebellar peduncle 

Intenor cerebellar peduncle 

Infenor cerebellar pedurde 

FI9 14 3 The anatomKal relatIOnShips of the InferlO(, middle, and supetMlr cerebellar peduncles 

111(' pmlerior spinocerebellar lract, which contains mossy fibres from the spinal 
cord that project 10 the eanex o(lhe spinocerebellum; 

2. Ihe .1CCCSSOry cuneocerebellar tract, arising from the dorsal external arcuate fibres 
from the accessory cuneate nucleus; 

1. The olivocerebellar tract, which contains climbing fibres of the contralateral 
inferior olivary nucleus; 
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Fig 1 4 4  The pathways of the cerebellar pedundes from a supenor (left) and taterat (right) View. 
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4. l"e reticular cerebellar tract, which is formed from the ventral external arcuate 
fibres carrying projections from the arcuate and lateral reticular nucleus of the 
medulla; and 

5. lhe vestibulocerebellar tract, whidl is formed from the projection fibres of the 
vestibular nuclei. 

The middle cerebellar pedwlcIe or brachium POlitiS is the l argest of the cerebellar 
peduncles, and contains the massive afferent cOTlicopontocerebeliar pathways. The middle 
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peduncle is composed of axon projection fibres from the pomine nuclei to the 
contralateral cerebellum (Figs. 14.3 and 14.4). The primary projections from the cerebral 

cortex to the cerebellum include premolor and supplemclHary motor areas (area G), 
primary motor areas (area 4), primary sensory areas (areas 3, 1. and 2), and association 
and limbic con ices. 

The sllperior peduncle or brachillm GOlljllllclivllm supports both afferent and efferent 
fibres. The efferenl fibres compose the following tracts: 

I. The dentatorubral tracl, which projects from the dentat€: nucleus of the cerebellum 

LO the opposite red nucleus in the mesencephalon; 

2. The denl3101haiamic tract, which projects La the contralateral thalamus; 

3. "nle uncinate fasciculus, which colllains fibres from the fastigial nucleus enroute 
to the lateral vestibular nuclei in the medulla (Figs. 14.3 and 14.4); and 

4. Aminergic afferent projeaions, including noradrenergic, dopaminergic, and 
serotonergic afferents projecting to all areas of the cerebellum. 

Noradrenergic neurons in the locus ceruleus project to Purkinje dendrites in the 
molecular layer and with granule cells in the granular layer (Bloom et al 1971; Kimoto et 
al 1981). Dopaminergic fibres arising from the neurons in the ventral mesencephalic 
tegmentum project to the Purkinje and granule neurons of interposed and lateral 
cerebellar nuclei (Simon et al 1979). Serotonergic afferent fibres arise from the raphe 
nuclei of the brainstem and terminate in both the molecular and granule layers (Takeuchi 
et .1 1982). 

111e anterior and posterior medullary velum also supports some decussaling fibres of 
the superior cerebellar peduncles and trochlear nerve. The velum also supports fibres 
originating in the peduncles of the flocculus. 

The cerebellar surface is a striking example of natural economics, in that it contains 
parallel convolutions or folia running in a transverse direction on the surface of the 
cerebellum thai increase the surface area of the cerebellar cortex and give the cerebellum 
a tree-like appearance (Fig. 14.6). There are three primary lobes, anterior, posterior, 
and flocculonodular. on the cerebellar surface which are further dived illlo ten lobules. 
The cerebellum can be divided into nine regions along the vermis. which is a small 
unpaired structure in the median ponion of the cerebellum separating the IWO large 
lateral masses. These nine regions are listed in Table 14.1 from anterior to posterior 
(see also Fig. 14.7). There are two major fissures that divide the cerebellum into three 
main lobes, and a number of other fissures that divide each lobe into its respective 

lobules. 

Corebral peduncle, 

nerve 

A B 

Fig. 14.6 (A) A midline section through the vermis leaVing the right cerebellar hemisphere intao. Note the components of the 
lobes including the cenuallobule, culmen, declive, tuber, pyramid, uvula, and nodule. (B) Note the supenor, middle and mfenor 
peduncles. 
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Fig 147 The anatomical relationships of the different phylogenie areas of the cerebellum 

Embryological development of the cerebellum 

Early in the third month of development, the cerebellum appears as a dumbbell-shaped 
mass on the roof of the hindbrain vesicle. A number of transverse grooves represeming 
the fissures begin to appear on the dorsal surface of the cerebellum. Later in the third 
momh the posterolateral fissure becomes the first landmark to demarcate its adjacent 
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Damage to Cerebellar Function Results in Dysfunction of 

the Following QUICK FACTS 3 

lobes (rom one another and results in the separation of the nocculonodular lobe from the 
remainder of the cerebellum. 

At the same time, the primary fissure begins to cut into the surface of the cerebellum, 
separating the anterior from the posterior lobe and other smaller fissures develop on the 
inferior surface. 

ll1e cerebellum expands dorsally and the inferior aspeas of the hemispheres undergo 
the greatest increase in size, causing the inferior vermis to be buried between them, thus 
forming the vallerula, which is a deep groove on the inferior surface. 

From a functional point of view, we need 10 consider three main regions within the 
cerebellum. lnese three regions are derived from the archicerebellum, palaeocerebellum, and 
neocerebellum based on their time of appearance through evolutionruy hislOry (phylogeny). 

'l'he archicerebelluIII is the first region 1O appear in phylogeny and comprises the flocculi, 
their peduncles, the nodulus, and the lingula. The archicerebellum is the oldest and most 
medial ponion of the cerebellum. In humans, archicerebellum comributes to the 
l1eStiblllocerebellum, which comprises the flocculonodular lobe and the lingula (Fig. 14.7) 
(Brodal 1981). As its ne>v name would indicate. the vestibulocerebellum is the region of the 
cerebellum that communicates most intimately with the vestibular system. 'n fact, the 
vestibular nuclei of the brainstem share similar relationships with the cortex of the 
archicerebellum as the deep cerebellar nuclei share with the cortex of the palaeo- and 
neocerebellum. They therefore serve functionally as a cerebellar nuclear complex. The 
vestibulocerebellum also contains the only cerebellar cortical cells that leave the body of 
the cerebellum before synapsing. In the other regions of the cerebellum, the output cells of 
the cerebellar cortex synapse on neurons of the deep cerebellar nuclei. "Ihe stimuli from these 
neurons evoke inhibitory post-synaptic potentials (JPSPs) in the deep cerebellar nuclei. 

Phylogenically, the palaeocerebellum is next to develop. Apart from the lingula, 
it comprises the anterior lobe, the pyramid, and uvula of the posterior vermis. 
This separated the archicerebellum into two parts, the lingula anteriorly and the 
flocculonodulus posteriorly (Brodal 1981). The palaeocerebellum contributes 1O the 
spiflocerebel1urII, which is involved in a variety of parameters associated with movement. 

lne neocerebellum was the most recent component to arise in phylogeny and comprises the 
posterior lobes apart from the pyramid and uvula. This developed in parallel with the 
e.xpansion of the neopallium and neocortex of the brain and the posterior aspects of the 
thalamus, which refleas the extent of the association conices of the brain. Both anterior and 
posterior lobes of the cerebellum have sensory motor maps of the complete body surface. 
which overlap each other exactly. The neocerebellum contributes 1O the cerebrocerebellum, which 
is thought to be involved in a wide range of activities including memory and learning. 

lne cerebellum was traditionally seen as a sensory motor integration centre involved in 
monilOring and modulating motor function in the spine. head, and limbs. It is now 
widely accepted that the cerebellum also plays a part in controlling affect, emotion, and 
cognition-especially the lateral component of the cerebellum, which is referred to as the 
neocerebellum or cerebrocerebellum. 

-'ne prefix 'neo' indicates thatlhis component of the cerebellum is the newest region to 
develop in human evolution. It is therefore the most advanced region of the cerebellum 
and its development parallels the growth of the lateral aspect of the cerebral hemispheres 
(the association cortices) and those areas associated with advanced communication, 
higher consciousness, and skilled use of the digits. 
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QUICK FACTS 4 Spinocerebellum 
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Cerebrocerebellum QUICK FACTS 6 

Figure 1 4  10 Cerpbroceu'bE>lIum 
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The layers of the cerebellar Cortex 

'1,e cerebellar cortex is divided into three distinct layers: the molecular, Purkinje, and 
granule layers. 'l1,c molecultlr Illyer is composed of axons of granule cells, known as parallel 
fibres running paral lel to long axis of the folia, Purkinje dendrites, basket cell 
interneurons, and stellate cell interneurons, both of which arc inhibitory inlemeurons. 
",e basket cells have long axons that run perpendicular to parallel fibres and synapse with 

Cerebellar Cortex Is Composed of 3 Layers and 5 Cell Types QUICK FACTS 7 

1. Molecular layer 

• Dendrites of Goigi cells 

• Contains parallel fibres (granule (ell axons) running parallel to long axis of 

folia 

• Purkinje dendrites 

• Basket and stellate cells (inhibitory interneurons) 

2. Purkinje cell layer 

• Single-cell layer containing the bodies of Purkinje cells. 

• The dendrites of Purkinje cells project outward to the molecular layer and 

form recurrent collaterals that inhibit adjacent Purkinje cells and Golgi type 

II neurons. 

3. Granule cell layer 

• Granule cell bodies form the core of the cerebellar glomeruli and receive 

axodendritic synapses from Golgi cells. 

• Goigi cells promote inhibition of up to 10,000 granule cells and are also 

activated by mossy and climbing fibres in the granule cell layer. This 

promotes the sharpening of inputs in the cerebellar cortex by suppressing 

weak excitatory post-synaptic potentials (EPSPs) 

373 Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

QUICK FACTS 8 Five Cell Types 
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Purkinje dendrites. They also synapse direclly to 50l11e Purkinje cell bodies. "nle basket 
cells form synapses anterior and posterior to the parallel fibre beams, therefore resuhing 

in disinhibition of neighbouring parallel fibres. This is thought to produce a type of 
c£mre-surrollnd antagonism. Stellate cells have smaller axons that inhibit local Purkinje 
cells and synapse on the distal aspect of their dendrites. Both basket cells and stellate cells 
are excited by parallel fibres. 

The next layer, the Pllrhinje lflyer, consists of the only output fibres of the cerebellar 
cortex, the Purkinje cells. -me dendrites of Purkinje cells project outwards to the molecular 

layer and form recurrent collaterals that inhibit adjacent Purkinje cells and Colgi type 11 
neurons. 

The granule layer consists of Colgi neurons and granule cells. Granule cell bodies form 

the core of the cerebellar glomeruli and receive axodendritic synapses from Colgi cells. 

Colgi cells promote inhibition of up to 10,000 granule cells and are also activated by 

mossy and climbing fibres in the granule cell layer. This promotes the sharpening of 
inputs in the cerebellar conex by suppressing weak excitatory post-synaptic potentials 
(EPSPs). 

The actual cellular interactions of the conical cells consists of one inhibitory output 
tract, consisting of Purkinje cells which synapse on intracerebeJlar and vestibular nuclei, 
and two input tracts, each of which is excitatory. TIle twO inpul tf3dS consist of climbing 
fibres, which arc actually the axons of neurons which live in the contralateral inferior olive 
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and the: mossy fibres, which are axons of neurons of a variety of pOnlomedullary reticular 
nuclei and axons of neurons living in laminae VI and V I I  of the spinal cord (Ito 1984). As 
disclissed earlier, aminergic neurons in the brainstem also project 10 the cerebellum. The 
climbing fibres first give off collateral projeoions (0 the deep cerebellar nuclei before 
synapsing on granule, Goigi. basket. and Purkinje cells in the cerebellar conex (Cilman 
et al J 981; Van der Want et al 1989). Only one synapse per Purkinje cell occurs; however, 

many Purkinje cells are innervated by a single climbing fibre so that a single climbing 
fibre spike produces a burst of Purkinje cell aClivity. ''''e mossy fibres innuence the 
rurkinje activity indirectly via synapses on granule cells. which then synapse on Purkinje 
cells and Colgi cells, which then synapse on parallel fibres, which in tum synapse on the 
Purkinje cells directly or via basket or stellate intemeurons. Each parallel fibre excites a 
long array or about 500 Purkinje neurons, whereas each Purkinje neuron receives input 
from approximately 200,000 parallel fibres (Gilman 1992) (Fig. 14.12). 

All of the cerebellar neurons of the cortex are inhibitory except the granule cells. 
-111e I>urkinje inhibitory output is exerted on the spontaneously active nuclear cells. 
'nlUS, the nuclear cells must have a strong 'pacemaker' potential or a powerful excitatory 
input to match the inhibition resulting from the Purkinje cells. 111e latter excitatory input 
may be manifested in excitatory impulses from axon collaterals of mossy and climbing 
fibres that each give off before synapsing in the cerebellar cortex. 

111e cerebellum receives information about all commands originating in the motor and 
association areas of the brain via the climbing fibres of the inferior olive. These olivary 
neurons also receive input from descending midbrain and telencephalic structures. 
Climbing fibres detect differences between actual and expected sensory inputs rather than 
simply monitoring afferent information. Neurons in the inferior olive are electronically 
coupled through dendrodendritic synapses and therefore can fire in synchrony. The 
synchronous inputs produce complex spikes in multiple Purkinje cells. In turn, the 
electrotonic coupling is under efferent control by GABA-ergic fibres from the deep 
cerebellar nuclei so that they can be functionally disconnected. 111is results in the 
selection of specific combinations of Purkinje cells. Climbing fibres modulate synaptic 
efficacy of parallel fibres by reducing strength of EPSPs of parallel fibres and by inducing 
selective long41erm depression in synaptic strength of parallel fibres active concurrently 
(within 100-200ms). Long4term depression depends on prolonged voltage4gated calcium 
innux. 

Damage to the cerebellar cortex or inferior olive leads to inability to adapt. 'I'he largest 
input to the cerebellum is from the cerebral cortex contralaterally. This is known as the 
conicopontocerebellar pathvvay. There are approximately 20 million neurons in this pathway 
compared to only 1 million neurons in the corticospinal pathway of the spinal cord. 

The axons of the Purkinje cells project to the deep cerebellar nuclei as well as to the 
vestibular nuclei. The cerebellum via these output Iluclei is able to exert descending 

Purkinfe cell 
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� Stellate cell 

H----- Baskel cell 

�::-1t-""-"'4:ft::1�=-- Golgi cell 

Inferior olive 

L..,Qr-- Granule 
cell 

I--- Mossy 
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Efferents from a Spina.L'brain slem nucleus 
cerebellar nucleus of origin of mossy fibres 

Fig t 4. t 2 The cellular connections of the cerebellar conex. 
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influences on the spinal cord as well as ascending influences on the cerebral cortex. 
These outputs can be separated into three components: 

"l11e first component originates in the cortex of the vermis and flocculonodular lobes 
and acts on the fasligial and vestibular nuc!ei.l11e fasligiai nucleus and its efferent targets, 
the vestibular nuclei, are often referred to as the vestibulocerebellu11l and are involved 
in limb extension and muscle tone in the neck and mink to maintain posture. Being 

the earliest to arise in evolutionary history and embryological development, the 
vestibulocerebellum serves the most primitive function of the cerebellum. It receives 
extensive inpUls from sensory receptors throughout the head and body that provide us 
with spatial coordinates for the purpose of spatial orientation and self-awareness. 

This includes information from the retina and advanced visual processing systems of 
the brain. audilOry and vestibular neurons including mono- and polysynaptic connections 
from the inner ear, and muscle and joint receplOrs panicularly from the spine via the 
vestibular nudei. 

Fastigial efferent fibres can be crossed and uncrossed.lhe crossed fibres project via the 
uncinate fasciculus of the superior cerebellar peduncle to the super coli iculus bilall�rally. 
and to the interstitial nucleus ofCajal (ho 1984). Some fibres also project 10 the ventral 
lateral and velllral posterior lateral nudei of the thalamus via the superior cerebellar 
peduncle. 'l1le uncrossed fibres form the fastigiobulbar projections whose bulk form the 
smaller juxta restiform body. '''ese fibres project to all four of the ipsilateral vestibular 
nuclei and the ipsilateral reticular formation (Bailon et al 1977). The fastigial nudei fire 
after the commencement of movement. '."is nucleus receives large inputs from the 
periphery and sends few projections 10 the mOlOr cortex. 'nle fastigial nucJeus is involved 
in the feedback mechanisms of the cerebellum. 

lne second component originates in the intermediate areas of the cerebellar 
hemispheres and projects to the interposed nuclei. Some neurons from the interpositus 
nuclei project through the superior peduncles to synapse on magnocellular neurons of the 
contralateral red nucleus (Asanuma el al 1983). "le majority, however synapse on 
neurons of the contralateral thalamic nuclei of the ventral lateral pars caudalis and ventr,,1 
posterolateral pars oral is. These thalamic neurons fire almost simultaneously to the 
primary motor conex and are involved in efferent copy mechanisms. Efferent copy 
mechanism compares the intended programme from the conex to the cerebellum's 
knowledge of the state of the organism. Corrections nre sent to the brain prior to the 
movement being carried out. This minimizes the time delay in regulating evolving 
movementS in a changing environment. 

The inability to carry out a motor programme because of apparent weakness in muscles 
may in faa be due to a disturbance in midline cerebellar function. An example can 
illustrate the concept. As an arm or leg is raised or moved away from the body a greater 
demand is placed on postural mechanisms. which then fail because of poor reinforcement 
by medial descending mOlOr pathways from the brainstem and cerebellum. 

,.he third component originates in the lateral cortical areas and projects to the dentate 
nuclei. The axons of neurons of the dentate nucleus project through the brachium 
conjunctivum to the contralateral red nucleus where they terminate on the parvocellular 
neurons in the rostral third of the nucleus (Gilman 1992). "Ille dentate nucleus is more 
heavily activated in tasks requiring the conscious evaluation of sensory information. for 
example, tasks requiring processing of sensory input to solve or programme complex 
spatial and temporal mOlOr programmes. "n,e dentate nucleus receives little input from 
the periphery and is involved in feedfoT\vard responses. The feed forward mechanisms are 
important for fast movements. 

Tne lateral cerebellum is involved in preprogramming of learned volitional 
movements. It regulates tone and movement of the ipsilateral limbs and is also important 
in cognition. Stimulation results in facilitation of ipsilateral flexor tone. When an action is 
carried out without the need for prior sensory guidance, the lateral component of the 
cerebellum becomes more active in readiness for delivering a self-motivated plan of action 
to the cerebral conex. 

lhe fastigial and vestibular projections control the proximal limb muscles mostly 
through an excitatory action on proximal extensor muscles. '''e interposed nuclei control 
limb movements of the upper and lower extremities vi" the rubrospinal tract and through 
ascending fibres that project to motor cortex via the ventral posterior lateral nucleus of the 
thalamus. The dentate nuclei mainly project to the motor conex via the ventral laterai and 
ventral anterior nuclei of the thalamus (Figs 14.14 and 14. 15). 
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Fig 14 14 The efferent (mput) prOjections to the cerebellum 

Various fWlctiotlS of tile cerebellllm have been described simply as a 'damping. clamping' 

system that smoolhs out irregularities from stan and braking movcmems. Olher possible 
functions proposed include the initiation of movements, both simple and compound, the 
correction of movement trajectory after penurbation, the control of the vestibula-ocular 

reOex, and the stopping or braking of movements. 
rl11c function of the cerebellum may best be described if the various interacting 

components are considered as a circuit. rlne cerebellar circuit consists of a system of 
interconnecting brain pans that lransform and combine messages on intent and the results 
of those actions into an optional set of instructions for motor execution appropriate at that 
time. 'Il1OS the cerebellum may be described as an implementer of higher brain functions 
which detects the variation between the programme dem(!.nds and the actual muscular 

actions. In order to accomplish this the cerebellum requires a feedforward projection map 
of the intended actions which emanates from association cortex or other higher centres. 

111is feedback most probably arises via coactivation of descending pathways to alpha motor 
neurons, and through conventional feedback mechanisms. 

QUICK FACTS 9 
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Fig. 14.15 The afferent (output) prOJedlons of the cerebellum. 
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Feed[on('(lrd mechanisms are carried OUI through the dCnl31O-n.bro-thalamoconical 
pathway, which conveys a mOlOr or cognitive plan from the cerebellum to the cerebral 
cortex, allowing the cerebral cortex to carry out a precise action. This is referred to as the 
'feedfolWard' pathway of the cerebellum. Feedfo"\I'ard processes are anticipatory 
movement plans such as contraction of triceps after biceps reflex contraction. 'lne 
feedfolWard pathway is not feedback and is necessary during anticipatory and ballistic 
movements where feedback mechanisms either are not available or are too slow to evoke 
an appropriate response. Damage of these processes therefore leads to defective 
anticipatory control of limb Illation. 

The actions of the fastigial nucleus, which increase sympathetic activity as a result of 
input from the labyrinthine systems via the vestibular apparatus in posture writing 
movements, and the actions of the cerebellum On the vasomotor centres, which alter 
blood flows La limb muscle before initiation of movement of those muscles, are also 
important aspects of cerebellar function. 

Efferetlce cop>, mechanisms integrate the sensory information concerning rcal·timc 
status of the individual and the anticipated or programmed information from lateral 
brain and cerebellar regions in order to minimize error as the movement is evolving-or, 
as the environment in which the individual is performing the movement is changing. 

The interposed nuclei and the intermediate zone of the cerebellar COrtex serve as a key 
link between areas of the cerebellum involved in motor planning and those areas thai 
respond reflexively to sensory inputs from the spine and midline stnlctures. Consider a 
basketball player shooting for goal from outside the 3·point line. lust before the player 
extends his elbows and flexes his wrists to shoot the ball, an opponent nudges him from 
the side. If the player did not react and change the motor programme initially set before 
shooting for goal, he would more than likely miss the goal because his body was pushed 
off line. However. because of the feedback of sensory information from the spine, limbs, 
and the vestibular system, the player is able to alter the original motor programme sent 
from the lateral hemisphere of the cerebellum and cortex of the brain. 

The fastigial nucleus and the vermis of the cerebellum are chiefly involved in feellbtlch 
mecllanis",s of sensorimotor programming. lhis means that these areas receive large inputs 
from muscles, joints, and connective tissue, panicularly from midline stnlctures. For 
example, alterations in an individual's centre of mass leads to reflex changes in muscle 
tone that compensate for the anticipated perturbation in stability. lherefore. sensol)' 
inputs largely determine the output frolll the midline cerebellar nuclei and fastigial nuclei. 

During learning of new tasks, feedback input is utilized first until the dentate and 
lateral cerebellum can begin firing to promote feedforward processes. In olher words, 
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we learn by (rial and error. The cerebellum provides a signal to the brain that promotes 

lhe close5t learned r{'sponse and this is conslamly updated based on judgment of degree 

of error and evolving changes in the environment, poslUre etc. (F ig. 14.16). 

Embryological Homologue-What Does It Mean? QUICK FACTS 10 

During embryologic development neurons undergo migration and in so doing they 

maintain their connections with their embryologic homologues. Embryological 

homologues are those neurons that share common precursor cells or are related 

through their connectivity within a common axis. They tend to share a similar 

function or purpose within the nervous system albeit in a different location. Usually 

their activity is interdependent so that excitatiOn/inhibition of one area will result 

in excitatiOn/inhibition of the homologue as well. 

Lesions of the cerebellum can result in a multitude of symplOms based on the area of 
involvement within the cerebellum. There are, however. some general signs and symplOms 
of cerebellar damage that can be detected through a thorough history and examination. 

The following are clinical pearls that signal cerebellar involvement: 

1. Muscles that nonnally act together lose the capacity 10 do so. with muscles 

contracting out of sequence to perform the desired movement. 

2. 'l1,ere are new errors in force. velocity and timing with loss of the ability to hit a 
tnrgct without several attempts. 

3. 'l11ere are disturbances in weight discrimination, which is thought to be the only 

sensory disturbance in cerebellar disease; however, it is now underslOod that 
cerebellar deficits can result in global sensory processing disturbnnces or 
distortions in sensory awareness because of alterations in cerebellar projeaions 

to the central lateral nuclei and other non-specific nuclei of the thalamus. 

4. Cerebellar lesions may also clearly result in disturbances of spatial orientation and 
sensory perception of motion because of intimate connections with the vestibular 

system. 

Cortex 

Fig 1 4  16 Cerebellar functional systems The functional prolectlons between the cerebellum, vestibular 
nuclei, pontomedullary reticular formation (PMRF), the mesencephalic retICular formation (MES), and the 
cortex. The cerebellum receives Input through the PMRF via the pontine projections from the contralateral cortex 
The cerebellum prOJects back to the contralateral cartel( via the red nudear prOJections In the MES Reciprocal 
projectIOns e)(lst between the Ipsilateral vestibular nudel and the cerebellum 
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Dysfunction in the lateral cerebellum also leads to delayed initiation and timing of 
movement (decomposition) and poor coordination between distal and proximal joints 
and independent finger manipulation. The lateral cerebellum is also heavily involved in 
verb association tasks, especially the right side of the cerebellum. which shares reciprocal 
communication with Broca's speech area. 

Medial cerebellar lesions interfere only with accurate execution of a response, whereas 
lateral cerebellar lesions interfere with the timing of serial events. This applies not only to 
motor tasks but also judgment of elapsed time in mental or cognitive tasks. For example. 
a patient may have decreased ability to judge the difference between the length of two 
tones. 111is could result in poor judgment of prosodic speech or keeping time to music. 
A patient may have difficulty in detecting or responding to differences in speed of moving 
objects, such as optokinetic stimuli or judging the speed of oncoming traffic while 
crossing the road. 

The Cerebellum is also involved in Learning 

The cerebellum is active during all fonus of leaming including those associated with motor 
and cognitive function. It is panicularly aoive during the early stages of leaming when the 
individual is exposed to a novel stimulus. "'ne cerebellum assumes increasing responsibility 
during learning until it gains essentially complete control of the motor tasks. "fhe 
cerebellum becomes less active once the acquisition of the skill or task has been completed. 

QUICK FACTS 1 1  An Evolutionary Theory of Thought 

380 

It has previously been proposed that the cerebellum grew larger in humans as we 

began to stand upright, which increased the exposure of our spinal muscles and 

joints to the forces of gravity. Mellilo and Leismann outlined this hypothesis with 

reference to the role of natural selection in the evolution of the human frame and 

posture. They also referred to Uinas' theory that cognition represents the 

internalization of motor function. This means that as motor function became more 

advanced and therefore more purposeful, there was a greater advantage in being 

able to predict what would happen in the future so that appropriate adjustments 

to motor strategies could be made to enhance the outcome of an individual's 

action (Mellilo & leisman 2004). 

The cerebellum is responsible for recognizing the context for action and automatically 
triggering an appropriate response to the stimulus. '111 is also occurs in word association 
tasks. From a cognitive point of view, the cerebellum is involved in cognitive planning. 
associative learning, classical conditioning, instmmental learning, and voluntary shifts of 
seJeoive attention between sensory modalities. 

Cerebellar Influences on Eye Movements 

The cerebellum is involved in two basic operations involving eye control. '11e first 
involves its role in both real·time positional eye control with respect to visual 
acquisition and the second involves long·tenn adaptive control mechanisms regulating 
the oculomotor system (Leigh & Zee 1991 ).  The cerebellum functions to ensure that 
the movements of the eye are appropriate for the stimulation that they are receiving. 
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'11,(> Oocculus of the veslibulocerebellum contains Purkinje cells lhal discharge in relation 

to the velocity of eye movements during smoOlh pursuit tracking. with the head either 

stationary or moving. For example, you can keep your head slill and fixate your gaze on a 

moving object, in which case your eyes should smoothly fol low the object across your 

visual field, or you could keep your eyes fixed on a stationary object and rolale your head, 

in which case your eyes should still smoothly LIack in the opposite direction and 31 lhe 

same speed as the rOlation of your head LO maintain the target in focus (Zee el al 1981 ). 

Other neurons discharge during saccadic eye movement in relation to the position of the 

eye in the orbit. Individual control of eye movement is accomplished for the most part by 
the contralateral cerebellum although intimate bilateral integration is also i mportant. For 
example the smoothness of pursuit activity and the return to centre function of saccadic 

movement of the right eye are under left cerebellar modulatory control. 
Lesions of the dorsal vermis and fastigial nucleus of the cerebellum result in saccadic 

dysmetria, especially hypermetria of centripetal saccades (Optican & Robinson 1 980). 

Lesions of the flocculus result in a variety of eye movement dysfunctions including 

(Berthoz & Melvil-Jones 1985; Optican et 31 1 986): 

I .  Impairment o f  smooth visual tracking; 

2. I lorizontal gaze-evoked nystagmus; 

3. PosLsaccadic drift or glissades (see Chapter 13); 

4. Downbeat and rebound nystagmus; 

5. Decreased accuracy of vestibular ocular reflexes; and 

6.  Decreased ability to adapt to changing environmental inputs. 

The vestibular system 

loe vestibular system is composed of three basic functional components; the peripheral 
afferent input network, an integration system that analyses the input, and an output 
mechanism that al lows a motor response to the input received (I-lain et al 1 999). 

Flocculonodular lesions QUICK FACTS 1 2  

Afferent Projections into the Vestibular System 

111e input network is composed of afferent information from a variety of sources (Melillo & 
Leisrnan 2004) including: 

I .  The vestibular apparatus, which includes the semicircular canals and otolithic 
organs and vestibular nuclei; 

Midline Cerebellar Lesions QUICK FACTS 1 3  

• Disordered stance and gait 

• Truncal titubation 

• Rotated postures of the head 

• Disturbed extraocular movements 

• Normal limb movements with isolated testing 
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QUICK FACTS 14 Paraverbal Lesions 

QUICK FACTS 1 5  Lateral Cerebellar lesions 

382 

• Abnormalities of stance and gait (except if it is an isolated lesion) 

• Disturbed extraocular movements 

• Decomposition of limb movements 

• Dysmetria 

• Oysdiadochokinesia/dysrhythmokinesis 

• Appendicular ataxia 

• Impaired check and excessive rebound 

• Kinetic and static tremor 

• Dysarthria and hypotonia 

• Cognitive disturbances 

2. Proprioceptive information, which is relayed to the cerehellum via the climbing 
fibres which arise in Clark's column of the spinal cord; 

3. Visual information from the striate cortex. the superior colliculllS, and laleral 
geniculate nucleus aCme thalamus; 

4. Tactile information, which projects from the thalamus and somatosensory 
cortex; and 

5. Auditory information from the inferior colliculus and medial geniculate body of 
the thalamus. 

The Vestibular Apparatus 

The vestibular apparatus contains the semicircillar canals and the otolithic organs. The 
semicircular canals are a bilateral system of interconnected tube·like structures composed 
of three tubes on each side of the head orientated to different aspects of motion as 

depiaed in Fig. 1 4. 1 7. These Structures detect angular velocity and angular tilt of the head. 
The canals are surrounded by a thin layer of nuid called peril),mpll. which is essentially the 
same composition as cerebrospinal nuid that cushions them from the surrounding bony 

labyrinth. They are filled with another nuid referred to as endolymph. which is very high in 
protein. The latera) canal is  orientated 30° from the horiwntal in the neutral position and 
is thus in the venical plane when the head is tilted backwards by about 60°. Each canal is 
joined to a central struaure called the Ulricle. As each canal joins the Ulricle the canal 
expands to form the ampulla. which contains a specialized struaure called the cupola 
and hair cells. The receptOrs on the hair cells are polarized to respond to movement 

in one direction only. with respea to a single kinocilium also present on the hair cell 
(Fig. 1 4. 1 8). The axons from the hair cells of the utricle synapse in the superior vestibular 
ganglion. The axons of the neurons in the superior vestibular ganglion then form the 
superior vestibular nerve. These axons contribute along with the axons oCthe inferior 
vestibular nerve from the saccule and the cochlear nerve to form the ipsilateral 
vestibulocochlear nerve (eN VIII). Most of these axons synapse in the vestibular nuclei 
but some of the axons continue without synapsing via the inferior cerebellar peduncle to 
synapse in the cerebellum. 

The otolithic organs are contained in two specialized struaures. the utricle and the 
saccule. which together form the vestibule. The otolithic organs oflhe utricle sense 

Copyrighted Material



The Vestibulocerebellar System I Chapter 14 

Membranoos labyrinth 

Bony labyrinth 

p.n�mph 

Endolymph 

Lateral semicircular canal 

Poslenor semicircular canal 
Stapes 

InctJ�S�;;;;;�1I! 
Maleus -

External auditory meatus 
�...-:?'''-C 

T�pamc membrane 
Stapedius muscle 

Tensor tympani muscle 

IIow 

Angular 
movement 

Ampul� 
Cupula 
Cilia 
Hair cells 
Crista ampullaris 
Axons to 
veslibtJlar ganglion 

Endo�mphatic duct 
r- !;u�enOl' ve!,'lbtl� gangllm 

Inlerior vestibular ganglion 

CNVIII 

Superior vestibular nerve 

Inferior vestibular nerve 

Cochlear nerve 

lower frequencies 

Scala vesbbull (pen�mph) 

Scala tympani (pen�mph) 

Coch�ar duct (endolymph) 

Oval window Higher vibrations 
Irequenc!es 

Macula 

Otoliths - --f'-

layer Spiral ganglion 
membrane 

Hair cells Tocochlear nerve 

membrane 

fig 14 1 7  Summary of vestibular and cochlear struaures 

acceleration in the venical (up/down) plane and those of the saccule linear acceleration 
in the horizontal (back and fonh) plane. Both me semicircular canals and the otolithic 
organs are involved in controlling eye movements and vestibulo-ocular reflexes. Lesions 
in the semicircular canals usually result in nystagmus, whereas lesions in the otolithic 
organs usually result in slight static displacements of the eye such as exotropias that result 
in double vision. An important clinical feature of nystagmus is that nystagmus caused by 
peripheml lesions tend to disappear or diminish in amplitude when the patient is asked 
to fixate on a target. ,.his does not occur when the nystagmus are centrally located. 
Peripheral lesions refer to lesions of the inner ear or vestibular nerves until they enter the 
brainstem. entral lesions refer to lesions involving the brainstem, and all other 
supraspinal stnlctures. 

The Vestibular Nuclear Complex 

The vestibular nuclear complex is composed of twO sets of four nuclei located bilaterally 
just inferior and medial to the inferior cerebellar peduncles (Fig. 1 4 . 1 9).  Each set of nuclei 
contains: 

I. Medial vestibular nucleus; 

2. L1teral vestibular nucleus; 

3.  Inferior vestibular nucleus ( Deiter's nucleus); and 

4. Superior vestibular nucleus. 

All of the vestibular nuclei receive projection axons from the vestibular nerve. All of the 
vestibular nuclei form reciprocal projections with the flocculus and nodule of the 
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QUICK FACTS 1 6  Blepharospasm 

Kinocihum ---II 

• Is spasms of the muscles around the eye so that the eye remains in a constant 

state of partial closure for prolonged periods. 

• Presents with other cranial dystonias 

• Spasmodic dysphonia 

• Meige's syndrome 

• Frequently observed in patients with chronic vestibulocerebellar disorders 
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Fig. 14 18 The receptors on the hair cells are polarized 
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posterior lobe o(the cerebellum. l'hese reciprocal projections form the cerebellove5libular 
fibres. 

Projections from the medial vestibular nucleus ascend in the medial longitudinal 
fasciculus to synapse in the abducent, trochlear, and oculomotor nuclei. The majority of 
these axons project ipsilaterally but some are crossed and project to the contralateral 
extraocular nuclei. Descending projections from the medial vestibular nucleus form the 
medial vestibulospinal tract, which descends in the medial longitudinal fasciculus and 
synapses on ventral hom neurons in the cervical and thoracic spinal cord areas. 'Inese 
projections probably do not reach the lumbar areas of the cord and thus are involved 
with the postural corrections of neck and upper limb muscles exclusively (Fig. J 4.20). 

Projections from the lateral vestibular nuclei descend in the lateral vestibulospinal 
tracts 10 all levels ofthe cord (Fig. 14.20). 
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The Integration System of the Vestibular System 

"'he integration system is composed of a complex array of projection systems involving 
(Fig. 14.19): 

1. l11C vestibular nuclei; 

2. Areas of the brainstem reticular formation; 

3. Areas of the mesencephalic reticular system; 

4 All functional areas orthe cerebellum (Shirnazu & Smith 1971; I l orak & Diener 
1994); 

5. Various nuclei of the thalamus; 

6. Multiple areas of the cerebral cor tex (Uemura et al 1977: Tomasch 1969). 

Diaschisis QUICK FACTS 1 7  

• This occurs when there is remote pathology that leads to secondary cerebellar 

dysfunction. 

• It is potentially reversible functional hypometabolism. 

• Broca's aphasia nearly always creates right cerebellar diaschisis. 

The Output Projections of the Vestibular System 

The output mechanisms are also complex and wide ranging and may include: 

I .  Ocular movements controlled through areas of the brainstem and conex; 

2. Control of axial musculature via the lateral vestibular nucleus, the descending 
medial longitudinal fascicu lus, and the reticulospinal tract (these tracts combine to 
provide the appropriate amount of inhibition and excitation to ventral horn 
neurons 10 provide postural stability); 
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3. Autonomic nervous system via fastigial nuclear and vestibular nuclear projections 
to the ponto medullary reticular nuclei including the nucleus tractus solitarius. 
which controls vagus nerve activity; and 

4. Emotional components mediated via cerebellar-limbic projections (Brodal 1981 ;  
Robinson et  31 1 994; Wessel el  a l  1 998). 

The Functions of the Vestibular System 

The functions of the vestibular system include: 

1 .  ,1,C sensation and perception of position and motion-'Ille vestibular system detects 
the position of the head only. In order to funaion appropriately, this information 
must also be integrated with information depicting the orienlation of the head to 
the rest oflhe body. '''is is accomplished by the vestibulo-cervical reflexes, which 
integrate the information transmitted by the joint receptors, tendon organs, and 
muscle spindles of the muscles and joints of the neck in relation 10 vestibular 
activation. For example, when you bend your head and neck to the left, the 
semicircular canals and the proprioceptors of the neck both fire, giving you the 
perception that you are bending your neck: to the left but the rest of your body is 
stationary. I lowever, if your entire body falls to the left, only your semicircular 
canals would fire. giving you the perception that your whole body is falling to the lefl. 

2.  Orientation of the head and body to the venical via the eye righting renexes-'l11e 
eyes maintain a parallel with the horizon despite deviations of the head. Visual 
clues are also imponant in postural and balance control. People with severe 
lesions to their vestibular systems can still maintain very good balance and posture 
until lhey close their eyes. When the visual cues are absent they become 
disoriented and fall  almost immediately. 

3.  Dynamic and static positioning of the body's centre of mass-For ex41mpie, if you 
are suddenly and unexpectedly pushed to the right, your right leg extensor muscles 
and left paraspinal muscles will contract so you do not fall to the right. All this 
happens before you perceive lhat you have been pushed. 

4. I lead stabilization during body movements (i lorak & Shupen 1 999)-The head is 
a relatively heavy object supponed by a flexible narrow structure. 'J1,e position of 
the head during movement is reflexively controlled to suppon the changing centre 

of gravity of the body. 

5. Stabilization of the eyes while the head is moving-In order to focus on a target 
while the head is in  motion a renex feedback mechanism is neceSS(1)'. ,ne 
vestibulo-ocular reflex sends information to the extraocular muscles that cause 
them 10 move the eyes in an equal and opposite direction to that of the head. 

Afferent Stimulus to the Vestibular System Can Be Accomplished 
through a Variety of Mechanisms 

Several means of applying afferent input to stimulate a response of the vestibular system 
have been utilized including: 
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I .  Large moving visual scenes (Lestienne et al  1977); 

2. EleClrical slimu!i:nion of the vestibular nerve (Nashner & Wolfson 1974); 

3. Vibr<nions of tendons and muscles in the extremities ( Lackner 1 978); 

4. Ahering support surfaces and environmental stimuli (Shumway·Cook & Horak 
1 986); 

5.  Translating or rotating platforms (Nashner 1 973; Keshner 1 999); and 

6. Venically dropping subjects (Creenwood & Hopkins 1 976; Melvill-lones & 
Wall 1 97 1 ). 

Evaluation of the Vestibular Output 

Several mechanisms have been used to evaluate the output of the vestibulocerebellar 
system in the clinical setting including: 

J .  Postural kinematics with extensive use of elearomyographic (fMC) responses 
from various skeletal muscles ( Keshner et al 1988); 

2. Self·localization tests such as static and tandem Romberg's tests ( Romberg 1853; 
Xerri et al 1988); 

3. Stabilometry with destabilization and altered visual cues (Kapteyn et al 1983; 
Norre & Forrez 1 986); 

4. Slepping lest of Fakuda (Fukuda 1983). 

5.  Tilt reactions generated via till  boards (Martin 1 965); 

6. Angular velocity measures of torque about various joints fol lowing a challenge 
(Allum el al 1 988; Horak el al 1 990). and 

7. Vestibulo-ocular and visuo-occular responses to penurbation ( Paige 1989; 
Ilorello-France et al 1 999). 

Vestibulo-autonomic Reflexes 

"nle vestibulo-autonomic renexes are modulated throughout widespread areas of the 
neuraxis by the vestibulocerebellar system. Regions of the neuraxIs known to mediate 
autonomic function and receive inputs from the vestibulocerebellar system include: 

• Nucleus tractus solitarius (NTS); 

• Parabrachial nuclei of the pons and midbrain; 

• Hypothalamic nuclei; 

• Rostral and caudal ventrolateral medulla (RVLM and CVLM); 
• Dorsal motor nucleus (DMN) of the Vagus nerve; 

• Nucleus ambiguus; 

• Locus coeruleus; 

• Superior salivatory nucleus (SSN) of the pons; and 

• Edinger-Westphal nucleus of the midbrain. 

Tremor often occurs with vestibulocerebellar dysfunction. There are various types and 
causes of tremor. Temlinal tremor occurs because of errors in direction and extent of 
movement. Cerebellar tremor involves irregular oscillations with correcting jerks and is 
accentuated when greater accuracy is most essential. For example, when the patient is 
asked to touch an object such as their nose, the tremor will worsen the closer they get to 
the target. The worsening tremor results as the cerebellum tries to fine tune the action and 
fails. It primarily involves the proximal aspects of the limbs and the head and trunk. 
Parkinsotliml tremor occurs at 4-6 Hz, whereas physiological tremor occurs at 8- 1 2  Hz and is 
accentuated by fear. anxiety, and fatigue. 

Toxic tremor can be caused by any of the following: 

• Thyrotoxicosis; 

• Uraemia; 

• Lithium; 
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• Bronchodilalors; 

• Tricyclic antidepressants; 

• Mercury. arsenic. and lead poisoning; and 

• CO poisoning. alcohol withdrawal, and sedative drugs 

Advanced Functions of the Vestibulocerebellar 
System 

Being the earliest to arise in evolutionary history and embryological development, the 
veslibulocerebellum serves the most primitive function of the cerebellum. It receives 
extensive inputs from sensory receptors throughout the head and body that provide us 
with spatial coordinates for the purpose of sp.tlial orientation and self·awareness. This 
includes: 

I .  Information from the retina and advanced visual-processing systems of the brain; 

2. Information from auditory and vestibular neurons via monosynaptic and 
polysynaptic connections; 

3.  Information from the inner ear; and 

4. Muscle and joint receptors particularly from the spine via the veslibular nuclei. 

QUICK FACTS 1 9  The Canalith Repositioning Manoeuvre (Epley's Manoeuvre) 

38B 

Epley's manoeuvre is a simple and long-lasting treatment for benign paroxysmal 

pOSitional vertigo (BPPV). 

figure 14.21 

Patient is supine with their head hanging over the edge of the table with the 

effected side down. In this position the patient will usually experience vertigo and 

nystagmus for the few seconds. Once the vertigo and nystagmus stops. the head is 

kept extended and rolled away from the effected side until the patient is facing the 

opposite direction. The head and body are then rolled as a unit to the unaffected 

side. A neck brace or collar is then applied and the patient told not to move their 

head or neck vigorously for 1 or 2 days. During this period they should also sleep 

sitting up in a chair. This manoeuvre is effective in as many as 90-95% of cases of 

BPPV. 

In humans. the most classic signs associated with damage or disease of the 
vestibulocerebellum is an inability to maintain posture and balance, control eye and head 
movements, and respond to spatial cues in the surrounding environment. lhese functions 
are clearly essential for basic l ife functions such as responding to threat in the environment, 
finding food, finding a mate, and moving purposefully through the environment despite 
the forces of gravity. 

Another key function of the vestibulocerebellum is lhe control of fuel supply to the 
head and body. The vestibular nuclei and older regions of the cerebellum are also 
imponant for adaptive cardiovascular and respiratory responses to changes in posture. 
Without these renexes, we would be unable to maintain a constant adequate fuel supply 
to the nervous and muscular systems during movement or in various postures. These areas 
help to shift the blood volume or maintain resistance to passive shifts in blood volume 
during linear acceleration as that occurs while rising from a supine or seated position. "111i5 
is achieved through the recruitment of neurons in the rostral medulla that form lhe 
descending limb of the excitatory veslibulosympathetic renex. 
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From an evolutionary and physiological perspective. normal spinal motion and 
stability is clearly imponant (or optimal integrity of the vestibulocerebellum and 
spinocerebellum and therefore the neurological control over multiple organ systems and 
complex aspeclS of human expression. 

Vestibulocerebeliar Dysfunction and Asymmetry 

)"here is substantial integration of spine, ear, and eye afTerents at numerous levels of the 
neuraxis. "111C four major areas involved in this multi modal integration include the 
following: 

• Vestibulocerebellar system; 

• Mesencephalon; 

• Pulvinar and posterior thalamic nuclei; and 

• Parielotemporal association cOrtex 

'Inc following aspects need to be considered when determining the presence of 
vestibulocerebellar dysfunction: 

I .  Vestibulosympathetic reflexes; 

2. Vestibular/fastigial connections to the pontomedullary reticular formation 
( PMRF); 

3. Motor consequences; 

4" Sensory consequences; and 

5. Mental consequences 
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Testing for Cerebellar Dysfunction 

A variety artests have been developed to test vestibulocerebellar function (also 
see chapter 4). A selection ohhese tests include the following: 

I .  Walk in tandem, on heels, on toes; and backwards. 

2. Accentuate: dysmetria by increasing inenial load of limb, which may result in 
overshooting and undershooting of targets. 

3 .  Rapidly alternating finger opposition, pronation, and supination of the elbow, and 
heel/toe noar lapping are all tests designed lO expose dysdiadochokinesia, which is 
the inability to perform rapidly aitemating movements with consistency and 
coordination. 

4. 'me performance of finger to nose, toe to finger, heel to shin, figure of 8 with the 
foot are all tests to disclose kinetic tremor and dysmetria. 

The cerebellum and vestibular system are also involved in the accurate and coordinated 
movement of the eyes. 'ne cerebellum and vestibular system may be involved with all of 
the following dysmetric movements of the eyes: 

• Saccadic dysmetria ( hypermetric) and macrosaccadic oscillations; 

• Pursuit; 

• Saccadic lateropulsion; 

• Gaze-evoked nystagmus; 

• Rebound nystagmus; 

• Downbeat nystagmus; 

• Smooth tracking; 

• Clissadic. postsaccadic drift; 

• Disturbance in adjusting the gain of the VOR; 

• Increase in duration of vestibular response; and 

• Periodic alternating nystagmus. 

Many patients who have undergone manipulation to the spine have reponed 
improvements in their vision, balance. hearing. digestion, blood pressure. headaches, 
fenility, spinal pain. and other health complaints. While these improvements have 
traditionally been thought to occur because of segmental effects of restoring spinal 
movement and reducing noxious afferentiation, there is increasing evidence to suggest 
that such changes may be achieved because of supraspinal innuences. 

Diagnosis of Vestibular Dysfunction 

The most common symptoms of vestibular dysfunction are dizziness and venigo. Some of 
the more common conditions that involve dizziness or venigo are describe below. 

Meniere's Disease 
Patients will usually present with hearing loss, tinnitus, and dizziness. This condition is 
caused by decreased reabsorption of endolymphatic fluid in the inner ear, whidl results in 
dilatation and eventual perforation of the endolymphatic system. The term hydrops is 
sometimes used when the cause for the decreased reabsorption is known. The term 
Meniere's disease is used when the cause of the decreased reabsorption is unknown. The 
cause is controversial but most probably immunological in nature. The treatment involves 
the dietary intake of 2 g  of sodium per day and avoidance of caffeine and alcohol. 

Benign Paroxysmal Positional Vertigo 
This condition and migraine are the most commonly associated with patients presenting 
with dizziness. Each has an incidence of about two cases per thousand of population per 
year. The patient will repon periods of venigo lasting usually no more then a few seconds 
to a minute following head movements or changes in head position. 

SPrY is caused by debris. usually a calcium carbonate derivative material from the 
utride. in one or both semicircular canals. 'ne most common location of the debris is in 
the posterior canal. Debris in the posterior canal usually produces vertigo and up-bealing, 
torsional. nystagmus when the HaJlpike-Dix manoeuvre is performed. Debris in the canals 
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can b e  free noating, canalithiasis. or attached t o  the cupula, which i s  referred to as 
clIpulolithiasis. The J-IaJlpike-Dix manoeuvre is a very successful treatment in most cases. 

Vestibular Neuritis 
This condition is caused by inflammation of the vestibular nerve. The presentation usually 
involves sudden, severe prolonged vertigo lasting for days with no hearing impairment. 
"me onset may be associated with a recent upper respiratory infeaion. The cause is 
thought to be viral in nature but this is controversial. 

Migraine 
Migraine-associated dizziness occurs with a prevalence of 6.5%, and can occur in 
conjunction with a headache or in isolation (not associated with a headache) ( Furman & 
Whitney 2000). Diagnosis oflhis condilion may be difficult because it is still largely a 
diagnosis of exclusion. This should be considered in all cases of dizziness associated wilh 
headache and without hearing loss. Other causes of dizziness or venigo can include: 

• Labyrinthitis; 

• Anaemia; 

• CarOlid sinus hypersensitivity; and 

• Vasovagal syncope. 
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HI') decreased cerebellar activation can result in diaschisis of areas of 

his cortex that depend on the huge cerebelio(Qrtlcal input to maintain 

their level of dctivation. Cortical activation has been linked to immune 

function, and thus the reduced activation of his cortex (ould result In an 

inappropriate immune response. 
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Introduction 

The connection between the nervous system and the immune system has been postulated 
seriously for the past century, and in me past (WO decades in particular we have 
experienced an explosion in the amount of interest and research into the neuroimmune 
communication and integration systems. Experimental evidence from the fields of 
psychology, immunology, and neurology has demonstrated that the immune system is nOI 
an autonomously regulated system but is innuenced and modulated by bidirectional 
communication with the central nervous system. In fact it is getting very difficult to 
separate what constitutes psychology, neurology, and immunology when we talk about 
the functions of the big three supersystems. 'i1le key role of the immune system is the 
defence against antigens and pathogens that attempt to enter our bodies. AJlergic 
hypersensitivity and autoimmunity are two situations where the immune system for some 
reason reaas inappropriately against a certain antigen or starts attacking the components 
of our own bodies, respeaively. Understanding how and why this happens may lead us to 
a way of manipulating the aClivity of the immune system in order 10 relieve suffering in 
our fellow man. We are learning more and more everyday and the exciting discovery of 
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conical asymmetry and its influence on immune function has given us another virtually 
uncharted avenue of exploration. Brain asymmetry is associated with different patterns of 
immune reactivity. Left brain deficits have been associated with a decline in NK and Toeell 
activity and IL·2 production. suggesting a dominance of the lef! side of the brain in 
immunomodulation. 

Overview of the Immune System 

The immune system is a complex system of interacting components including physical 
barriers, bone marrow, lymphoid tissues, leukocytes. and soluble mediators. -nlese 
elements function together to recognize, engulf. and destroy invading microbes, tumour 
cells. and any substance recognized as non-self. For the immune system to mOllnt an 
effective response 10 invading antigens an intricate series of cellular events must occur. 
TI,e antigen must be recognized and if deemed necessary bound and processed by antigen
presenting celis, which must then communicate with activated T and B cells. 'IneT-helper 
cells must men assist in the activation and fonnation of B cells and cytotoxic T cells. 
Activated cells must then undergo a series of proliferative steps that involve activation of 
second and third messengers and selective genetic proliferation that result in an adequate 
response to the antigen presenting. Once an antigen has presented, a memory cell must be 
produced to enable a more efficient and deadly defence should the antigen present again 
in the future (Roitl 1994). To further complicate matters all of these complex activities 
must be accomplished in a controlled and selective manner so as not to destroy cells or 
tissues not contaminated or of use to the host. 

Barriers Resisting Infection 

Our bodies are constantly exposed to bacteria, fungus, and parasites. Many or these 
organisms are capable of causing severe disease should they be allowed access to the 
deeper tissues. 

'me simplest way for an organism to avoid infection or invasion by a foreign antigen is 
to prevent entry being gained into their body in the first place. Ilumans are no exception. 
In humans, me major physical barrier of defence is the skin, which, when intact, is 
virtually impermeable to most infectious agents (Iwill 1994). In addition, a large variety 
of micro-organisms cannot sUlvive long on the skin due to the low I'l l which results from 
the presence of lactic acid, and fatty acids in me sweat (Abbas et al 1997). 

Mucous secreted by the membranes lining the inner surfaces of the body acts as a 
protective barrier that blocks me adhesion of bacteria to epithelial cells. Other microbes 
become trapped in the mucous and are removed via the mechanical action of coughing, 
sneezing, or swallowing (Roitl 1994). 

Many secreted body fluids contain bactericidal components such as acid in gastric 
juice, spermine and zinc in semen, and lactoperoxide in milk. "Ine washing action of tears 
and saliva which both contain lysozyme is also a barrier to microbial invasion (Youmans 
1980). Finally, the nonnal bacterial nora of the body acts as a form of microbial 
antagonism, which is effective in suppressing the growth of many pathologic bacteria and 
fungi (Sommer. J 980). 

Cells of the Immune System 

Ahhough all of me components of the immune system must function in a multifactorial 
illleractive process in order to function effeaively, the most crucial cell types involved are 
the leukocytes or white blood cells (WBC), which form the mobile foot soldiers of the 
imlllune system (Fig. 15.1). Leukocytes normally account for about 1% of total blood 
volume. In normal circumstances the WBC number between 4,000 and 1l,000 per cubic 
millimetre of blood, wim an average of7,000 (Marieb 1995; Guyton & Iiall 1996). 

Leukocytes are grouped into two major categories, granulocytes and "granulocytes. 
based on their structural and dlemical properties. Granulocytes contain highly specialized 
cytoplasmic granules. Agranulocytes lack any obvious intercellular granules. Granulocytes 
include neutrophils, basophils, and eosinophils. Agranulocytes include the T and 
B lymphocytes and nOIl-T and non-B lymphocytes. 
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Fig 15 1 The different types of white blood cells or leukocytes 

Immunology Definitions QUICK FACTS 1 

Neutrophils-are mobile phagocytic cells that engulf and destroy 

unwanted matter. 

Eosinophils-secrete chemicals that destroy parasites and are involved in 

allergic reactions. 

Basophils-are also involved in allergic reactions. 

8 lymphocytes-transform into plasma cells to secrete antibodies and prepare 

foreign matter for destruction indirectly. 

T lymphocytes-are involved in cell·mediated immunity to directly destroy cells by 

non·phagocytic means that have been damaged by viruses or mutations. 

Macrophages-are derived from circulating monocytes and become localized 

phagocytic specialists. 

Non-specific immune responses-include inflammation, interferon, NK cells, and 

the complement system. These operate even when there has been no previous 

exposure to an offending material. 

Specific immune responses-include antibody-mediated immunity by B-cells and 

cell-mediated immunity by T-cells. 

Neutropllils, or polymorphonuclear leullocyres, are derived from pleuripolem haematopoietic 

stem cells and eventually differentiate from myeloid cells in the bone marrow. Neutrophils 
are shon-lived cells with a life span of hours to days, but are present in large numbers in 
the bone marrow, peripheral blood, and marginal pool, which is a reserve of cells adherent 

10 the walls of postcapillary venules. These cells are crucial to the host defence against 
bacteria and some fungi. NeUlrophils and monocytes can move from me bloodstream into 
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the tissues by a process called diapedesis. In this process the leukocytes squeeze through tiny 
pores in the vessel walls by assuming the size and shape of lhe pores. Once in the tissues 
the cells move around by amoeboid-like motion (Guyton & Iiall 1996). 

Neulrophils become phagocytic upon encountering bacteria and bacterial killing is 
promoted by a process called respiratory burst, in which oxygen is metabolized to produce 
hydrogen peroxjde, an oxidizing, bleach-like substance which kills bacteria. Neulrophils 
can become actively phagocytic immediately upon confromaLion with an antigen and do 
not have 10 experience a period of maturation as do other cells like monocytes which need 
LO undergo activation processes (0 eventually mature into macrophages. 

£osinopliils are filled with large, course granules that contain a variety of unique 
digestive enzymes. These cells exhibit chemotaxis to the sites of basophil and mast cell 
activation but are weak phagocytes for pathogens. -Illese cells are mainly involved in 
"tlacking parasitic organisms too large to be phagocytized and are also probably involved 
in the deactivation of inflammatory substances released by mast cells and basophils to 
prevent widespread activity of these agents to other tissues not involved. 

Basophils are the rarest white blood cells.'1ley are morphologically very similar to the large 
mast cells that inhabit tissues exposed to the outside environment such as nasal passages and 
the lungs. -meir cytoplasm contains large cytoplasmic granules containing histamine, 
heparin, bradykinin, slow.reacting substance of anaphylaxis, and serotonin. J-listamine is an 
inflammatory chemical that acts as a vasodilator, which makes blood vessels 'leaki and also 
attracts other WBC to the site of injury or inflammation. I leparin is a substance that reduces 
the ability of blood 10 clot. 

'1le tlgrmwloCYles, as stated above. include lymphocytes and monocytes. Monocyte's are 
only <lgranulocytic before they mature to macrophages and become granulocytic in nature. 

MOl/oCYles are derived from myeloid precursor cells in the bon€: marrow, which migrate 
through the circulation to the tissues where they mature as macrophages. Monocytes have 
very little contribution to inllTIunit>' until they have matured into macrophages. Often in 
people who are actively fighting a serious infection. the numbers of monocytes in the 
blood will increase but have little involvement in the immunological processes until they 
are activated and mature into macrophages. Macroplltlges are highly mobile and are 
actively phagocytic. 'l1lese cells have life spans ranging from months to years depending 
on how often and to what severity they are called upon to fight antigens (GuylOn & Iiall 
1996). 'nese cells have three important immunological roles: 

I. 'nley process antigens and present the essential cell membrane fr<tgments of 
partially digested antigens, called epitopes, 10 lymphocytes which then initiate the 
process of cell-mediated immunity against the antigen. 

2. 'Oley secrete many immunologically aClive substances such as cylokines, 
complement, and prostaglandins. 

3. They are themselves activated byT.lymphocytes to phagocytose b<tcteria and 

intercellular parasites. 

The rnacrophages are particularly concentrated in the lung and the liver where they are 
referred to as Kupffer cells, and the lining of the spleen sinusoids and lymph node 
medullary sinuses. They also occur in large concentrations in the glomerulus of the kidney 
where lhey are referred to as mesangial celts. in the brain where they arc known as the 

microglial cells, and in bone where they form the class of cells called osteocl<tsls which 
engulf components of bone in the remodelling process. 

When neutrophils and macrophages attack pathogens a number of them are also killed 
in the battle. The resulting necrotic tissue. dead macrophages. dead neutrophils, and 
tissue-Ouid accumulation due LO the process of inflammation. results in an interesting 
mixture referred to as pliS. Generally after a few days the pus is reabsorbed by the 
surrounding tissues and most of the evidence that it ever existed disappears. Occasionally 
this process does not occur, and a pus-filled cavity called an abscess may form lhat needs 
lO be mechanically drained before healing can occur. 

Lymp/iocyres are the primary cells of the cellular immune response. These cells originally 
derive fr0111 pluripotent stem cells in the bone marrow and eventually differentiate into 

T cells, B cells, nOI1-1' cells, and non-B cells in the variolls lymphoid tissues of the body. 
Lymphocytes develop in the thymus and populate the germinal centres in the lymph 
nodes and spleen. Although there are large numbers of lymphocytes in the body very few 
are present normally in the peripheral blood. Usually the only lymphocytes present in the 
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blood are those travelling to a specific lymphoid tissue or those travelling 10 the site of an 
infection. AboUl 80% of the lymphocytes present in peripheral blood are T cells, which 
have many imponalll functions including (Simon 1991): 

Ihe regulation of the immune response; 

2. The production of lymphokines; 

3 Ihe initiation of cell·medicated immunity; and 

4 Ihe induction orB cells to produce antibody. 

'nerc are three major populations ofT cells that are antigen-bearing: lJe/per T--cefls, C}'fOlOJ.ic 

r fells. and suppressor T cells. Both the helper and suppressorT cells are involved in the 
regulation aspect or the immune response, mainly the initiation and termination, respectively. 
J«x"enl under.aanding of the structural differences in the membrane glycoprOleins of these 
cells has lead to a new c1assificalion system. CD4 or"'4 cells express a specific glycoprotein 
structural receptor on their membranes specific for primary helper"r cells. '1\"0 classes of 
helperT cells have also been distinguished and are referred to asTh I and "'h2 c1asses.lhese 
cells show difTcrent levels of activation and cytokine production that regulates the shift 
belw('Cn cellular and humeral immunity processes (see below). ·Ine C04 receptor moiety is 
the suspected im3chmem site for the IIiV virus. which exclusively targets helperT cclls. COS or 
I"S cells express a specific glycoprotein structural receptor on their membranes specific for both 
c)'tOioxic and suppresser I cells populations (Marieb 1995). 

H I)'mplwc}'fes develop in the bone marrow and undergo a secondary differentiation 
when exposed to an antigen to become non-dividing plasma cells which secrete 
iml1lllnoglohulins or antibodies. PIlWllti cells develop an elaborate intercellular rough 
endoplasmic reticulum which is capable of secreting huge amounts of antibody. Non-T. 
non-B cells do not carry the surface marker glycoproteins of eitherT or B cells. The major 
rell typc of this class is the mill/railliller ndls. which are capable of killing a large variety of 
non-specific t,ugets without the presence of antibody or without the prior sensitization of 
antibodies present (Simon 1991). 'Inese cells are augmented by ime1erons. which are a 
family of broad spectrum antiviral agents synthesized by cells when they become infected 
with a viral agent (I leaney & Golde 1995). 

Innate and Specific Immunity 

Ihe characteristics of UllUlle ummmil)l or non-specific immwlIty include its IimiLed capadty LO 
distinguishing one microbe from another, and it is a system that functions in much the same 
Wily ag.linst l11ost inf..:ctious agents. 'Ine principle components of innate immunity are: 

1 Physical and chemical barriers; and 

2. Blood proteins including compliment and mediators of inflammatory neutrophils. 
macrophages . .lnd natural killer cells (Abbas et a1 1997). 

1l1C (ompft'mem system is a collection of a variety of proteins (approximately 20) present 
in the plasma and p.Hacapiliary tissuc spaces. Many of these proteins exist in the form of 
precursors that can activate a cascade of reactions that terminate in the death or 
destruction of a target lMthogen (Hg. 15.2). In normal circumstances the precursors 
remain inactive in the plasma unless they are activated in one of two ways: 

fhe dtlssifll/IlC/ll'flfimJ ptllhwtl)l-initiated by allligen antibody binding. When the 
antibody binds.1l1 antigen it undergoes a change in its structure that results in 
the activation of the CI precursor protein of complement. CI activation results 
in a feed forward cascade thai amplifies as it progresses so that a small initial 
stimulus results in a much larger reaction with the formation of multiple end 
products (lig. 15.3). 

2. rile a/fenl(l/lI'e (lctJlliHiOI1 P(lfJiwfl}'-initiated by the activation of precursor proteins 
Band D, which enter the previous cascade at the C3 precursor level. The activation 
of B and D precursors is achieved when they come into contact with large 
polysaccharide molecules usually present on the membranes of pathogens and no 
antibody formation is necessary for this activation to occur. The end result is the 
same as the classical activation pathway (Fig. 15.4). 
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Overall plan of complement activation 
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components have numbers or capital letters, e.g (4 or P lOYJer-<ase letters Indicates complement fragments. 
e·9.C3b A hOrizontal bar above a component Indicates that It has become actIVated, C3b e.g ED Indicates 
enzymatIC actiVity. 

Fig 15.3 Detailed plan of the classICal pathway of complement activation. Ca" and Mg" Indicate a reqUIrement for 
divalent (alcum and magnesium Ions. Q) IndICates enzymatic aCltlVlty; e Indicates the actIOn of Inhibitory protems 

InnaLe immunity provides the early line of defence against microbes. In contrast to 
innate immunity. specific immwlic}' involves more highly evolved defence mechanisms 
stimulated by exposure to infectious agents and have the ability to increase the magnitude 
of response with each successive exposure to a particular antigen. 

l11e characteristics of adaptive or specific immunity are specificity for distinct 
molecules. specialization. and 'memory' capability that allows a more vigorous response 
to repeated exposure to the same microbe. "111e components of specific immunity are the 
lymphocytes and their products. Foreign substances that induce specific responses such 
as the production of antibodies are called (Hltigells. 111ese two systems do not function in 
isolation but act in an integrated fashion. Innate immunity not only provides early 
defence against microbes. but also plays an important role in the induction of specific 
immune responses. One mechanism that illustrates this cooperative effort occurs when 
a macrophage is exposed to an inflammatory stimulus; it secretes protein hormones called 
cytokines that promote activation of the lymphocytes specific for the microbial antigens. 
Another mechanism of interaction occurs when macrophages that have ingested microbes 
secrete a particular cytokine which stimulates development ofT lymphocytes particularly 
effective at activating macrophage activity. "I11OS, the interactions between innate specific 
immunity are bidirectional (Roin 1994). 
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Fig. 15.4 DetaileQ plan of the alternative pathway of complement activation. Mg" indicates a requirement for 
divalent magnesium IOns ED Indicates enzymatic activity; e mdlcates the action of Inhibitory proteins. 

Specific immune responses are able to combat microbes thai have evolved to 

successfully resist innate immunity.ll1e specific responses may also function by 
enhancing the activities of the innate system such as in the binding of antibodies 

(produced by the specific system) to bacteria, whidl markedly enhances complement 

activation (innate system). Specific immune responses are classified into twO types based 
on the components of the system that mediate these responses: humoral and cell

mediated immunity. Both types of immunity are initiated by exposure to an antigen. 

Humoral Response 

111e primary humoral responses occur when an antigen binds to the surface receptors of a 

B-Iymphocytic cell, causing activation of a variety of second and third messengers that eveillually 
result in the aaivation and replication of cellular DNA to initiate synthesis of antibodies or 

immunoglobulins (Ig's). rnle activation of surface receptors Gluses the B-Iymphocyte to 

multiply iillo a series of clones that mature into plasma cells capable of secreting alll.ibodies 
(Ig's) against the antigen (Fig. 15.5). Some of these B lymphocytes become memory cells, 

which are capable of storing the memory of the assaulting antigen in case rc-e"':posure occurs 
in the future. lhis results in the secondary humoral response. which involves the IgM 

antibodies and is much more vigorous and rapid than the primary response.11le antibodies 

Cytokmes and 8 cell activation 

-. PnAi,1Ion -

Fig. 15.5 The role of tytolCines In B cell actIVation. The differentiation of a B cell (follOWing interactJon W]th a T� cell 
via presentation of antigen associated With HlA class II) Involves an Increase with metabolic activity and size, gl'llng 
rise to a lymphoblast which undergoes mitosis and finally matures mto an antibody-secreting plasma cell (P). 
Cytokmes secreted by T� cells (and other cells) act on the 8 cell at different stages of differentiation. ThiS IS illustrated 
With 1l-4 and Il-6, but other tytoklnes may also be Involved: e.g. Il-l and 8CGF-I (8 cell growth factor) promote 
earlv actIVation; Il-2, BCGF-II, and IFN-'Y stimulate replicatIOn; Il-2 and IFN-a promote maturation to plasma cells. 
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produced combine with the specific antigen that stimulated their produdion and form an 
antigen-antibody complex thai allows other cells such as macrophages, natural killer cells, 
and neulTophiis to recognize and destroy the antigen-bearing complex. 

Antigens 

'11e antibody molecule or immunoglobulin (Ig) is composed of two identical heavy and 
IWO identical light chain peplides held together by interchain disulfide bonds (Figs 15.6 
and 15.7). Five classes of antibody have been identified, each with a variety of subgroups 
also identified. 'Inese classes of antibody are IgC, IgA. IgM. IgE. and IgO. 

IgC 

111is immunoglobulin is the most abundant immunoglobulin of the internal body fluids 
especially in extravascular fluid where it combats micro-organisms and their toxins. When 

s-s 
s-s 

c c 
Heavy 

Immunoglobuhn chainS and theIr fragments 

Fig 156 Immunoglobulin chains and the fragments formed by prOleolytlc digestion. N, amino terminus; C, carboxy terminus 

Fig. 15_7 The baSIC components of an Immunoglobulin molecule 
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IgC complexes with a bacteria or antigen the classical complement cascade is triggered, 
which resulls in chemotactic attraction of polymorphonuclear (PMN) cells, which then 
can adhere 10 the bacteria or antigen through surface re(eplOrs lhal recognize segments of 
the IgC antibody called constant regions and stimulate the PM cell to ingest the bacteria 
through the process of phagocytosis. 

neceptors for IgC constant regions are present on monocytes, neulrophils, eosinophils, 
platelets, and B lymphocytes. When IgC alllibody binds to the B cells, receptor down
regulalion of cellular responsiveness occurs, which leads to the decrease production of 
antibody in a negative feedback fashion. 

IgC is the only antibody that can cross the human placenta such lhat it provides a 
major line of defence for the first few weeks of the baby's life (Fig. 15.8). 

IgA 
This antibody only appears in the seromucous secretions such as saliva, tears, nasal fluids, 
sweat, colostrum, and secrelions of the lung, gastrointeslinal, and genitourinary lracts, 
where it has the job of defending the body against attack by micro-organisms. 19A. is 
synthesized by plasma celis, and functions by inhibiting the adherence of coated micro
organisms to the surface of mucosal celis, thereby prevenling emry into the body tissues. 
IgA can also activate the alternative (not classical) complement pathway (Fig.IS.B). 

IBM 
This antibody is formed as a pentamer of IgG molecules and is the largest of all the 
immunoglobulins. For this reason it is vel)' effective at agglutinating bacteria and 
initiating the classical complement pathway (Fig. 15.9). 

IgD 
"111is antibody is mostly present on the lymphocyte cell surface and may be involved in the 
control of lymphocyte aClivation and suppression (Fig. 15.8). 

Igo 
This antibody is largely responsible for the protection of external body surfaces. It is also 
effective in parasitic infections and is responsible for the symptoms of atopic allergy, due 
to the stimulation of degranulation of mas I cells it causes (Fig. 15.8). 

Cell-Mediated Immune Response 

Cell-mediated immunity involves the T-Iymphocyte cell series, which unlike B 

lymphocytes are unable to recognize free antigens but can only respond to processed 
fragments of protein antigens displayed on the surfaces of the body's own cells. TheT
lymphocyte anack is directed against body cells infected wilh viruses, bacteria or 
intracellular parasites, and cells recognized as non-self such as transplanted or infused 
tissue (Marieb 1995). 

Immunoglobulin Isotypes 

Fig 158 The structure of Immunoglobulins IgG. IgO. IgA, and IgE 
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Discrimination of self from non-self is one of the most remarkable properties of every 
normal individual's immune system. 'Ill is ability is called self-tolerance. Self-tolerance is 
maintained partly by the elimination of lymphocytes that may express receptor specific for 
self-antigens and partly by funaional inactivation of self-reactive lymphocytes after their 
encounter with self-antigens. The T lymphocyte recognizes 'seW and 'non-self by proteins 
on lhe cell membrane called major histocompatibility complex (Mile). 

'Ille MHC is a region of highly polymorphic genes whose product proteins are 
expressed on the surfaces of a variety of cells. 'nlis allows T lymphocytes the ability to 
survey the body for the presence of peptides derived from foreign proteins. There are two 
different types of MI-fC gene products called class I and class II MIIC molecules. Any given 

T lymphocyte recognizes foreign peplides bound to only one class J or one class II MIIC 
molecule (Fig. 15.10) (Abbas el .1 1997). 

Immunoglobuhn Isotypes 

Flg 159 The structure of the lmmunoglobuhn 19M 

Class I MHC protein 
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Fig 15 10 The structure of the major hlstocompatlblhty compJexes (MHC) type J and type 1J 
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Class I Mile proteins are: prescnt on all cells of the: body except red blood cells. "nes€: 
allow theT cells to recognize 'self'. Class II MHC proteins are present only on B cells, some 

T cells. and antigen-presenting cells such as macrophages. TIle proteins of dass II Mile are 
composed of pieces of foreign antigen thaI have been phagocytosed and broken down by 

intracellular mechanisms and recycled back to the: plasma membrane. The role of Mil 
prOieins in the immune response is extremely imponant because they provide the means 
(or signalling the immune system cells that infected or cancerous cells are presenl but 
camouflaged inside our own cells (Raitt 1994). 

One Form of Communication Between the Brain 
and the Immune System Probably Occurs via the 
Autonomic Nervous System 

Anatomically, the autonomic outflow of the autonomic nervous system occurs through 
a neuron chain consisting of a pre- and postganglionic component. -Ine autonomic system 
can be divided into three functionally and histologically distinct components: the 
parasympathetic, sympathetic, and enteric systems. 

Functions of Catecholamines QUICK FACTS 2 

When the body is in a neutral environment, catecholamines contribute to the 

maintenance of homeostasis by regulating a variety of functions: 

• Cellular fuel metabolism 

• Heart rate 

• Blood vessel tone 

• Blood pressure and flow dynamics 

• Thermogenesis 

• Certain aspects of immune function 

'Ine {Jllr'(lsymp(l/lielic system communicates via several cranial nerves induding the 
oculomotor (eN III) neNe, the trigeminal (eN V) nerve, the facial (eN VII) nerve, and the 

vagus (eN X) nerve. '111e vagus nerve and sacral nerve roots compose the major output route 
of parasympathetic enteric system control (Furness & Costa 1980). The neurotransmitter 
released both pre- and post-synaptically is acetylcholine. Functionally, the neurological 
output from the parasympathetic system is the integrated end produa of a complex 
interactive network of neurons spread throughout the mesencephalon, pons, and medulla. 
111is complex interaaive network receives modulatol)' input from wide areas of the neuraxis 
including all areas of conex, limbic system, hypothalamus, cerebellum, thalamus, vestibular 
nuclei, basal ganglia, and spinal cord (Walberg 1960; Angaut &I. Brodal 1967; Brodal 1969; 

Ilrown 1974; Webster 1978). 111e relationship of the parasympathetic outflow to the 
immune system has received vel)' little study to date and as n consequence vel)' lillie is 
known about the influence of parasympathetic or the enteric system on immune function. 

1'le symplIlhetic S)'Stem enjoys a wide-ranging distribution to vinually every tissue of the body. 
-nle presynaptic neurons live in a region of the grey matter of the spinal cord called the 
intemlediomedial and intemlediolateral cell columns. 'Ille output of the preganglionic neurons 
of the �npathetic system is the summation of a complex imeraaive process involving 
segmental afferent input from dorsal root ganglion and suprasegmental input from the 
hypothalamus, limbic system, and all areas of conex via the mesencephalic and 
pontomedullal)' retirular formations (Donovan 1970; Webster 1978; Williams &I. Warw·ick 
1984). Most postganglionic fibres of the sympathetic neIVous system release norepinephrine as 
their neurotransmitter. l11e chromaffin cells of the adrenal medulla, which are embryological 
homologues of the paravenebral ganglion cells, are also innervated by preganglionic 
sympathetic fibres which fail to synapse in the paravertebral ganglia. When stimulated these 
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cells release a neurotransmitter/neurohormone mat is a mixture of epinephrine and 
norepinephrine with a 4: I predominance of epinephrine (Elenkov et al 2000). 

Both epinephrine and norepinephrine are manufactured via the tyrosine
dihydroxyphenylalanine (OOPA)-dopamine pathway and are called catecholamines. 
When Lhe body is in a neutral environment, catecholamines contribuu� 10 the maintenance 
of homeostasis by regulating a variety of functions such as cellular fuel metabolism, heart 
rate, blood vessel lone, blood pressure and flow dynamics. thermogenesis and as explained 
below, certain aspects of immune function. When a disturbance in the homeostatic state is 
detected. bOlh the sympathetic nervous system and the hypothalamus-pituitary-adrenal 
axial system become activated in the attempt to restore homeostasis via the resulting 
increase in both systemic (adrenal) and peripheral (postganglionic activation) levels of 

catecholamines and glucoconicoids. In the1930s Ilans Selye described this series of events 
or reactions as the general adaptation syndrome or generalized stress response (Selye 
1936). Centrally, two principal mechanisms are involved in this general stress response; 
these are the production and release of conicotrophin-releasing hormone produced in the 
paravemricular nucleus of the hypothalamus and increased norepinephrine release from 
the locus ceruleus norepinephrine-releasing system in the brainstem. Functionally, these 
two systems cause mutual activation of each other through reciprocal innervation pathways 
(Chrousos & Gold 1992). Activation of the lorus ceruleus results in an increase release of 
catecholamines, of which the majority is norepinephrine. to wide areas of cerebral cortex. 
subthalamic. and hypothalamic areas. The activation of these areas results in an increased 
release of catecholamines from the postganglionic sympathetic fibres as well as from lhe 
adrenal medulla (Fig. 15.11). 

QUICK FACTS 3 Integration of Catecholamine Release 
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When a disturbance in the homeostatic state is detected, both the sympathetic 

nervous system and the hypothalamus-pituitary-adrenal axial system become 

activated in the attempt to restore homeostasis via the resulting increase in both 

systemic (adrenal) and peripheral (postganglionic activation) levels of 

catecholamines and g!ucocorticoids. 

Posl synapllC sympalhelic 

Reg lOOal 
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Fig IS 1 1  Integration of cate<holamme and cortISOl releases The mleractlOf'lS between the activatIOn of the locus 
ceruleus and the release of cate<hoiamme5 from the adrenal glands are shown 
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Catecholamine-releasing nerve fibres have been found in a wide range of cells and 
tissues including thymus, spleen, lymph nodes, tonsils, bone marrow, mucosa-associated 
lymphoid tissue (!\ItA!.:'!'), gut-associated lymphoid tissue (GALT). and the parenchyma 
of lymphoid tissues not associated with blood vessels. Generally. these areas of adrenogenic 
innervation appear to be in areas with high concentrations of T lymphocytes, maerophages, 
and plasma cells. This is in contrast to areas orhigh concentrations of developing 
B lymphocytes, which seem to be poorly innervated by these fibres (Felton et 31 1985). 
lhe appearance of these fibres occurs early in the development of these cell types, 
suggesting a possible role in the maturation and developmelll process of mese cell types 
and in immune system maturation (Elenkov et al 2000). Current understanding of synaptic 
transmission processes suggests that the majority of the interaaions between the above 
described ceillypes and the nerve fibres in the lymphoid tissues occur via an ahem ate form 
of synaptic transmission recently termed 'non-synaptic transmission' (Vizi & Labos 1991; 

Vizi 2000). In this ahem ate form of neurotransmission, neurotransmitters are released 
from postsynaptic sympathetic neurons and diffuse over relatively large distances before 
interacting with receptors on the various cell types previously described. Thus three main 
classes of neurochemical interactions in sympathetic/immune communication may be 
identified. These include fast synaptic transmission; moderately fast nonsynaptic 
transmission, and slow neurohormonal transmission. Nonsynaptic transmission may also 
play a role in the norepinephrine regulation of blood flow in various tissues and also in 
modulating lymphocyte trafficking through the body (Villaro et al 1987). 

Neuroimmune Interactions 

Our understanding of the bidirectional communication between the nervous and the 
immune system has developed over the past 25 or so years to me point thaI it is clear that 
these two systems have a well-developed bidirectional communications system, involving 
neurotransmiuers and cytokines (Besedovsky el al 1981; Ader & Cohen 1982). Cytokines 
are a group of chemical mediators utilized by cells as a form of communication. A vast 
number of cyLokines have been identified 10 date ( Tables 15.1 and 15.2) 

How Do the Immune System and Nervous Systems Communicate? QUICK FACTS 4 

• Glucocorticoids (cortisol) secreted from the adrenal cortex 

• Catecholamines (noradrenalin) secreted from the sympathetic nerve terminals 

• Catecholamines (adrenal in} secreted from the adrenal medulla 

• Hormones (ACTH) secreted from the pituitary gland 

• Cytokines, lymphokines, interieukins, interferons, anti-necrosis factors 

produced by immune cells. 

Communication between Sympathetic Neurons and Immune Cells QUICK FACTS 5 

Communications between sympathetic neurons and other cells is mediated by two 

prinCipal types of receptors. These principal types of receptors have been classified 

as alpha (a) and beta (�) adrenergic receptors. Both ciasses have subsequently been 

subclassified to include beta 1,2, and 3 and alpha 1 and 2 subtypes, with even more 

subtypes in each class known to exist . 

.... 
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Reeves G. Todd I, 1996 Lecture notes on immunology. Black ..... ell Science, London. 

Cylokines such as interleukin·l (I L· l ). interleukin·G ( I L·6). and tumour necrosis 
factor·alpha (TNF·a) can signal the brain via a complex pathway involving the ilctivation 
of both the sympathetic nervous system and the hypothalamic-pituitary-adrenal axis. 

'l1le involvement of both fast·acting and slow·acting mechanisms suggests that both acute 
and chronic types o r imeractions are possible and in fact occur functionally (Berkenbosch 
eI al 1 989; Elenkov el al 1 996). 

Communication between sympathetic neurons and other cells is mediated by two 

principal types of receptors. These principal types of receptors have been classified as 
alpha (a) and beta (P) adrenergic receptors. Both classes have subsequently been 
subclassified to include beta l .  2. and 3 and alpha 1 and 2 subtypes, with even more 
subtypes in each class known (Q exist. A crucial discovery in relating the nervous system 
to the immune system occurred when it was observed that beta adrenergic receptors are 
found on all lypcs of lymphoid cells. The quantity across various cell types seems (Q vary 

with natural killer cells having the greatest density and helper T·lymphocytes having the 
lowest density (Khan et al 1 986; Maisel et al 1 990). Recent investigations have 
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demonstrated thal lwo subclasses of helper T.lymphocytcs show different receptor 
characteristics with the helper type· I lymphocytes expressing bela-2 adrenergic receptors 
on their membrane bUl lhese same receptors are nOI expressed on type-2 helper 
lymphocyte membranes (Sanders 1 998). As we shall discuss later this receptor variation 
may play an important pan in the different functional reactions of lhese two lymphocyte 
subclasses. 

Once activated, the beta adrenergic receptors activate a chain of C-proteins that 
act as intracellular effectors, which in turn stimulate the activation of a series of 
successive enzymes such as adenyl ate cyclase, cyclic adenosine monophosphate 
(cAMP), inosilOl.l ,4,5·lriposphate (IP3), and diacylglycerol (OAG) (see Ghapler 3). 
Variations i n  the i 11lracellular concentrations of these various 'second messenger' 
enzymes result in different functional outcomes. Activity of different receptors can 
also alter the production and activation thresholds of second messengers within 
the cell I-'or example, the activation of adrenergic-G-protein complexes usually results 
in inhibition of adenylate cyclase and a subsequent decrease in the production of cAMP 
in the cell. cAMP has been shown to modulate a variety of transcription factors 
important in the expression of various genes, including those genes involved in the 
production of a variety of cytokines produced i n  lymphocytes. Thus activation of 
beta-2 adrenergic receptors by catecholamines usually results in a decreased 
transcription rate of genes responsible for the production ofTNF-a and I L- 1 2. 
The same receptor activation pathway also stimulates the activation of genes that 
transcribe the production enzymes for IL-tO (Elenkov et al 1 995; Hasko el al 1 998). 
fhis series of evellls is importalll in the activation shift between cellular and humoral 
immunity as outlined below. 
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The T-lymphocyte subclasses, T-helper type 1 (Th I )  and T-helper type 2 (Th2), are bOlh 
components or the cellular or acquired immunilY response but may activate or inhibit 
activity of olher immune responses via cytokine mechanisms. Tit I lymphocytes primarily 
produce and release interferon gamma ( I FN.y), IL·2, and TNF-cx, which promote cellular 
immunity processes, whereas Th2 lymphocytes produce and release a different sel of 
cytokines, namely 11.,.1 ,  1L-4, IL-IO, and 11..- 1 3, which promote humoral immunity 
processes (Abbas el al 1996; Grohmann et al 2000). Unaclivated GD4' lymphocytes (ThO) 
are lymphocytes that have not been exposed to an al1ligen and are referred to as antigen 
inexperienced or naive. lhese cells are bipOlcntial and have the capability to develop into 
eilherT .. I orTh2 lymphocytes. Which development pathway these cells follow will depend 
to a large extent on the cytokines released by the antigen-preseming cells that initially 
induce their activation. For instance, I L- l 2  produced by a macrophage presenting an 
antigen acts in concert with Olher signalling mechanisms to induce the development of 
Til I - type lymphocytes. Because Til I lymphocytes are involved in the production of IL- 1 2, 
TNF-a, and IFN-y these lymphocytes are considered 10 promote the process of 
inflammation and are classed functionally as proinflammatory lymphocytes. I n  comrast 
the 1'112 lymphocytes promote anti-inflammatory processes and are tem1ed as such 
(Trinchieri 1995; Mosmann & Sad 1996). 

The cytokines produced in 'I'll I -type lymphocytes inhibit the response and activation 
ofTh2-type lymphocytes and vice versa. Thus IL-4 and IL- I O  inhibit Til I responses and 
IL- 12 inhibits Th2 responses. '111e Th2 production of IL- IO promotes the stimulation of 
humoral immunity by stimulating bOlh the growth and activation of mast cells and 
eosinophils and the activation and maturation of B lymphocytes to plasma cells. This 
CYlOkine also stimulates the plasma cell into the process of immunoglobulin switching 
from IgG to Ig£, all of which inhibit the production of Til I proinflal11matory CYlOkines 
and promote anti-inflammatory states in the region. The activation of catecholamine 
receptors on T-helper cells seems to inhibit lype- l activities and favour type-2 activities. 
This results in a functional shift from cellular immunity towards humoral immunity. 
The major mechanism involved in this shift is the inhibition of I L- 1 2  via stimulation 
of beta-2 adrenergic receptors. Activation of these same receptors also results in the 
inhibition ofTNF-a, another proinflammatory cytokine. while at the same time 
promoting the production of I L-IO, one of the most potent anti-inflammatory cytokines 
(Subervil le el al 1 996) (Fig. 1 5 . 1 2) .  

The discussion thus far has focused on the systemic effects of catecl10lamine release 
on the balance between cellular and humoral immunity in T-helper lymphocytes. Locally 
these responses may be different to that discussed earlier. In local responses in specific 
tissue areas release of catecholamines may result in predominately alpha receptor 
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Fig 15 12 Summary of catecholamme actiVities. The pathways that may be responSible for the development of 
promflammatory, proallergy. and protumour states are shown 
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stimulation. which promotes the activation ofinnammatory responses through 
the stimulation and recruitment of polymorphonuclear leukocytes in the regions 
involved. 1'his proinnammatory process occurs through a complex series of interactions 
involving chemotactic cytokines called chemokines. Other components of the immune 
system seem to be modulated by the activity of catecholamines. Natural killer cells seem 
to be inhibited by catecholamine release and in faa may be the most sensitive cell type to 
the circulating concentration of catecholamines due to the large number ofbeta-2 
adrenergic receplOfs on their membranes (1l"\vin 1 994). The effect of catecholamines on 
macrophage function is complex and appears to be somewhat dependent 011 the state of 
activation of the macrophage at the time of interaction. Some evidence suggests that na'ive 
or non-antigen challenged macrophages may respond more aggressively to alpha 
adrenergic receptor stimulation, which results in increased activation of the macrophage. 
Activated macrophages show increased receptiveness to beta-adrenergic receptor 
stimulation, which results in a reduction in activation or an inhibition of activity. The 
final activation state of a macrophage may also depend on the presence of other cytokines 
or proinnammatory mediators in the immediate environment of the cell ( Baker & Fuller 
1 995). 11,e effect of catecholamines on cytOtoxic (CDS') lymphocytes is sketchy at best. 
Some indication that catecholamines may stimulate the development of CDS' 
lymphocytes but inhibil their functional activity at the same time has been postulated 
(Benschop et al 1 996). Neutrophil funoion appears to be inhibited by catecholamines 
over a wide range of activities including phagocytosis, chemotaxis, release of lysosomal 
enzymes, and superoxide formation (Zurier et al 1 974; Gibson-Bert)' et al 1 993).  

Can Immune Function be Modulated by Different 
Areas of Cortex? 

There is widespread evidence that asymmetric laternlization of cortical functioning does 
occur. Several ohhe lateralize.d fund ions are also known to be involved in brain 
neuroimmune modulation such as emotional arousal, sympathetic innervation, 
neurotransmitter concent.rnlions, and neuroendocrine activity (Wittling 1 995). It would seem 
from the widespread evidence of conical functional hemispheric dominance in other systems 
that modulation of the immune system would also fall  under asymmetric conical control. 

A growing body of evidence indicates that immune system function is modulated by 
different areas of the cortex in an asymmetrical fashion. For instance. a variety of studies 
have demonstrated that the rostral ponions of the frontal conical areas are differe.ntially 
activated when the individual is exposed to different emotional stimulus and lhat the 
activation state experienced altered the immune response of the individual (Kang et OIl 
1991 ). TIle left frontal conex appears to be activated during the expression or experie.nce 

T-Lymphocytes Have Two Major Classes of Celis QUICK FACTS 6 

The T-Iymphocyte subclasses, T-he/per type 1 (T,1) and T-he/per type 2 (T,2), are 

both components of the immunity response but may activate or inhibit activity of 

cellular or humeral immun ity via cytokine mechanisms. 

Activation of T celis May Shift Immunity Processes QUICK FACTS 7 

Til 1 lymphocytes primarily produce and release interferon gamma (lFN-y), Il-12, and 

TNF-Il, which promote cellular immunity processes. 

TII2 lymphocytes produce and release a different set of cytokines, namely Il· l ,  I l-4, 

IL-l0, and IL·13. which promote humoral immun ity processes. 
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of positive emotional states, whereas the right frontal cortex seems to be activated during the 
expression or experience of negative emotional slales (Davidson 1 984; Davidson & 
Tomarken 1 989; Leventhal & Tomaren 1 986; Silberman & Weingartner 1 986). One of the 
difficulties in this type of research is the huge individual variability of immune responses in 
individuals that occurs to a variety of cognitive stimulus. A few studies have tried. to 
specifically address this problem and the results indicate thal individual responses can be 
significantly correlated to immunological change. For instance, individuals with depression 
seem (0 show a range of immune activation, which is dependent on the severity of the 
depressive symptoms ( In."in et al 1990). The severity of symptoms in depression has been 
linked to the aClivation levels in the left frontal cortex (Robinson et al 1 984). lnose patients 
with left frontal cortex lesions but sparing of the right frontal conex showed the most severe 
depressive symptoms, which suggests that the asymmetrical adivation levels between the 
right and left cortical areas may also be important in the modulation of immune response 
( Davidson et al 1990). Another study showed that individual personality traits were 
predictive of natural killer cell aaivity both before and after a stressful event ( Kiecolt·Claser 
et al 1984). Another study found that natural killer cell activity was significantly increased in 
human females with extreme left frontal conical activation when compared to females with 
extreme right conical frontal adivation ( Kang et al 1 991 ). 'Ine level of hemispheric 
aClivation in these women was determined by electroencephalographic (EEC) determinaills 
of regional alpha power density. l11is measurement has been shown to be inversely related 
to emotional or cognitive brain activation (Davidson 1 988). 

QUICK FACTS 8 Inflammatory Processes May Be Modulated by T Cells 

412 

Til 1 lymphocytes are considered to promote the process of inflammation and are 

classed functionally as proinflammatory lymphocytes. 

T ",2 lymphocytes promote anti·inflammatory processes. 

A variety of animal studies have also provided direct evidence of the relationship 
between cerebral asymmetry and immune system function ( Barneoud et 011 1987; Neveu 
1 988). Partial ablation of me left frontoparietal cortex in mice, which resuils functionally 
in relative right conical activation, resulted in decreased immune responses and partial 
right cortical ablation, which would result functionally in a left cortical activation showed 
no change or a reduced immune response ( Renoux et al 1 983; Neveu ct al 1986). 

A variety of further studies have found several consistent findings relating to ablation 
of cortical areas and resultant immune dysfunction ( Renoux et al 1983; Biziere et al 1 985; 
Renoux & Biziere 1 986; Barneoud et al 1 988). 'nlese finds show the following: 

I .  Development of the lymphoid organs including the spleen and thymus occurs 
with left cortical lesions, whereas increased developmelll of the spleen and thymus 
occurs with right cortical lesions 

2. Activation ofT cells is significantly diminished in lesions involving the left conex 
and elevated with lesions of the right cortex. 

These findings indicate that T·cell·mediated immunity is modulated asymmetrically 
by both hemispheres, with each hemisphere acting in opposition to the other. Increased 
activity of the left conex seems to enhance the responsiveness of a variety ofT·cell· 
dependent immune parameters, whereas increased right cortical activity seems to be 
immunosuppressive. B·cell activity was found not to be affected by conical activation 
asymmellY (LaHoSle ", al 1 989; Neveu el .1 1 988). 

In summary, most studies have shown that changes in hemispheric activation because 
of either ablation of conical areas or modulation in physiological activation levels result 
in changes in immunological response activity. Both hemispheres seem to be active in the 
modulation of immune response, with the left hemisphere enhancing cellular immune 
responses and the right inhibiting those responses. Some evidence does suggest that the 
involvement of the right hemisphere may not act directly on immune components but 
may modulate the activity of the left hemisphere whidl does act directly to regulate 
immune function ( Renoux et al 1 983). 
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I lemispheric chemical dominance can also innuence the nature of i m mune reactivity. 
Variolls studies have shown thai right hemispheric chemical dominance was associated 
with up-regulation of the hypothalamic-mediated isoprenoid pathway and was more 
prevalent among individuals with various metabolic and immune disorders including a 
high body mass index, variolls lung diseases including asthma and chronic bronchitis, 
increased levels of lipid peroxidalion products, decreased (ree radical scavenging enzymes, 
innammatory bowel disease. systemic lupus erythematosus (SLE), osteoarthritis, and 
spondylosis. Left hemispheric chemical dominance was associated with a down-regulated 
isoprenoid pathway and was morc prevalent among individuals with low body mass 
index. osteoporosis, and bulimia. 

Cerebellar-Hypothalamic Communication may also 
be Important in Immune System Function 

The posterior part of the dorsomedial hypothalamic nucleus and posterior hypothalamic 
nucleus receive direct distinct projections from the cerebellum. whereas the anterior part 
of the dorsomedial hypothalamic nucleus does not. These observations bring a new 
perspective on the question of how the cerebellum is involved in the regulation of 
visceromotor functions. 

The hypothalamo-cerebellar projections arise primarily from the lateral. posterior. and 
dorsal hypothalamic area; the dorsomedial, ventromedial, supra mammillary, 
tuberomammil lary, and lateral mammillary nuclei; and the periventricular rone. Available 
evidence suggests that hypothalamo-cerebellar fibres tenninate in the neurons of the 
layers of the cerebellar cortex and cerebellar nuclei. 

Cerebello-hypothalamic projections arise from all four cerebellar nuclei, pass through 
the superior cerebellar peduncle. cross in its decussation, follow the trajectory of 
cerebellothalamic fibres, and then separate from that thalamic fasciculus to enter the 
hypothalamus. rn1ese fibres terminate primarily in the contralateral lateral, posterior, and 
dorsal hypothalamic areas including the dorsomedial and paraventricular nuclei. Of 
particular interest to functional neurological practitioners is the i nfluence of midline areas 
of the cerebellum on hypothalamic function. Midline areas of the cerebellum including 
the vermis of the cerebellar cortex and the midline fastigial nuclei communicate 
extensively with spinal, vestibular, visual, and auditory afferents. 

lhe h)lpoLhalamo-neurohypophyseal system as well as the autonomic nelVous system 
is involved in homeostatic responses associated with changes in head position and 
orthostatic reflex. The responses induced by body till on earth are thought to be attributed 
to changes in inputs from baroreceptors, vestibular organs. and proprioreceplors normally 
required for postural comro!. ll1e information from these organs is sent to the 
hypothalamus, which thereby innuences both neuroendocrine and autonomic systems as 
well as various kinds of emotional behaviour. The fastigial input to the hypothalamus 
suggested that the fastigial nucleus plays a significant role in these homeostatic responses 
through its connections with the brainstem and the hypothalamus ( Katafuci et al 1 995). 

Hypothalamic Modulation of Immune Function 

rnle: hypothalamic-mediated isoprenoid pathway produces four key metabolites including 
digoxin, dolichol, ubiquinone, and dlolesterol. 'Ihese metabolites can alter intracellular 
calcium/magnesium ratios, Na'/K' ATPase activity. free radical scavenging and cellular 
respiration, and altered glycoconjugate metabolism. All of these factors are influential on 
immune funaion at the cellular level and can result in defective formation and transport 
of MHC-antigen complexes. 

Does Immune Activity Equate to Appropriate 
Immune Function? 

r'ne complex nature of neuroimmune interaaions has made interpreting the i m pact of 
these reactions on the health and well being of the person in question very d ifficult. 
For example. in some cases an increase in certain cytokines may be appropriate and in 
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other cases cause the person great despair. If we are jllst measuring the concenmllion of 
that cytokine without regard to appropriateness of its action the true meaning of the 
increase may well be lost. It is also important to understand which aspects of immune 
fUllo.ion are being measured and if they are actually measuring immune fUl1oion or just 
quantitative aspects of cell mobilization. For instance, an increase in total lymphocyte 
count may nOt indicate the actual activity of those cells, which must undergo a complex 
interaoive process of activation in order to actually perform their immune functions. A 
simple measure of concentration may be misleading. 

All immune responses are initialed by recognition of foreign antigens. 'Illis leads LO 
activation of lymphocytes that specifically recognize the antigen and hopefully culminates 
in the elimination of the antigen. The specific immune response consists of the binding of 
foreign antigens to specific receptors on the mature lymphocytes, the B lymphocytes. The 
cells of humoral immunity express antibody molecules on their surfaces that can bind 
foreign proteins, polysaccharides, or cell·associated forms. T lymphocytes are responsible 
for cell·mediated immunity, and express receptors that only recognize short peptides 
sequences in protein antigens present on the surfaces of other cells. The aClivation phase 
of immune response is the sequence of events induced in lymphocytes as a consequence 
of specific antigen recognition. All lymphocytes undergo two major changes in this phase. 
First, they proliferate, leading to expansion of the clone population of antigen·specific 
lymphocytes. Second, the progeny of these antigen·specific lymphocytes differemiate into 
effector cells capable of antigen elimination. The effector phase of immune response 
entails the specific activation of functions that lead to the elimination of antigen. 

Immune function can be affected at any phase just described, and the effectiveness of 
the system depends on the complete interactive process as well as the appropriateness of 
the response at any given time in the individual. The appropriateness of the response may 
be partially under the modulation of the nervous system and thus asymmetries in neural 
function may result in inappropriate immune responses. 'Ihe appropriateness of the 
neuroimmune response of the individual should be constanLly assessed if possible and 
always a concern in the clinical management of any patient. 

I 
Clinical Implications 

It is clear from the previous discussion that the interactions between the nervous and 
immune systems are complicated and are multifactorial in nature. Inappropriate 
interaction via efferent or afferent loops of this communication system may resull in 
dysfunaion or disease ( Fig. 15. 1 3) .  
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Inappropriate levels of systemic catecholamines have been associated with a variety of 
clinical conditions associated with immune dysfunction including (Elam et al 1992; Jarek 
et a1 1993: Abbas et a1 1996: Li et al 1997): 

I .  Both onset and progression of a variety of infeaious diseases; 

2. Helicobacler pylori, both onset and progression; 

3. Increased susceptibility to the common cold; 

4 .  Increased complications following major trauma; 

5. Rheumatoid arthritis; 

G. Multiple sclerosis; 

7. 1)rpe I diabetes mellitus; 

8. Autoimmune thyroid disease; 

9. Crohn's disease; fibromyalgia; 

10. Increased rate of tumour growth; and 

I I .  Systemic hypenension and cardiovascular disease. 

Several studies have investigated the effect of changes in spinal afferentiation as a result 
of manipulation on the activity of the sympathetic nelVous system (Korr 1 979; Sate 1992; 
Chiu & Wright 1 996). Suprasegmental changes, especially in brain function, have 
demonstrated the central influence of altered afferentiation of segmental spinal levels 
('J'nomas & Wood 1 992; Carrick 1 997; Kelly et al 2000). Changes in immune system 
function can be mediated through spinal afferent mechanisms. These mechanisms may 
operate via suprasegmental or segmental levels by modulating the activity of the 
sympathetic nelVous system (Beck 2003). 
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antigen-presenting cells such as macrophages. The proteins of class /I 
MHC are composed of pieces of foreign antigen that have been 

phagocytosed and broken down by intracellular mechanisms and 

recycled back to the plasma membrane. The role of MHC proteins in the 

immune response is extremely important because they provide the 

means for signalling the immune system cells that infected or cancerous 

cells are present but camouflaged inside our own cells. 
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Introduction 

In order 10 understand the: role and function of emOlion and its relationship to the 
nervous and immune systems, consideration of the: theoretical constructs upon which 
emOlion is defined, described. and measured is necessary. To do this a consideration of 
the current popular theories and a brief historical overview of the development orlhes€: 
theories will be presented. What are emotions? Why do we have emotions? Why do they 
exist? What functions do they serve? These are questions that have challenged man since 
lime began. From these basic questions several different views on the theory of emotions 
have developed. 

These different theoretical approaches are: sometimes difficult to classify, but may be 
broadly categorized inlO three classes: social learning theory, biologicaitheory, and 
cognitive theory. 'Mood' can be defined as the way that we feel. while 'arred can be 
defined as how we behave as a resuh of our mood. Neurologically, mood and affect 
depend on the complex interplay among diffuse networks of the frontal lobes and 
subconical circuits. 'Iney can be innuenced by genetic and environmental factors, similar 
10 any form of activity in the nervous system. Overviews of a variety of clinically relevant 
psychological conditions are also supplied in the chapter. 

Historical Development of Emotional Theories 

Plato's model of emotion was essentially dualist in nature. 'me dualism involved the 
existence of a soul and an earthly body it inhabited. Plato placed the emotions as a direct 
function of the soul, which was composed of three forces: reason, desire, and appetite. 
Plato envisioned the emotions as wild uncontrollable forces in continual opposition to 
the controlling powers of reason. Two distinct ideas emerge from Plato's theory of 
emotion. Firstly, emotions are to be contrasted with that which is rational and secondly, 
that emotions play a role in psychological connict. The second concept implies that there 
must also exist processes to defend against the powers of emotions. 

'Ine view that the emotions should be the slaves of reason and that reason dwelled in 
the divine soul made the 'feeling' or Platonic theory of emotion very popular among the 
Christian and Islamic scholars who dominated Western thinking until the late nineteenth 
century. Rene Descartes elaborated on the Platonic theory in a pamphlet entitled 'On the 
Passions of Lhe Soul'. Descartes describes the soul as the 'switch master' or control that 
allows the movement of the spirits through the body via the pineal gland in the brain. l11e 
body then experiences these movements as emotions. Emotions to Descanes were simply 
Lhe experience of awareness of the spirit movements through the body. Emotions had no 
function, but were simply a phenomenon that occurred in response 10 a stimuli. For 
example, the movement of bodily spirits may produce the experience of fear excited 
by the recognition of external danger, but cannot be innuenced by a cognitive appraisal 
of the danger or produce an appropriate behavioural response. These are two of the 
major criticisms of the Platonic or 'feeling' theory: that it can give no explanation as to 
how emotions can result in behaviours, and it can give no explanation as to how 
cognitive processes can appraise the external stimuli to alter or modify the fear response 
(Lyons 1992). 

Regardless of the criticisms of Descartes he was the firsL to suggest that some emotions 
might be more basic or primitive than others and listed six primary 'passions': wonder, 
joy, sadness, love, hatred, and desire. He was also the first to suggest that emotions may 
exist on more than one level at Lhe same time, for example, fear and excitement (Powers & 
Dalgleish 1997). 

William lames added to the 'feeling' theory of emotion in his classic work Principles of 
Psychology in which he emphasized the physiological aspects of emotions and outlined the 
distinctions of each emotion which cleared the way for psychological experimentation. 
James was the last influential psychologist to present the feeling theory of emotion with 
such conviction, and with his death came Lhe decline of the feeling theory in psycllOlogy 
(Powers & Dalgeish 1997). 
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With the decline of the dualist theory came the emergence of Darwin's 'survival of the 
fittest' concept ouLlined in his Origin of Species monograph in 1859. It was Daf\ .... in's view 
that emotions were a throwover from primitive man and were no longer of any use to 
modern man. This theory was not widely accepted as far as it applied lO the emotions, bUI 
other pans of his theory shocked most of upper society and ironically stimulated a fury of 
investigation that renewed interest in the biological lheory of emOlion. 

In contrast to Darwin's view that emotions were no longer of use but were vesligial like 
the appendix, and the Platonic or dualistic view that emotions were irrational. others such 
as Aristotle took the view that emotions have imponant short- and long-term functions 
that enable individuals LO adapt to changes in their social and physical environment. 
Aristotle was probably the first to propose a functionalist model of emotional 
development. Aristotle's theory was not widely accepted in his day as it was overshadowed 
by his teacher Plato's theories, which were much more amenable LO contemporary 
religious leaders. 

Aristotle's most comprehensive discussion of the emotions occurs in TIle Art of Rhetoric. 
In this monograph, he outlines the relationship between an emotion and the behaviour 
that it produces. lie also describes ten specific emotions: four positive (calm, friendship, 
favour, pity) and six negative (anger, fear, shame. indignation, envy, jealousy). Aristotle 
argued that for any emotion to arise it was necessary for three conditions to be satisfied. 
First, the individual must be in the appropriate 'state of mind' to experience the emotion; 
second, there must be a 'stimulus' to elicit the emotion; thirdly, there must be an 'object' 
for the emotion. For example, if an individual is in a state of mind that something 
dangerous may happen to them, and then he/she is confronted by an assailant they might 
evaluate the situation as one of impending danger. This evaluation may, in turn, result in 
a stimulus that produces fear. It is the evaluation of the situation and not the situation 
itself that stimulates the emotion. In the above example, if the assailant was not perceived 
as threatening to the individual, the resulting emotion may have been completely 
different, such as anger. Aristotle's theory laid the foundation for the functionalist's 
approach to emotions and their development. 

Behavioural and Social learning Theories 

Sodal learning theory emphasizes the importance of modelling others' emotional 
reactions as a means of developing emotional patterns and responses. The behaviourists 
have developed a number of various classifications of behavioural theory, depending 
largely on the degree LO which they refer to metaphysical or epistemological claims in 
their explanations of emotion. "me two main categories of behaviour theory are 
psychological behaviourism and philosophical behaviourism. The psychological 
behaviourist approach to emotions can best be exemplified by the theories of James 
Watson and B. F. Skinner. Watson in 1919 described emotion as 'a hereditary pattern
reaclion involving profound changes in bodily mechanisms as a whole, but particularly of 
the visceral and glandular systems'. 

in Watson's model of emotion only three emotions can be distinguished: fear, rage, 
and love. lie further states that these primary emotions can only by demonstrated in the 
newborn. Watson's major contribUlion was his finding that emotional reactions could be 
learned through classical conditioning (Watson & Raynor 1920). 

In 1967, Etzel and Gewirtz demonstrated that operant conditioning could have an 
impao on emotional development. Skinner refined Etzel and GeT\virtz's work into a 
complex model where emotions evolve from an operant conditioning framework. where 
emotion is defined by the sets of operants and reinforcers that one optimizes in any given 
selling (Skinner 1974). One of the major criticisms of Skinner's theory is that some 
emotions exhibit little or no operant behaviour. For example, grief, especially when about 
a loss or de�Hh, does not result in any operant behaviour because no behaviour can bring 
about the desired results (Lyons 1992). 

One of the most influential philosophical behaviourisls was Gilbert Ryle. In 1949 his 
work "I1le Concepr of Mind outlined that emotion can be described in four different ways: 
inclination, moods, agitations, and feelings. Ryle viewed inclinations as the permanent 
disposition state of personality. Moods, agitations, and feelings were short-term displays 
overlying the main inclination theme. For example, if a person has the inclination to be 
kind, he may still experience short-term occurrences of irritability or cruelty, which would 
be attribuled to his mood or feeling swings. 
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Further expansion of the social learning theory in recent years has been accomplished 
by Albert Bandura, who has added a cognitive component. According to Bandura. as a 
person's representational ability improves, he/she can engage in emotional self-arousal by 
thinking about their own emotionally charged past experiences or even by recalling the 
experiences of others (Bandura 1986, 1989, 1991). 

One of the main criticisms of social learningfbehavioural theory is that it cannot 
explain the emergence of emotions that have not been acquired through modelling or 
conditioning, but seem to appear spontaneously. 

Biological Theories 

The theory that emOlions are nothing more than chemic.11 reactions at synaptic 
connedions has not been a popular theory among psychologists in the past. Ilowever, 
several recent findings and advancements in understanding of the neurochemical 
component of emotion have caused a wave of interest in the theories of biological 
emotion. Many neurochemical systems now appear necessary for the understanding 
and expression of emotions. Several areas of the brain have been implicated in the 
development, generation, and expression of emotions, particularly those regions known 
as the limbic system, which includes the hypothalamus, hypothalamus-pituitary axis, the 
anterior thalamus, the cingulated gyrus, the hippocampus, and amygdala (Rolls 1992; 
Iialgren & leDoux 1993). The importance of the amygdala in panicular has cmerged in 
its ability to determine the motivational significance of a stimuli (Caffan et al 1988), 
in the assignment of reward value to a stimuli (LeDoux 1990), and in the stimulation of 
behavioural and autonomic responses. 

Cognitive Theories 

Instead of viewing emotions as central forces in the development of social interaction, 
cognitive psychologists view emotions as byproducts of cognitivc processes (Berk 1994). 
Several examples of cognitive theories follow, including Ilebb's discrepancy theo!)', 
Alder's style of life theory, Epsteins cognitive-experiential self theory, and Apler's 
reversal theory. 

Donald Ilebb {1947, 1949} explained in his discrepancy theory how distress reactions 
are elicited by novel stimuli. According to Ilebb, when a person encounters a new 
s(i mulus, they compare it to a scheme or internal representation of a familiar object. 
The discrepancy between the stimulus and the internal representation determines the 
emotional response. Other researchers have modified Ilebb's theory, suggesting that a 
wide variety of emotional reactions could be explained by Ilebb's theory. For example. 
they argue that a positive emotion such as happiness could result from only moderate 
discrepancies between current stimuli and the internal scheme. Negative emotions, SUdl 
as anxiety and fear, could result as the discrepancy between the present stimuli and the 
interval scheme widens (McCall & McChee 1977; Kagan et al 1978). 'I11is theory falls 
short when it is observed that people sometimes seek out activities that are new and not 
in agreement with their internal scheme willingly. 

Alfred Adler, in his 1954 work Understanding I-Illman Nature, was probably the first 
to integrate emotions, motivations, and cognition into one theory (Epstein 1993). 
According to Adler, individuals construct a belief system and a way of relating to the 
world which he termed a 'style of life'. At the center of a person's style: of life: is a 
fictional goal which guides the individual in his attempts to overcome inferiority to 
gain social approva!, a goal to which all humans strive. Emotions enter into Adler's 
theory in two ways. Firstly, the quest for overcoming the feelings of inferiority 
provides an incentive for developing a style of life. Secondly, once the style of life has 
been developed, the emotions corresponding to that style of life are encouraged to 
develop. In other words the style of life that one develops is a major determinant 
of the emotions that a person experiences, much like Aristotle's 'state: of mind' 
(Epstein 1993). 

In the cognitive experiential self theory (CESr), emotions are: considered to be both 
influencing and being influenced by a person's implicit theory of reality. l1,e theory 
considers the primary emotions to be anger, sadness, joy, and affection. Cognitive 
affective units are constmcted around the nuclei of the primary emotions. TI,ese 
cognitive units direct the development of critical adaptive behaviour patterns such as 
fighting, withdrawing, exploring, and showing affection. The development of these 

Copyrighted Material



Psychoneurological Aspects of Functional Neurology I Chapter 16 

behavioural patterns result in emotionally rewarding experiences when they are 
consistent wilh a beneficial outcome La the individual (Epstein et al 1992). 

Apter's reversal lheory is explained in some detail here because it is one of the few 
theories that has a theoretical construct for encompassing changes over time in the 
individual which are clinically relevanl for the functional neurologist. The ccmrepiece 
of reversal theory is a typology of distinct psychological stales of mind. When people are 
in one: oflhese states they wallt to experience a particular kind of emotion. TIle stales 
are meta-motivational because they determine what types of experiences people want. 
In differcni states, people may react to the same stimuli in different ways, and experience 
distinctly different emotions. 1his theory focuses on how a person differs over time rather 
than on differences between people. Reversal theory suggests that there are eight different 
mela·molivational states, four pairs of oppOsite states. The reversal from one state to its 
opposite is the key feature of the theory. -Ine two states of a pair are mutually exclusive 
and exhaustive; for example a person is always in one state or the other, never both at the 
same time or neither state. -nle eight states of the reversal theory are serious-playful, 
compl iant-defiant, power-oriented-affection·oriented, and sel f-oriented-other -oriented 
(Apter 1988). lhe first pair of meta-motivational states is composed of the telic and 
paratelic states. When in the telic state the person is primarily goal-oriented. Conversely, 
when a person is in the paratelic state they are best described as being playful. In this state 
the person does not attach much significance to what they are doing; they could care less. 
The lability of a person, how readily they reverse back and fonh between opposite Slates, 
varies at different times. 1'le actual reversal process is dependent on one of three reasons: 
contingency, satiation, and fmstration. Contingency is any change in the environment 
that instigates or necessitates a reversal. Satiation occurs when in the absence of an 
environmental change a reversal will eventually occur. Frustration-motivated reversals 
occur when a person remains in a panicular state too long without achieving satisfaction 
(Frey 1997). 

Reversal theory takes the approach of staning with motivation and experience and then 
interpreting the behaviour generated in light of these. Reversal theory emphasizes that 
people are inconsistent and self-contradictory and goes as far to say that healthy people 
are characterized by instability not stability (Murgatroyd 1987). 

Developing A Theoretical Construct for Emotion 

Ilow are changes in emotional Slates brought about by changes or alterations in neurax,ial 
function in humans? Can how we feel innuence the function of the neuroimmune 
system? Emotional factors have been linked to a variety of diseases including Crave's 
disease, rheumatoid anhrilis, systemic lupus crythcmatosis (SLE), asthma, and diabetes 
(Koh 1998). Could these diseases be caused or precipitated by emotional factors? Several 
psychological states have been linked to alterations in neural activity in the limbic circuits 
of the brain involving the amygdala and hippocampus, which are areas historically 
associated with emotional response generation (Pribram & McGuinness 1975). 
Imbalances in emotional activation and reaction have been investigated in a !lumber of 
studies (Sackeim el al 1982; Robinson e:t al 1984; Flor-Ilenry 1986). lne advances made 
by the e re carcher have lead to the discovery that cells of the immune system 
(lymphocytes) produce stress-associated pep Ii des thought lO only be produced in the 
brain and pituit<try. When this finding is coupled with the discovery of neurotransmitter 
receptors and hormone receptors on neurons and immune cells (Blalock 1984) the 
existence of a bidirectional communication relationship between emotion and 
neuroimmune systems seems unavoidable. 

Ilow do we define and measure emotional states or changes in those states? To what 
extent does the interaction determine health? 

What 15 the Connection between Emotion, Mood, Affect, 
and Neurological Function? 

Campos el 31 (1994) define emotion as those processes which establish, maintain, 
change. or determine the relation between the person and the environment on matters of 
significance to the person. A person's mood may be determined by a complex interplay of 
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the emotions that they are experiencing at any one Lime as per the reversal theory. 
'Mood' therefore can be defined as the way that we feel. while 'affect' can be defined as 
how we behave as a result of our mood. Neurologically, mood and affect depend on the 
complex interplay among diffuse networks of the frontal lobes and subcortical circuits. 
They can be influenced by genetic and environmental factors, similar 10 any form of 
activity in the nervous system. Long-term changes in mood and behaviour may occur 
because of 'pJaslic' changes in these networks. This refers to the moulding of nerve 
excitability and inlerconnectivity referred to as neural plasticity that occurs following 
repeated or essential exposure to an environmental stimulus, and subsequent alteration 
of gene expression in the associated nerves. 

Other, probably genetically determined neural systems seem primed to perform 
a variety of innate activities called 'fundamental functions' in the cortex. Fundamental 
functions comprise diffuse, overlapping. or parallel un its thal contribute to more complex 
interaClions and multimodal processing in the nervous system.'''e more recent definition 
of fundamental funClions applies to frontal-subcortical and limbic circuits, which are 
largely intact from birth. Executive/integrative functions apply to the prefrontal circuitry, 
which also comprise diffuse, overlapping. or parallel innuences that contribute to more 
complex interactions and multi modal processing in the nervous system. Fundamental 
functions are generally less modularized than motor or sensory functions. I n other words 
they are less dependent on one single area within the brain, and instead receive their 
input from multiple sources and generate an output that can innuence the entire state of 
the individual. Dysfunction associated with these networks can therefore lead lO so-called 
'circuit-related disorders' affecting complex aspects of cognition or leading to mood and 
behavioural changes. Therefore, abnormalities associated with fundamental or executive 
regions of the brain may result in either 'negative' or 'positive' symptoms. Negative 
symptoms or deficits generally refer lO decreased expression of a normal function, whereas 
positive symptoms refer lO release of primitive functions or new behaviours. An example 
of a negative symptom is depression, where a patient may exhibit withdrawal from 
normal activities and social interaction and less expression in their face and body 
movements. An example of a positive symptom can be seen clinically in paranoid 
schizophrenia where environmental stimulus is amplified and taken out of context of 
reality. Positive symptoms may also be referred to as productive symptoms, release or 
escape phenomena. A classic example of 'escape' phenomena is the exaggerated 
autonomic reactivity that may be observed in patients with panic or anxiety disorders. 
Primitive areas of the brain and brainstem are allowed to summate or increase their firing 
more easily because of a loss of descending reticular inhibition from the more developed 
frontal areas of the brain. Obsessive compulsive disorder (OeD) can also be viewed as an 
example of a release phenomena. The patient develops an irresistible urge to perform a 
specific action that will bring about relief of tension. While not purely seen as a 
'disinhibition' syndrome. the patient often feels compelled 10 carry out an action that 
interferes with their daily lives. Cortical and subcortical areas implicated in mood and 
behavioural functions receive tonic innuences from a large array of different neuronal 
circuits, some of which involve parallel distributed processing circuits that utilize a wide 
variety of neurotransmitters including dopamine, serolOnin, noradrenalin, and 
acetylcholine. TIllis the cumulative activity of these various circuits results in a temporal 
variation in the relative concentrations of the neurotransmitters utilized in each circuit. 

The concept of parallel distributed processing is essential for health care praClilioners 
to gain an understanding of the link between psychological and somatic or visceral health 
complaillls. Not only may somatic health complaints affect the ability of an individual to 
exercise their normal daily routines. thus leading to ahered mood and behaviour, but 
direct physiological connections exist that involve somatic and visceral afferents and the 
limbic system or ascending reticular activating systems of the brainstem and 
hypothalamus. One example of parallel distributed processes is outlined below involving 
the rost.ral cingulate cortex as the limbic motor response area that responds to parallel 
afferent information also received by the senso!), cortex. The rostral cingulate motor area 
(area 24) is responsible for primitive motor behaviours (fear, avoidance, etc.) mediated 
via the corticospinal and reticulospinal pathways. Activity in this region is also dependent 
on activation of the caudal cingulate motor area (area 25), which orientates the body in 
space.TIlese cingulate mOlOr areas and receptive regions of the cingulate and insular 
cortex that project to it are not only innuenced presynaptically by subcortical and spinal 
neurons carrying sensory information, but they are also heavily modulated by 
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monoaminergic neurons from the brainstem. rille influence of dopamine. noradrenalin, 
and serotonin on sensory modulation, arousal, and orientation is complex in nature and 
discussed in further detail in Chapter 9. 

Chronic Pain and Emotional Responses 

Functional neufoimaging using quantitative EEC (qEEC) suggests similar mechanisms 
between chronic pain syndromes and mood disorders in that similar areas appear to be 
activated in these patients. A strong tendency for overactivation of the right hemisphere 
or decreased left hemisphere activation has been identified in patients who demonstrate 

negative behaviour or affect (Davidson 1992). Si milar findings are often present in 
patients with chronic pain syndromes suggesting that pain, stress, and negative 
emotions may share common influences on association areas of the conex concerned 

wilh contextual processing. Pain-related circuits in the brain, panicularly those 
associated with 'older' pathways, tend to adapt and undergo plastic changes when 
closely associated with a behaviour or an emotion. Functional magnetic resonance 

imaging of the brain has been used to identify the neural networks involved in aversive 
conditioning, and anticipation of visceral pain. Acltl3l and alllicipated visceral pain 
elicited similar conical responses. This demonstrates similarities with the principle that 
imagined movements through visual imagery can strengthen learning of new motor 
sequences. At some point in the sequencing of neural activity, motor execution is 
inhibited or restrained during motor imagery. Ilowever, actual, imagined, and perhaps 

anticipated movements or perceptions may share the same neural networks up until this 
point of restraint. With respect to mood and affective disorders the anticipation of 
negative consequences associated with illness, injury, or social and environmental 

stimuli may therefore induce a new 'virtual reality' that bears all the hallmarks of 'actual' 
disease and disability. 

111e amygdala receives direct synaptic connections from thalamic and spinal cord 
neurons thai are involved in aversive conditioning and fear-potentiated behaviour. 
Approximately half of the neurons projecting to limbic or striatal regions terminate in the 
hypothalamus. This suggests that somatic and visceral afferents to the spinal cord are 
intrinsically linked to higher limbic centres and may profoundly affect behaviour. Since 
mood and behaviour are inextricably dependent on the cenual integrated state of both 

limbic and higher conical celllres, presynaptic influences on these areas may have a central 

role in the aetiology of mood and behavioural disorders. Increased activation of pain 
pathways has already been mentioned, panicularly with respect to activation of the 'older' 

pain pathways. I lowever, other sensory systems share similar relationships with the limbic 
system, including the visual, auditory, vestibular, olfactory, and gustatory systems. An 

overview of the relationship between the auditory system and mood and behaviour is 
delailed below. 

Brain imaging studies have shown similar activation patterns in chronic tinnitus 
sufferers and chronic pain sufferers who also suffer from depression. Plastic changes in 
receptors associated with brain-derived neurotrophic factor and neurokinins have also 
been identified in the hippocampus of these p<Hiellls. 

Mood and behavioural problems may be (\ssociated with altered ascending inputs 

from various subcortical circuits such as those in the dorsal cochlear nucleus (DeN) and 
somatic or vestibular processing pathways. It has been postulated that the cause of 
tinnitus may represent a distributed phenomenon with the possibility of dysfunction in 
a variety of pathways individually or simultaneously rather than damage at one 

location. Thus, interactions between many brain regions may be the cause. The same 
principle is likely to apply to mood and behavioural problems. The auditory poniol1s 

of the DeN and vestibular nucleus share some similarities with respect to their 
apparent influence on limbic/reticular nuclei and therefore mood. The output from 

both of these nuclei may be heavily influenced via interactions with cervical spine 
afferents. In a detailed review of the literature concerning the effect of rehabilitation 
exercises on vestibular adaptation, Black and Pesznecker (2003) found that vestibular 

rehabilitation outcome is negatively affected by anxiety, depression, and cognitive 
dysfunction, suggesting a role for mood, affect, and cognition in modulating balance 
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and/or spatial processing. A number of mechanisms linking balance control and anxiety 
have been found: 

• 111E: parabrachial nucleus serves an importam role in medialing interactions 
between somalic, vestibular, and visceral afferenls and influencing avoidance 
conditioning. and anxiety-conditioned fear responses. 

• Parallel conneClions pass from noradrenergic and serotonergic nuclei in me 
brainslem to both vestibular and limbic regions. Noradrenergic projections are 
likely to mediate effects of vigilance and alertness on the sensitivity of the vestibular 
system. 

'11e most likely mechanism (or these interactions is that the serotonergic pathways 

mediated by the raphe nuclei and receptors of targets of the para brachial nucleus calibrate 
the sensitivity of affective responses to aversive aspects of motion. 

When alterations in emotion are related to changes in the neuroimmune system, 
many variables arise. Researchers have attacked the problem by breaking the broad 
concept of emotion into smaller more manageable sections, mainly positive and negative 
emotional states. Knapp et al (1992) asked subjects to recall and relive maximally 
disturbing situations in their lives which he classified as negative emotions and 
maximally pleasurable situations in their lives which he classified as positive emotions. 
lie found that negative emotional states promoted significant declines in mitogenic 
lymphocyte reactivity followed by a return to pre-emotional levels. TIley also found a 
similar decrease in CYLOtox.ic T-cell function with negative emotional stimuli. Modulation 
of the immune system in these studies was thoughl to have occurred via nervous system 
function. Psychotic disorders such as schizophrenia have repeatedly been shown 10 have 
altered immune system function, and some investigators have suggested that 
immunological dysfunction may in fact contribute towards the multifactorial aetiology 
of schizophrenia via bidirectional parallel circuit feedback systems (Kirch 1993; Syvalahti 
1994; ROlhermundt et al 1998). Several clinical conditions are outlined below with some 
discussion of their neuroimmunological relationships. 

Mania 

Affect, which is another way to describe emotion, gives richness and meaning to our 
experience of the world around us and many would say is an indispensable dimension 
of our humanism. When the behaviours or feelings produced by emotions becomes 
inappropriate or extreme they can be the source of overwhelming psychologi.cal distress 
(BoOlzin & Acocella 1984). Disturbances in mood which result in intense reelings of 
sadness or elation that are unrealistic and last over a prolonged period of time resull in 
depression or mania, respeclively. 

The affective disorders or disorders of feeling have been recognized and written about 
since the history of medicine has been recorded. Melancholia, which is another term for 
depression, was noted by I l ippocrates in the 4th century He and has been found referenced 
as early as the 1st century AD. Some very famous people have rallen victim to depression 
induding Abraham Lincoln and Winston Churchill. Even though these conditions have 
been investigated for centuries they still remain somewhat of a mystery. Some 
disturbances in affect can be caused by inappropriate responses to intense or chronic 
mental stress. 

Ilow do people usually respond to mental stress? Some of us try to distract our 
attention from the effeas of the stress by becoming feverishly active and energetic; others 
accomplish the distraction by surrounding themselves with people or by constantly going 
out to parties or social events. Doing unusual amounts of work is another tactic. In short, 
many of us respond to stress in a way that resembles manic behaviour. When does this 
behaviour become palhological in nature? 

OveraClivity becomes manic when it becomes extreme, prolonged, and uncontrollable. 
Manic individuals are hyperaclive, talkative, and endlessly energetic and usually perform 
these behaviours in bursts of activity lhat eventually result in a burnout period of 
exhaustion. They find great superficial pleasure in people and things that never interested 
them before until their attention is turned 10 another more interesting topic. In the 
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process of these bursts of mania, their self.image becomes grossly innated. They lend to 
ignore their limits, believing they can do anything. They love and admire themselves 
without reservation and ironically they are often irritable. unhappy, and reckless in their 
actions (Soalzin & Acocella 1984). 

Depression 

Most people repon that !.hey have gone through periods of depression or extreme 
dejection at some point in their lives. They admit to 'feeling sony for themselves' and may 
repon the following symptoms: 

Sleep disturbances; 

• Loss of appelite; 

• Reduced sex drive; 

• Feelings of sadness, guilt, and futility; 

• Difficulties in focusing their thoughts; and 

• Recurrent thoughts of death or suicide. 

'nlese symptoms that most people have reported as experiencing are similar to the 
symptoms of pathological depression. It is essential to grasp the concept that most 
psychological dysfunctions, including pathological depression, are determined based on 
the degree of symptom expression. Pathologically depressed patients often show a degree 
of utter despair and hopelessness that is foreign to the experience of most people 
(Boolzin & Acoeell. 1984). 

People with depression live in a state of sheer hopelessness, in which there exists no 
source of pleasure. and in some. no reason for living. Some people who are depressed do 
in fact kill themselves.lhey may experience delusions and hallucinations which do not 
OCQlr in 'normal' periods of depression. For example, they fear the imminent destrudion 
of the world, or thaL terrible tragedies are in store for them or their loved ones. 

Persons who undergo one or more major depressive episodes with no intervening 
manic episodes are classified as major depressive in nature. I n the United States the 
prevalence of major depression is about 3% for men and about 9% for women and the 
lifetime risk. which is defined as the chance of experiencing at least one episode of major 
depression, is 12% for men and 26% for women (Boyd &. Weissman 1981). Depression is 
second only to schizophrenia as the primary condition for admissions to mental hospitals 
(Woodruff el.11975). 

Some groups of people, such as low socioeconomic classes, of bOlh sexes, middle-aged 
and elderly, and women in general are more susceptible than others to developing 
depression. It is distressing to note that young people have recently started to increase 
their prevalence of depressive episodes. Even the incidence in infants has been reported to 
be on the increase. 

In about 50% of the cases the first episode is also the last episode.lhey have no 
recurrence. Ilowever, for the remaining 50% the depression will come and go many times 
(Bootzin &. Acocella 1984). The episodes may occur in clusters or be separated by many 
years of normal function. In most cases adjustment back to a normal life occurs relatively 
quickly. Ilowever, in about 20% of people, return to their normal premorbid state 
following a major depressive episode does not occur. Why these people do not return to 
their normal or premorbid state becomes understandable to a cenain extent when 
consideration is given to the affects that a depressive episode can have on their lives. 
A major episode of depression often erodes self-confidence, disrupts family and marital 
relationships, interferes with progress at school or work, and alters othe.r people's 
expectations of the depressed individual. Thus, the event itself sets up a vicious circle of 
reoccurrence by the state in which it leaves the individual. 

Classification 

Several classifications of depression have been developed. The foHowing classification is 
based on the age or stage of development of the individual. 
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Infantile Depression 
The infant expressed a number of symptoms ranging from excessive sleep to indifference 
to their environment. The major symplOm reponed by mothers of these infants is a 
disturbing and alarming disinterest in food. 

Childhood Depression 
1l1is condition manifests as inactivity or apathy lhal may be linked to separation anxiety. 
The child clings frantically to the parents. refusing to leave them to attend school or 
other childhood functions. The child may repon fears that the parent will die and leave 
them alone. 

Adolescent Depression 

The diagnosis of adolescent depression can be extremely difficult, because the symptoms 
are an exaggeration of normal adolescent behaviour. The problems that depressed 
adolescents claim as the cause of their depression are also lhe same or similar problems 
experienced by lhe majority of adolescents under normal conditions. Most prominent 
symptoms include: 

• Sulkiness; 

• Negativism; 

• Withdrawal; 

• Complaints of not being understood or appreciated; and 

• Antisocial behaviour and drug abuse. 

Depression in the Elderly 
It is important to remember that like a variety of diseases, dysfunctional states, or in other 
psychological disorders, depression may manifest itself differently at different stages of 
life. In the elderly the major symptoms include: 

• Apathy; 

• Difficulties concentrating and thinking; 

• Memory loss; and 

• Mild disorientation. 

Bi polar Disorder 

This disorder involves both manic and depressive episodes. Usually, bipolar disorders will 
appear in the manic phase followed by a normal period then a depressed phase, although 
many different patterns have been identified. In rare instances the mood may alternate 
between manic and depressive states with no periods of normal functioning; lhis is 
referred to as the cycling type of bipolar disorder. Another rare form of bipolar disorder 
involves the appearance of manic and depressive episodes simullaneously, which is 
referred to as a mixed type of bipolar disorder. For example, the person may show manic 
hyperactivity but weep and threaten suicide at the same time. 

Bipolar disorder is much less COmmon than major depression, occurring in about 
0.4-1.2% of the population (Hirschfeld & Cross 1982). Bipolar disorders occur in bOlh 
sexes with equal frequency but in contrast to major depression is more prevalent in the 
upper classes (Bootzin & Acocella 1984). The premorbid history in bipolar disorder is 
usually normal with no warning symptoms and usually has its onset before age 30. "l1,e 
episodes of bipolar disorder are usually briefer and more frequent than major depression. 
Bipolar disorder is also more likely lhan major depression to have a familial connection. 

Depression and Neuroimmune Function 

Depression has been shown to be related to schizophrenia (Crow 1984), herpes simplex 

virus (Halonen el al 1974), Ebslein·Barr virus (Amsterdam e1 al 1986), human 
immunodeficiency virus (HIV) type I (Levy & Bredesen 1989), several autoimmune 
diseases (Johnstone & Whaley 1975), leukaemia (Greene 1954), and a variety of cancers 
(Persky et al 1987). These relatjonships suggests disorders of the neuroimmune system in 
some fashion or other. 

llle role of neuroimmune function in depression has attracted attention for many years 
(Calabrese el al 1987). Depressive illness poses a major public health problem with 2 to 3% 
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of the population hospital ized or seriously affiiaed al anyone time; in this light, many 
investigators have approached depression from a neuroimmunological prospective (Stein 

£1 al 1 99 1 ). Many studies document that patients with depression show reduced immune 
function throughout a wide variety of immune function measures. Stein £1 al ( 1 985) 

found that in-patients with depression have poorer blastogenic responses than non

depressed controls. Depressed patients have also been shown to have a lower percentage 

of helper T-Iymphocytes than non-depressed controls ( Krueger el al t 984). Invin el al 
( 1 990) showed thai when compared 10 normal controls, men with major depressive 

disorder were associated with a 50% reduction in T·cel l  cytotoxicity. Not all  research 
suppons the above findings. Stein et al ( 1 9 9 1 )  reponed in a comprehensive review that 
out of eight studies thai they looked at only one found lymphopenia to be significant in 
depressive patients studied. Out of five additional studies examined by the same authors, 
again only one showed an alteration in neutrophi l  counts in depressed patients. Immune 

funclion studies in patients with depression have also been explored. Irwin el al ( 1 987b) 

found a decrease in cytotoxicity of natural killer cells in depressed patients as compared 

to controls. Other studies relating to natural killer cell cytoloxicity did not find any 

significant difference between controls and depressed patients (Mohl et al 1 987; Schleifer 

et a1 1 989). It is imponant to consider that depression is a diagnosis derived from a 
diagnostic criteria composed of many variables (DSM IV). It is also necessary to realize 
thaI a diagnosis of clinical depression does not preclude the coexistence of other 

dysphoric mood states including anxiety and/or hostility. Depressed patients may have 
different combinations of symptoms and still be diagnosed with depression. For example, 

a patielll may have predominately psychological symptoms such as self-reproach, 
difficulty concentrating, loss of interest, and recurrent thoughts of death or suicide. 

In contrast, another patient may have predominately vegetative symptoms including poor 
appetite and weight loss, sleep disturbance. loss of energy. or psychomotor agilation. 

These two Iypes of patients may have vastly differelll neuroimmunological alterations as 

a result of the same diagnosis. This heterogeneous population may in some way explain 
the inconsistent results obtained when populations are not controlled for variables such 

as those described. 
The degree of immunosuppression may also be related to the severity of the depression 

studied (Stein et al 1 985). Kemeny ( 1 994) found that higher levels of a depressed mood 
were associated with lower numbers of cytotoxic T-cells. I n both types of studies. 

functional and enumerative. no consistent results have been reponed for any cell types or 
subtypes studied. This inconsistency as described above may be a result of both 
conceptual and methodological concerns that limit the interpretation and generalization 

of these study results. Few of the studies distinguished between any of the many 

recognized types of depression. As previously sialed. the severity of depression may play 

a role in the cytological response and distinguishing between types may be necessary for 
more consistency i n  results. Small sample size and no comrols for age, ethnic 

backgrounds. gender. and medication status may also have led 10 the inconsistent results 
reponed in the above-mentioned studies. 

Loneliness is a paradigm closely related to depression and several studies have found 

similar results of decreased immune response and function in lonely subject populations 
studied. A team led by Kiecolt·Glaser in 1984 found in separate studies that both medical 
students (Kiecolt-Classer el al 1 984a) and psychiatric patients (Kiecolt-Classer el al 

1 984b) suffering from loneliness had lower cytotoxic killer cell activity and lymphocyte 
responses 10 mitogen stimulation. It is clear that more research into this area is necessary 

to determine the true effects and modulating variables of depression and loneliness on 

neuroimmune system function. especially sludies controlling for degree of severity and 
types of symptoms expressed in study populations. 

Is Depression Related to Cortical Asymmetries in Function? 

Several studies have demonstrated increased prevalence of depressed mood in patients who 

have suffered damage to the lefl frontal region of the brain compared to patients with 

lesions on the right. In addition. it was noted that the more anterior the location of the 
lesion, the more likely the patient would experience depression ( Davidson 1992). "l11e left 

brain is thought to be responsible for brain functions assigned to the will to perform or 
act. RighI-handed reaching and positive affect are taken to be the collective manifestation 
of an approach system centred in the left fromal region. Damage 10 the left frontal region 
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results in behaviour and experience which might best be characterized as a deficit in 
approach. ·l11erefore. patients with damage or dysfunction involving the left hemisphere 
may lose pleasure and interest in people or objects and have difficulty initiating 
voluntary action. During withdrawal-related emotional states such as fear and disgust, 
the right anterior regions of the brain are activated. PET brain imaging has identified 
hyper-responsive regions of the right hemisphere that projecl LO the amygdala in panic
prone patiems. In order for depression to manifest clinically more than just an injury to 
the left cortex is necessary. The person must also be exposed 10 the right set of 
environmental stimuli for the depression to be initiated. In a patiem with left anterior 
cortical damage, depressive symptomatology would be expected only if that patient were 
exposed to the requisite environmental stresses. Left anterior damage is not in itself 
sufficient for the production of depressive symptomatology. We would therefore not 
expect all patients with left fromal damage to show depressive symptomatology. Only 
those exposed to an appropriatE: set of environmental stresses would be expected to show 
the hypothesized final state (Davidson 1 992). Quantitative EEC studies have also proven 
to be effective in measuring changes in cortical activity associated with depression. 
I ncreases in left frontal alpha power are consistent with decreased activation of this 
area of the brain, along with frontal hypocoherence or decreased synchrony between 
the hemispheres. 

Suicide 

In any discussion on depressive disorders, some discussion on suicide must be included 
because of the strong association between suicide and affective disorders. In his work TIre 
Stillage God, Alvarez states, '111e processes which lead a man to take his own life are at least 
as complex and difficult as those by which he continues to live: Yet we know that a major 
factor in deciding whether to take one's own life is the feding of hopelessness Ihat occurs 
in depression. In a study of successful suicides, experimenters found thai 94% of them 
had gone through episodes of serious depression (Robins el al \959). 

The statistics on suicide are difficult to obtain because some who commit suicide want 
it to look accidental for a variety of reasons, some of which include insurance claims, or to 
spare families the shame that suicide usually brings. Some researchers have estimated that 
as many as 1 5% of all traffic deaths were suicides (Finch et 31 1 970). Suicide is one of the 
top len causes of death in the United States. Aboul 1 % of the population has attempted 
suicide at least once (Epslein 1 974). 

Among young people in Ne\ .... Zealand. between 15 and 24 years of age. it is considered 
the second leading cause of death. Three times as many women attempt suicide as men, bUI 
three limes as many men than women actually succeed in killing themselves. Two limes as 
many single people kill themselves as married people dO.1',e most common profite 10 
commit suicide is a native-born male, in his fonies or older that is depressed or ill and kills 
himselfby hanging, shooting, or poisoning by CO (Shneidman &I Farberow 1 970). 

Is there a certain personality Iype more likely to kill themselves than another? 
Apparently not! Freud even had suicidal thoughts throughout his life (Jones 1 963). 
llu:re are, however, certain types of reasoning that can lead people 10 kill themselves 
(Shneidman & Mandelkorn 1 970). 

I .  Catalogic lhinking-'J11is type of person is desperate and destructive, lonely, 
fearful, and pessimistic, and feels helpless. 

2. Logical thinking-111is type of person is al the other extreme frol11 Ihe catalogic 
type. Their thought processes are rational. These people seem 10 perceive great 
physical pain, due to a long-term illness, or have been recently widowed. Death 
offers release from psychological or physical burdens. 

3. Contaminated thinking-Beliefs allow the view that death is a transition into a 
better life, or as a means to 'save face'. 

4. Palaeologic thinking-These people are guided by delusions or hallucinations and 
may kiJl themselves because voices are telling them that they will be transformed 
into a supernatural being. 

Common Stereotypical Beliefs about Suicide 
1 .  People who Ihremen to 'iill rhemseilles will rlOl. Ctlny if 0111, 0111)1 lire site'" types will 

acwa/ly do il. This is quite untrue. Aboul 70% of those who threaten suicide 
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actually attempt i t  (Stengel 1 964). I n  other words, when someone threatens l O  kill 
themselves it mllst be taken seriously. 

2. People WilD tlllempf silicide arid fail were rlOf serious {,boUl it in tile first place. This 
statement is also untrue. The statistics tell us 75% of all successful suicides have 

made a previous attempt (Cohen et al 1 966). As many as 12% of those who 
experienced a failed attempt will make a second successful attempt within 
3 monlhs (Shoeh .. 1970). 

3. People suffering from depression should flat be questioned avow suicidal thouglns. Many 

people have held the view thai depressed people should not be questioned about 
suicidal thought in the fear that this questioning will put the idea inlO their head, 
or it will reinforce it if it is already there. It is now believed that questioning these 
people directly can help them overcome their feelings and at the very least offer 
information to direct a therapeutic direction. 

4. When a persO'1 commits Silicide ofre" family and friends (Ire a5LOllished. This statement 
is oflen tnle. Friends and family will often make statements such as 'lie was in 

such good spirits'; 'She had so much to live for: 111 is highlights the fact that friends 
and relatives are often oblivious to the clues that most people cOnLernplating 
suicide give out before they kill themselves. 

ActiviLies That May I ndicate Suicidal Tendencies 
'11e following activities may indicate suicidal tendencies: 

• udden secretive behaviour; 

• Direct verbal statements; 

• Withdrawal into a contemplative state; 

• Reduce food intake; 

• Give away their valuable possessions; 

• Implications in speech that will not be seeing you again; 

• Rapid tranquillity in a previously agitated person; and 

• Most associated with events like births, deaths, and family gatherings. 

II may be that about 75% of all those who attempt suicide do not actually want to die. 

'Ibey are using the attempt as a cry for help. 

The Humanistic-Existential Perspective on life and Death 
Existentialists place great emphasis on the individual's confrontation with death. Death in 

fact gives life absolute meaning or value (May 1 958). The defining statement of the 
humanistic-existentialist perspective can be summarized into the following statement. 

'I know only two things for sure. 1 .  I will die and 2. I am not dead now. '11e only question 
is what will I do between these two points: 

In other words knowledge of our inevitability of death allows us to take life in earnest 
and utilize it to pursue our greatest potential. In this perspective suicide is an act of waste 
and defeat, for it eliminates the possibility of reaching one's potential. The treatment 
approach under this perspective would try to focus the person on full realization of their 

human experience and current existence, in hopes that they would find meaning in their 
life again (BoolZin & Acocella 1 984). 

Psychotic Versus Neurotic 

Psychological disorders can be distinguished based on severity as either neurotic or 
psychotic. This distinction has traditionally hinged on the matter of reality contaa, which 
is the ability to perceive and interact in one's environment in a reasonable manner. 
Neurotics may be severely incapacitated but they can seldom be characterized as out of 
contact with reality. Psychotics, on the other hand, demonstrate a perception of reality 
that is grossly distorted. Many psychotics have hallucinations and delusions; others 

withdraw into themselves, creating their own private world (Sootzin & Acocella 1 984). 
In psychosis their sense of reality is so severely impaired that they cannot achieve even the 
most marginal adaptive functioning. For this reason most psychotics are hospitalized. 
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Two funhe:r classifications of depression have been established based on whemer 
(he person expresses neurotic or psychotic tendencies. I n  neurotic depression, the person 
may experience extreme: anguish but they still know what is going on around them. In 
psychotic depression, the person may experience hallucinations. delusions, or extreme 
withdrawal, which effectively cutS the lie between the individual and the environment 
precluding adaptive functioning. There are some psychologists who have expressed the 
opinion that neurosis and psychosis are not two different entities but rather two ends of 
the spectrum of the same disorder (Beck 1 967). 

Psychosis 

nle psychoses are usually divided into two broad categories: 

1 .  Biogenic psychoses-associated with some physical cause; and 

2. Functional psychoses-no physical basis and probably psychogenic in nature. 

The functional psychoses are divided into three classes: 

I .  Major affective disorders, which involve mood disorders sllch as depression; 

2. Schizophrenic disorders, which involve disorders of thought; and 

3 .  Paranoid disorders, which involve delusional lhinking. 

Schizophrenia 

Schizophrenia is marked by a variety of symptoms and anions including bizarre 
behaviour, social withdrawal, and severe distortion of thought, perception, and affect. 
Schizophrenia is probably not a single emity involving a single part of the brain. 
On the contrary, it is most likely a group of disorders which differ widely in aetiology and 
symptomatology. Abollt 1 in every 100 people has had or will have a schizophrenic 
episode. There are about 1 .000,000 aClive schizophrenics in the USA ( Berger J 978). 
Half of all beds in mental hospitals are taken by schizophrenics. I ialf of all 
schizophrenics released from mental institutions will return within 2 years of release 
(Gunderson e, al 1 974 ) .  

TIle fundamental symptoms of schizophrenia can be remembered by the pneumonic 
of the four A'S: 

1 .  Association-the person shows evidence of a thought disorder by way of his/her 
use of language; 

2. Affect-the person's emotional responses are blunted or inappropriate; 

3. Ambivalence-the person is indecisive and unable to carry on normal goal
directed activities; and 

4 .  Autism-the patient i s  withdrawn and self-absorbed. 

QUICK FACTS 1 What Does It Mean? 
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Delusion: false beliefs 

HallUCInations. false sensory perceptions 

The secondary symptoms of schizophrenia may include: 

1 .  Hallucinations; 

2. Paranoid thinking; 

3. Grandiosity; 

4.  Hostility and belligerence; 

S. Delusions; and 

6. Genetic link is now well established; 

'J11e development of schizophrenia may present in phases which include; 

I .  TIle prodromal phase-Onset usually occurs in adolescence or early adulthood. In 
some cases it is very sudden; in just a few days a normal person is transformed into 
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Examples of Delusional Thoughts QUICK FACTS 2 

1 .  'My brain activity and thoughts are being controlled by radio waves from outer 

space.' 

2. 'I'm a doctor you know, I just don't have a diploma, but I was in New York once 

by television and I am the personification of Casper the friendly ghost. 

I am now a week pregnant and my name is Jack Warden: 

3. 'I am 3 months pregnant with God's baby but Mick Jagger wants to marry 

me. When you have Jesus in your life you don't need a diet. I use Covergirl 

creamy natural make-up. I am the face of Covergirl so I get it free.' 

a delusional psychotic. In other cases the.re is a slow insidious deterioration of 
fundion that may go on for years. 

2. TIle aqLive phase-The person starts showing prominent psychotic symptoms: 
hallucinations. delusions. disorganized speech. and severe withdrawal. 

3. TIle rtsidllal phase-A remission phase where the behaviour returns to premorbid 
levels. Blunting or flat affect is common in this stage. Sometime the residual phase 
ends with the person regaining completely normal funnion. lnis unfortunately is rare. 

There are five types of schizophrenia commonly recognized clinically: 

I .  Disorganized ( hebephrenic)-Childish behaviour predominates: giggling. making 
funny faces. incoherence of speech; 

2. Catatonic-Disturbed motor activity. either violently hyperactive or mute 
inactivity. or both; 

3. Paranoid-Delusions of persecution or grandeur and/or hallucinations on the 
same theme; 

4.  Residual-Persons in the residual phase of schizophrenia; and 

5. Undifferentiated-Miscellaneous category for patients that do not fit into the other 
categories. or who show symptoms of several subtypes. 

Some Common, Firmly Held Beliefs That Have No Basis in Reality, 

Often Expressed by Schizophrenics QUICK FACTS 3 

1 .  Persecution (conspiracy plots. spied on) 

2. Control (other beings are controlling them) 

3. Reference (events in the news relate to them) 

4. Sin and guilt (they have committed great sins) 

S. Nihilistic (the world has come to an end) 

6. Grandeur (I am Christ, I am Napoleon) 

7. Thought broadcasting (one's thoughts are being broadcast over the TV) 

8. Thought insertion (other people are inserting thoughts) 

9. Thought withdrawal (other people are stealing thoughts) 

'nle Dopamine Hypothesis 
Schizophrenia has been associated with excessive activity of those pans of the brain that 
use dopamine as a neurotransmitter. The most effective drugs in use for treatment of 
schizophrenia are phenothiazines and buryrophenones, which exert their effects by 
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blocking the brain's receptor sites for dopamine. This leads to a decrease in activity of the 
areas of the brain that Ulilize dopamine. 

Is Scllizophreni{, Lillited to Cortical Asr"unelria.' ActivlIlion? 

A number of laterality studies have used initial lateral eye movements as a measure of 
unbalanced frontal hemisphere activity. Severn I of these studies have demonstrated that 
schizophrenics look to their right more often than normals or depressives when thinking 
aboul spatial and/or emotional material. This increase in right gaze responses has been 
taken to represent increased left hemisphere responsiveness for spatial and emotional 
material (Schweitzer 1 982).  Schizophrenics may have a primary deficit in their right 
hemisphere, which affects visllospatial processing. It is suggested lhat the apparent 
left hemisphere increase in activity may be a compensatory mechanism for a primary 
failure of the schizophrenic's right hemisphere to maintain normal atlcnlion and 
vigilance (Schweitzer 1 982). 

Neurosis 

Originally lhis term was thought to be an organic disorder involving a general affliction of 
the nervous system that produced various forms of bizarre nervous behaviour. 1hroughout 
lhe nineteenth century, those people who were demonstrably sane but nevertheless 
engaged in rigid and self-defeating behaviours were labelled neurotic and thought to 
be vidims of some identified neurological dysfunction. Around the turn of the century 
this biogenic view of neurosis was gradually replaced by Freud's psychogenic view 
(Freud 1 894). To Freud, neurosis was not due to organic causes, but ralher to anxiety. 
As repressed memories and desires threatened to break through from the unconscious to 
the conscious mind, anxiety occurred as a danger Signal to the ego. TIle neurotic 
behaviour that developed was either the expression of that alU:iety or defence against it. 
This view has held until the past few decades where lhere has been a growing opposition 
to lIsing the term neurosis to describe all of the anxiety disorders due to the fact that not 
all of the neuroses express anxiety directly. 

Anxiety 
Anxiety is a mullistate phenomenon which involves subjective Slate changes, a state of 
physiological arollsal and a state of cognilive disruption. For lhis reason, anxiety is difficult 
to measure accurately. Tests of these different dimensions of anxiety often disagree with 
one another because we have no reliable yardstick with which to measure anxiety. Without 
such a yardstick it is hard to use anxiety in making diagnoslic dislinctions. Anxiety is not 
limited to so-called neurotics; normal people feel it too, as do pSycll0tics, depressives, and 
sexual deviants. Anxiety can be experienced in three basic patterns: 

I .  In generalized anxiety disorder and panic disorder, the anxiety is unfocused; either 
it is with the person continually or descends out of nowhere, unconnected to any 
special stimulus. 

2. In phobic disorders on the olher hand, the fear is aroused by one: particular object 
or situation. 

3. In obsessive-compulsive disorder, anxiety occurs if the person does not engage in 
some lhought or behaviour lhat otherwise serves no purpose and in fact may be 
unpleasant and embarrassing. 

Anxiety involves three basic components; 

I .  Subjective reports of tension, apprehension sense of impending danger; and 
expectations of an ability to cope; 

2. Behavioural responses, such as avoidance of the situation at hand and paired 
speech and mOtor functioning and paired performance on cognitive tasks; and 

3. Physiological responses, including muscle tension, increased heart rate. increased 
blood pressure, rapid breathing, dry mouth, nausea, diarrhoea, and frequent urination. 

Anxiety disorders involve a state of fear and apprehension that affects many different 
areas of functioning. The anxiety disorders include the following: 

I .  Generalized anxiety disorder; 

2. Panic disorder; 

3. Phobic disorders; 
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4 Obsessive-compulsive disorders; and 

5 Post·traumatic stress disorders. 

Cellemlizetl A,u;et)' Disorders (CAD) 

-nlf! main feature of this disorder is a chronic state of diffuse unfocused anxiety. People 
with this disorder cannot say what the cause of their anxiety is. All they know is that they 
feci a persistent sense of tension and dread (Boouin & Acocella 1 984).  People with CAD 
aTC continually on edge. waiting for something dreadful to happen either to themselves or 
to Ihost:' they care aboul. Eventually they may develop secondary anxiety, which involves a 
state of anxiety about their anxiety. fearing that their condition will cause them to develop 
hCilhh problems, Jose their jobs, default on their mortgages, go crazy, and so forth. 

i11e subjective feelings produced in these individuals spills over into their cognitive and 
physiological activities, in such a way as to disrupt their normal existence. 'I1le person 
finds it hard to concenLIate, make decisions, and remember commitments (BoolZin & 
Acocella 1984).  At the same time. chronic muscle tension and heighten arousal in the 
nervous system give rise to numerous physiological complaints such as: 

• �llIscul.u aches; 

• Nervous twitches: 

• I I  caf.i.lches; 

Bre"thing difficulties; 

Clammy hands; 

R.1cing pulse; 

• lingling feelings in their hands and feet.; 

Indigestion; ,lIld 

Insomnia 

11li:� diagnosis of generalized anxiety disorders includes: 

• Lxcessive anxiety and worry for at least G months duration about a number of evenLS 
.lnd ,l(tivilics that would not normally cause this heightened state of anxiety; and 

• nle person shows continuous and persistent difficulty in controlling their worry. 

nuee or more of the following six symptoms must also be present: 

Restlessness or fecling keyed up or on edge; 

• Lasy fatigability; 

Dimculty concentrating or mind going blank; 

Irrit'lhili ty; 

• Muscle tension; 

Sll-ep disturb.mcc; ,111d 

• Significant impaimlent i n  social, occupational, or other areas of fUllctioning. 

l1u' -\Jje((s oj" ""Xiel)' 011 NeurowllfliUle rUlIuion I l igh levels of anxiety have been shown to 
occur concomitantly with blunted I-cell blastogenesis (Fawzy 1995) and inhibited 
lymphocyte respon .. (I inn cl .1 1981 ) .  Koh and Lee ( 1 998) found thai untreated patients 
with anxit'ty disorders showed significantly reduced lymphocyte proliferative response and 
dccre.lscd imerlcukin-2 response when comp,uro to normal comrols. I lowever. in the 
same study they could find no significant difference in T-cell cytotoxicity between groups. 
Another study by SUnll<l1l ct .11 ( 1 986) found no significant difference in lymphocyte 
prolifcr,\tivc response between panic patients and control groups. 

Although most studies have shown a decrease in immune function with high anxiety levels, 
some studies have found the opposite, that high levels of anxiety can be associated with 
increitsed immune function ( Koh 1997). Koh found that students undergoing anxiety from 
highly competitive exams actually had enhanced lymphocyte proliferation. 11,CSC finding may 
reflect the fact that anxiety is a very complex emotional state to measure. Izard ( 1 972) using 
the differential emotions scale (DES) detennined Lhat anxiety is experienced as a variety of 
emotions including fear, guilt. sadness, and shame. -I'he inconsistent findings relating the 
immune response to anxiety may be due to the faCl lhat differelll anxiety characteristics are 
heing mc.lsurro, which results i n  different responses of the immune system. 
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Hysteria Has Played an Interesting Role in the History of 

QUICK FACTS 4 Psychological Development 
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Hippocrates believed that hysteria was confined to women, particularly childless 

women, and was due to the olleractions of the uterus not being put to the proper 

use. Idle and frustrated the uterus would travel around inside the body creating 

havoc in different organ systems. The cure that Hippocrates prescribed was 

marriage. Freud's explanation of hysteria stressed sexual conflicts as the cause and 

thi5 laid the foundation for the theory of the unconscious. which evolved into his 

psychodynamic theory. 

Another explanation for the inconsistent findings described above, as outlined by Koh 
( 1 993); is that the different researchers were measuring different severities of anxiety. 
mainly acute anxiety and subacute anxiety. Koh suggests that subclinical anxielY may be 
associated with increased immune function. which may be a transient phenomenon 
occurring prior to any down-regulation of immune function shown to occur with clinical 
anxiety. 

Is Anxiety Related to Asymmecrical Cortical Accivacion? In patients with anxiety. the 
predominant finding is an increase in activation of the right frontal regions. which in 
terms of brain asymmetry may be viewed as similar LO those findings in depression. but 
representing different absolute intensities of activation. 

Panic Disorder 

I n  panic attacks. the feeling of anxiety mounts LO an almost unbearable level .  11le person 
sweats, feels dizzy. trembles, shivers, and gasps for breath. Their pulse quickens and their 
heart pounds. Above all, there is a feeling of inescapable doom; the person may feel that 
he or she is about to die. go insane, or commit some horrible act (Bootzin & Acocella 
1 984). TIlese attacks usually last several minutes. though they may continue for hours. 
When the attack subsides, the person often feels exhausted as ifhe or she has been 
involved in a traumatic experience. In cases where the panic attack is triggered by a 
phobia, it is referred to as a phobic attack. However, in instances where these attacks occur 
in the absence of any phobic stimulus, it is referred to as panic disorder. 

Since the panic anacks are unpredictable, patients cannot go anY'"here. The movies, the 
grocery store, a restaurant are all out of bounds because these people fear that they may 
have another attack in front of everyone. Consequently, victims of panic disorder may 
cease to go anywhere and develop the disorder known as agoraphobia. Agoraphobia is 
anxiety of being i n  places or situations from which escape might be difficult. or where 
help may not be available in the event of having an unexpected panic attack. Fears 
commonly involve dusters of situations, like being alone, being in a crowd. standing in a 
line, travelling on a bus, or sitting in a classroom (Bootzin & Acocella 1 984). 

The mnemonic for panic disorder is 'Students Fear the 3 C's': 

S: sweating 

T: trembling 

U: unsteadiness 

D: depersonalization, derealization 

E: excess heart rate (palpitarions) 

N: nausea 

T: tingling in the limbs (paraesthesia) 

S: shortness of breath 

FEAR: of dying, losing control, going crazy 

3 C's: chest pain. chills. choking. 
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Diagnosis of Pmlic Disorder The American Psychiatric Association's (APA) Diagllostic and 

Sracisrical Manual (DSM-IV) dassifies panic disorder as an abrupt onsel of fear or discomfort 
that peaks in approximately 10 minutes and includes at least four of the following: 

• Palpitations, pounding heart, or rapid heart rate; 

• Sweating; 

• Tremor; 

• Sensations of smoothing or shortness of breath; 

• Feeling of choking; 

• Chest pain or discomfort; 

• Nausea or abdominal distress; 

• Dizziness, lightheadedness, or faint; 

• Feelings of unreality; 

• Fear of losing control or 'going crazy'; 

• Fear of dying; 

• Paraesthesia; and 

• Hot flashes. 

Diagnosis also requires that the panic attacks recur every 2 weeks or that a single attack 
is accompanied by at least I month of persistent concern about future attacks, worry that 
the attacks will cause physical i l lness or insanity, or significant changes in behaviour 
related to the attacks. 

There is no conse.nsus about the initial appearance of panic. The commonplace 

description of panic patients is that attacks 'come out of the blue'. There are two 
professional views of how panic develops. The first, a biological view. is that panic initially 
appears almost fully fledged in its physical manifestations. II is recognized, however, that 
following the initial panic manifestations, cognitively driven elaborations, and 
amplifications may subsequently develop. The second view is that physical perturbations 
in combination with certain attitudes/cognitions which may or may not be ful ly conscious 
lead to the experience of panic. 

The 'cognitions' in people experiencing panic attacks may be considered as triggers 
only, as the underlying mechanism of panic attacks may be related to a heightened 
sensitivity of limbic circuits that are 'wound up' by a loss of inhibition. This may occur 
due to metabolic or neurotransmitter imbalances, altered afferentiation from the 
periphery, or decreased effect of more central influences due to hemisphericity, diffuse 
axonal injury following concussion or whiplash, and environmental exposures such as 
chemical and emotional stressors. 

Phobias 

A phobia usually involves two distinct aspects: 

1 .  An intense fear of some object or situation, which the individual realizes actually 
poses no major threat; and 

2. Avoidance of the phobic stimulus. 

Often the stimulus is one that carries a very slight suggestion of danger, for example, 
dogs. insects, snakes, or high places. It is important LO understand that so-called 'nonnal' 
people may not prefer to step out OntO the roof of a building or toud, a wild animal 
either; the difference between these so-called normal reactions and a phobia is one of 
severity. Phobias, in severe cases, may actually stimulate a panic attack. People with 
phobias unlike 'normal' people must design their lives so that they avoid the thing they 
fear. Phobias are fairly common affecting up to 8% of the general population (Agras et al 
\%9). 

The two types of phobias are general phobias and social phobias. Among the more 
frequently seen types of general phobias are: 

Acrophobia-fear of heights; 

Claustrophobia-fear of enclosed or crowded spaces; and 

Agoraphobia-fear of open spaces or leaving home. 
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Social phobias occur when a person is afraid to perform cenain actions when exposed 
to the scrutiny of others, for example, public speaking. eating in public, or using public 
bathrooms ( Bootzin & Acocella 1984). 

Obsessive-Colnpulsive Disorder 

An obsession is a thought or an image that keeps recurring or returning to the mind. 
The individual may consider the thought or i mage a senseless activity and may even find 
the recurring nature or the thought itself extremely unpleasant in nature. A compulsion 
is an action that the individual feels compelled to repeat again and again, to reduce the 
level of anxiety that seems to continuously build up within them. Usually the person 
has no conscious desire to perform the act bUI does so anyway ( HoolZin & Acocella 
1 984). 

Mild obsessions strike many of us from time to time. We may dwell repeatedly on 
some song lyric or a thought may keep running through our mind. But these minor 
obsessions pass and do not prevent us from getting on with our normal lives. Pathological 
obsessions do not pass. "Illey keep recurring and recurring day in and day out. Usually 
pathological obsessions take the form of a violent or demoralizing quality, such as a 
mother obsessing with the idea of drowning her baby in the bath or a man obsessed with 
the fear he will  masturbate in public ( Bootzin & Acocella 1 984). 

Compulsions tend to fall  into two categories (Rachman & Hodgson 1 980): 

I .  Checking rituals-people who are compelled to interrupt their activities again and 
again to go and make sure that they have done something that they were supposed 
to do, for example, locking and relocking doors; and 

2. Cleaning rituals-compulsive hand-\\>'ashers. 

It is important to make the distinction between true obsessive-compulsive disorders 
and conditions such as compulsive gamblers or compulsive eaters. True obsession and 
compulsion does not bring pleasure lO the victims. Compulsive gamblers or compulsive 
eaters may be deeply pained by the consequences of these excesses. Nevertheless, they take 
pleasure in eating and gambling so t.hese are not true obsessive-compulsive behaviours 
(Bootzin & Acocella 1984). 

Post-traumatic Stress Disorder 

These disorders are acute psychological reactions lO the person's exposure to an intensely 
traumatic event. For example, the person may be involved in or witness an assault, natural 
disaster, an airplane crash, a devastating fire, lOrture, and/or bombings. "'llis condition 

differs from other anxiety disorders in that the source of the stress is an external event of an 
overwhelmingly painful nature, so lO a certain extent it may seem justified or normal lO 
feel this way. These disorders can be extremely debilitating. For example. victims may go on 
for days, weeks, or months re-experiencing the traumatic event in their minds. "Illey may 
show a diminished responsiveness to their present surroundings, a sort of 'emotional 
anaesthesia'. They may find it difficult to respond lO affection. 'Illey may develop insomnia, 
decreased sex drive. and heightened sensitivity lO noise. They also have greater expression 
of depression. 

The traumatic event is persistently re-experienced through one or Illore of the 
following: 

• Recurrent distressing recollections involving i mages or thoughts; 

• Recurrent distressing dreams; 

Aaing or feeling as if the event is reoccurring through nashbacks, il lusions, and 
hallucinations; 

• Distress at exposure 10 cues that resemble events; and 

• Psychological reactivity in response to cues. 

Diagnosis of post-traumatic stress disorder requires that there be persistenl avoidance 
of stimuli associated with trauma, as well as persistent symptoms ohhe following: 

• I ncreased arousal; 

• Insomnia; 

• Irritabil ity; 

• Difficulty concentrating; 
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• I lypervigilance; and 

• [xagger,ucd startle response. 

Symptollls must be present (or greater than I month for the diagnosis of post
traumatic stress disorder to apply. 

Somatoform Disorders 

'111e primary feature of somatoform disorders is that psydlOlogical connicts take on a 
SOI11(1\ic or physical form. Some patiellls complain of physical discomfort, stomach pains, 
breathing problems, and so forth. Other patients show an aClual loss or impairmem of 
some normal physiological funClion; for i nstance they are suddenly unable to walk or 
swallow (UoolZin & Acocella 1984). I n  either case, there is no organic evidence to explain 
the symplOm, while there is evidence that the symptom is l inked to a psychological cause. 

There are several types of somatoform disorders. We wil l  look at three forms: 

I .  1 1)'pochol1driilsis; 

2. SOl11ati/.atiol1 disorder; and 

3. onversion disorder. 

Hypochondriasis 

The primal)' feature of this condition is a continuous, inescapable fear of disease. '1l1e fear 
is maintained by constant misinterpretation of physical signs and sensations as abnormal 
and representing clinical signs or symptoms of a disease process. I lypochondriacs have no 
rCill physical disability or disease process that can be clinically proven to exist. 

Of len when hypochondriacs present at a health professional's office, they have already 
diagnosed their condition, for they are usually avid readers of medical textbooks, and 
have spent countless hours on the I nternet searching their symptoms for the d iseases that 
cause similar symptoms. When the healthcare professional tells them that they can find 
no physical cause for their symptoms and there is actually nOLhing wrong with them they 
are disappointed and will  often change healthcare professionals until they find someone 
who at least agrees to perform more tests to prove that they do in fact have a disease or 
condition. Often these people go through several healthcare professionals per year. 

It should be noted that hypochondriacs do not fake lheir symptoms. They truly feel the 

pains they repon. '1l1ey cannot be reassured by the medical evidence presented to them 
that their fears are irrational ( Bootzin & Acocella 1 984). I lowever, these fears do not have 
the bizarre quality of the disease delusions experienced by psychotics, who will report that 
their feet are about to fal l  off or their brains are shrivel ling. Instead hypochondriacs tend 
to confine their anxieties to more ordinary syndromes, such as heart disease or cancer. 
Eventually they generally focus on a single disorder. 

Somatization Disorder 

"nlis disorder is also known as Briquet's syndrome (Boouin & Acocella 1 984). This 

condition is characterized by nlllnerous and recurrent physical complaints which have 
persisted for several yeius and have caused the person to seek medical help, but for which 
no medical or scientific explanation can be given. 'nlis condition resembles 
hypochondriasis in lhat it involves symptoms wilh no demonstrable physical cause. Yet 
the two disorders differ in the focus of the patient's distress. What motivates the 
hypochondriac is the fear of disease, usually a specific disease. 'I11e symptoms are 
troubling only because they indicate the presence of that disease. I n contrast, it is actually 
the symptoms themselves that concern the patient with somatization disorder. 

The diagnosis of this condition can be extremely complicated and fruslrating for a 
Ilumber of reasons. Firstly, the palient usually describes dramatic and exaggerated 
symptollls. Secondly, in the case of hypochondriac's, they often fear one particular disease. 
and therefore lheir complaints tend to be fairly l imited. In SOmeone with somalization 
disorder, on the other hand, the complaints are many and varied. In fact, this condition 
requires 12 to 1 4  different kinds of complainLS for this diagnosis to be given. llle 
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occurrence is more common in females than males and 1% of women may develop some 
form of this disorder throughout their lives (BooLZin & Acocella 1984). 

Conversion Disorder 

In hypochondriasis and somatization disorder, there is no real physical disability, only a 
fear of. or complaints about. an illness or disability. In conversion disorder, there is an 
aoual disabil ity. The disability usually includes the loss or impairment of some motor or 
sensory function ( BoaLZin & Acocella 1984). Formerly known as hysteria, conversion 
disorder has played a central role in the history of psychology (see Quick Facts 4). 

Like the symplOms in hypochondriasis and somatization disorder, conversion symptoms 
are not supported by medical evidence. But neither are they faked. The symptoms are 
involuntary responses, which are not under the person's conscious control. At the same 
lime. they contradict the physiological facts; for instance. upon examination, the eyes will 
be found to be perfectly free from defect or damage and yet the person will not be able 
to see. Thus, conversion disorders differ from psychosomatic disorders such as ulcers in 
that in psychosomatic disorders there is an observable medical dysfunction. 

Conversion symptoms vary considerably. Among the most common are: 

• Blindness; 

• Deafness; 

• Paralysis; and 

• Anaesthesia (partial or total). 

Many patients with conversion disorder seem completely unperturbed by their symptoms. 
Whereas most people would react with horror to the discovery that they were suddenly 
blind or could no longer walk, the conversion patient is relatively unconcerned. lhis 
phenomenon is referred to as 'La belle indifference: In fact, they are typically eager 10 
discuss their symptoms and will describe them in the most full and vivid terms to anyone 
who will listen. TI,ey also do not seem particularly eager to part with their symptollls. 

In conversion disorder patients the patient's body appears to be in good health. 
Biologically and physiologically conversion patients can do whatever it is they say they 
can not do. However, either by trickery or under hypnosis or the influence of drugs they 
can perform the task that they deny the ability to perform. Further evidence for their lack 
of organic pathology is that the symptoms are often selective. For example, conversion 
epileptics seldom injure themselves or lose bladder control during a seizure as do 
true epilept.ics. Likewise, in conversion blindness, patients rarely bump into things. 
It must be reinforced at this time that conversion patients by definition are not 
consciously refusing to use parts of their body. Their response is involuntary. 

Diagnosis of this disorder is difficult. First, malingering. the conscious faking of a 
symptom in order to avoid some responsibility, must be ruled out. n,e second and much 
more difficult task is ruling out an actual organic disorder. Certain signs may suggest 
conversion disorder. These indude: 

I .  Rapid appearance of symptoms, especially after some psychological trauma; 

2. Le belle indifference; and 

3.  Selective symptoms SUdl as paralysis. For example. if  paralysed legs move during 
sleep, the paralysis is presumably not organic. 

Stress 

In 1 936, Selye reponed that laboratory animals presented a common reaction to exposure 
to noxious stimuli such as cold, heat, X-rays, adrenaline insulin, or muscular exercise. 
Selye called this specific biological response stress and anything that induced this 
response a stressor. Since Selye first introduced his stress/stressor theory, this concept 
has undergone a progressive evolution from animal models consisting of only physical 
stressors to human models involving the distinction betwee.n physical stress and 
psychological stress. Studies carried out by Lazarus ( 1 966) were instrumental in the 
evolution of the above concept by describing the fundamental role of the central nervous 
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system, and of psychological factors i n  the response to stressors. The first scientist to 
investigate the role of the immune system to stress conditions appears to be Ishigami in 
1919.  While studying the effects of chronic tuberculosis he observed a decrease in the 
phagocytic activity of leukocytes during periods of me greatest psychological stress. Many 
studies have since shown the interconnection of the central nervous system and the immune 
system in response LO SLIess ( Kiecolt-Claser & Glaser 1991;  Plotnikoff et 31 1 991; Seymour 
1993; Madden & Felten 1995; Bondi & Zannino 1997). Most authors today consider 
the neuromodulation af hosl immunocompetence the principal system involved in the 
mediation of pathogenic effects of psychosocial factors (Bondi & Zannino 1997), although 
modulation of anatomical micro functional barriers and host modulation of the infectious 
agent may also play a less important role (Cohen et al 1991; Evans & Edgerton 1991) .  
I-Iuman studies involving psychological stress have mostly forused on 'physical' stressors 
such as sleep deprivation and noise (Palmbald et al 1 976, 1979; Weisse et al 1990; Hall 
et a1 1 998) and interestingly, space flights (Fischer et aI 1972; Kimzey et aI 1976). ln these 
studies, strong associations between stress and impaired cytotoxic T-cell activity were found. 

However, very few studies have focused on purely psychological experimental stressors. 
Some studies have util ized psychological stress in the form of confronting subjects with a 
short-term uncontrollable interpersonal situation and found resulting increases in 
suppressor T-Iymphocyte concentrations and cytotoxic T-cell activity (Naliboff et al 1991;  
Brosschotet al  1 991, 1992). 

Esterling �t al ( 1 995) found a decrease in cytotoxic T-cell function in chronic caregivers 
as long as 3 years after the death of the care receiver, suggesting that the chronic stresses of 
caregiving may have far-reaching and potentially important physiological implications. 
They suggested that former caregivers are not reintegrated into socielY, whidl results in a 
persistent lack of social support which sustains the level of chronic stress even after the 
death of the care receiver. These results seem to indicate that the immune system response 
to a short-term psychological stress situation and a chronic stress situation are different 
and significant with regards to cytotoxic T-cell activity and function. 

The cytotoxicT-cells play an important role in a variety of immune functions including 

defence against viral infections, surveillance of tumour cells, and most particularly the 
control of metastases ( Herberman 1992). Some studies involving humans and their 
response to stress have focused on stressful life events and how the stress from these 
events affected the person's risk of contracting a given disease. Epidemiological studies 
have demonstrated clear differences between bereaved and non-bereaved controls in terms 
of cancer mortality (Verbrugge 1 979) and lymphocyte proliferative response and 
mitogenitic activity (Schleifer et al 1 983). Convergent data from several investigations 
suggest that bereavement may be associated with depression of some components of the 
immune system such as those suggested above ( Kiecolt-Glaser & Glaser 1991 ).  Irwin et al 
( 1 987a) and others (Banrop et al 1977; Schleifer et al 1 983; Calabrese et al 1987) have 
demonstrated an impaired T.lymphocyte proliferative response in bereaved spouses that 
may last for a period of several monuls. The exact stimuli and response mechanisms of 
this response remain undear (Knapp et al 1992). 

Epidemiological data also suggest that divorced individuals are at risk for both physical 
and mental illness (Verbrugge 1979). Evidence suggests that continued preoccupation 
with the ex·spouse (overauachment) leads to distress-related symptoms (Weiss 1975), 
Consistent with these results Kiecolt-Claser et al ( 1 988) found that divorced individuals 
who had been separated for shorter periods or who had stronger feelings of attachment 
had a decreased immune function. 

It appears that consistent data seem to be emerging indicating a correlation between 
marital interruption and down-regulation of the imlllune system. Herbert and Cohen 
( 1 993) used meta-analytic procedures to evaluate the literature on stress and immunity in 
humans, In all, they examined and analysed 31 different studies and conduded that a 
substantial amount of evidence from both functional and enumerative measures links 
stress to immune function. In terms of cell numbers, they found stress is reliably associated 
with higher number of circulating white blood cells and lower numbers of circulating B 
cells, T cells, helper and suppressor T  cells, and cytOloxic T cells. lney found that stress is 
also reliably associated with decreases in lotal serum IgM and salivary IgA concentrations. 
Some limitations were evident with ule study, namely that II of the 31 studies used were 
from the same investigators but, nevenheless, a strong correlation seemed to exist. 

The effects of chronic stress were evaluated by Fiore et al ( 1 983) and Kiecolt-Glaser and 
Glaser ( 1 991 ). Both groups utilized caregivers of Alzheimer's patients as representatives of 
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chronic stress recipients. They found that conlrary to animal studies where aCUle stress 
appeared immunosuppressive and chronic stress immuTloenhancing (Monjan & Calleeler 
1 977), in humans chronic stress resulted in chronic down.regulation of the immune 

system. In contrast to the results obtained in studies of the effects of long-term or chronic 
stress, several recent studies have focused on the effects of relatively shorHerm stressful 
l i fe events such as tandem jumps of first-time parachutists (Schedlowski et al 1 993), 
waiting for notification of I-IIV-I test results ( I ranson et 31 1 990). and threatened missile 
attack at Israeli sites (Weiss et al 1996). rnle results of these studies found an elevation 
rather than reduction in the number and activity of cytotoxic T-cells, both immediately 
before and after the stressful event. 

Behavioural Conditioning 

The paper of Ader and Cohen ( 1 975) demonstrating the classical conditioning ofil11l11une 
response sparked a renewed interest in the concept of psychoneuroimmune link. In their 
study Ader and Cohen used a distinctively Oavoured drink, which they paired with an 
injection of immunosuppressive drug (cyclophosphamide) on a population of rats. When 
the rats, who had been conditioned to immunosuppression, stopped receiving the 
injection of cyclophosphamine but drank from the Oavoured drink they still remained 
immunosuppressed. Ader and Cohen, through a series of further experiments (Ader & 
Cohen 1 993) confirmed by other studies (Lysle et al 1 988) showed that the rat's immune 
systems had been conditioned to respond through psychological conditioning. 

The biological impact of such a discovery becomes evident when applications of the 
conditioning operation occur in tissue graph rejeaion experiments. In mice, re-exposure 
to a condition stimulus previously paired with an immunosuppressive drug treatment 
prolonged the survival of foreign tissue graphs on mice without further administration of 
the drug (Gorczynski 1 990). 

Further clinical implications for humans remain to be identified. I lowever, at least one 
case study describes the successful application of conditioning in reducing the amount of 
Cytoxan therapy received by a child with lupus (Olness & Ader 1 992) .  Another team of 
investigators used a different form of behavioural conditioning to investigate the effects of 
coping on immune system function. Laudenslager et al ( 1 983) used a shocking 
mechanism on human subjects and found that inescapable shocks lead to a suppression 
of lymphocyte proliferation, whereas escapable shocks did not. 'nley concluded that the 
degree of control that a subjea had over the unpleasant stimuli determined the type of 
immune response to a large degree. 

Humour and Happiness 

The idea that humour and health may be related is not a new idea. In facl. it is an idea that 
has long enjoyed widespread suppon, both from the lay public and among professionals in 
the fields of psychology and medicine ( Lefcourt & Martin 1986). It seems surprising that a 
relationship so widely held by society has not been investigated by more than a handful of 
researchers. Cousins ( 1 979) in an autobiographical account describes the positive effect 
that humour had on his recovery from an extremely painful disease. l ie reponed a decrease 
in pain perception and a drop in his sedimentation rate fol lowing exposure to humour. 
Several investigatOrs have shown that mirthful laughter is accompanied by a widespread 
variety of psychobiological changes. TI,ese changes include respiratory changes, facial 
muscle contractions, circulatory changes, sympathetic activation ( Lefcourt & Martin 1986; 
Fry 1 980), and an increase in spontaneous lymphocyte blastogenesis and natural killer cell 
activity ( Lefcoun & 'l11ol11as 1 998). Dillon et al ( 1 985) used a humourous videotape to 
induce humour, compared to a didactic videotape and found increases in salivary IgA 
concentration in subjects viewing the humourous videotape. Dillon and Totten ( 1 989) 
expanded on Dil lon's original work with a study involving breastfeeding mothers. "Ine 
study found a positive correlation between ratings on the cognitive I lumour Scale and a 
decreased incidence of respiratory infections in both mothers and their breastfed babies. 
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IUItCfm.lll et al ( 1 992) induced positive and negative mental states in actors and found 
Lhal all expcrimcllIally induced mood states produced greater immunological nuctuations 
in natural-killer cells than a neutral Slale and thal lhese effects were stronger (or more 
'aroused' moods such as happiness. If immune fUlldion can be experimentally conditioned 
in humans. then happiness m.,y be one step on the voyage to understanding the 
rclJtionship between a positive emotional state and healing. 

Most theories of humour involve the concept of psychological arousal as a necessary 
component of humour elicitation; however, several fundamental issues remain unresolved 
",hen studying humour as an emotional concept First, humour must be differentiated 
from other aesthetic qualities th,u may be associated with making one laugh, such as 
beauty, wit, nonsense, sarcasm, ridicule, satire, or irony. Confusion of resuhs may occur 
when researchers consider humour as an umbrella term for all phenomena that makes 
one laugh_ This terminology involves such diverse categories as aggressive humour, 
copying humour, mock humour, ridicule humour, and just plain humour. It is important 
10 appreciate that these different forms of humour may be generated by different neuronal 
mechanisms which may result in different effects on the other systems of the body_ 
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Functional Neurological Approaches to 
Treatment 

I 
Introduction 

his imponant for the: clinician to understand the nervous system. It must be 
remembered, however, that each individual's nervous system is different based on the 
stimulation that it has been exposed to over the duration of the individual's lifetime. 

Anatomical pathways may differ from those physiologically or clinically expected. 'l1lis is 
a key concept of functional neurology; we as clinicians are concerned with function. 
Where a dysfunction occurs its cause may be physiological or pathological or both and 
may occur at any point of the pathway from receptor to conex-. Often because of these 
individual factors the course of a treatment application cannot be prediaed until a trial 
therapy and observation of the patient's response has been performed. There are a large 
variety of lreatment modalities available today for the functional stimulation of various 
neural circuits. I have induded manipulation as a major technique because of its 
widespread availability and relative safety of the application. Many olher stimulus 
techniques have been listed in a chart fashion for ease of locatjng the techniques during 

the course of a busy dinic day. 
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General Concepts in Treatment Application 

111e general approach to differenllreatment applications in functional neurology can be 
summarized by the following three steps. 

I .  EilucariorJ-The patient should be taught about their condition, the expected time: 
course of treatment, and any side effects thal lhey may also expect. 

2. Graded application of rherapy-AJI treatment modalities should be applied in a 
graded fashion, proceeding from low intensity to an intensity that produces the 
desired therapeutic effect. 

3. Monilor the affecl of the treatment 011 the nellra.tis-Monitoring of each therapy 
should be conducted as soon as possible following the therapy and then at 
appropriate: intervals such as hourly, daily, or weekly, depending on the intensity of 
the therapy. Monitoring the affect of !he intervention can be accomplished by 
monitoring the changes in lime to activation, and faligue in a neural circuit before 
and after the intervention. 

The time to actillmiorl (lTA) of a neuron is a measure of the time from which the neuron 
receives a stimulus to the time that an activation response can be detected. Obviously, in 
clinical practice the response of individual neurons cannOI be measured but the response 
of neuron systems such as the pupil response to light can be. As a rule.. the time to 
activaLion will be less in situations where the neuron system has maintained a high level 
of integration and activity. and greater in situations where the neuron has not maintained 
a high level of integration and activity or is in the late stages of trans neural degeneration. 
Again an exception to this rule can occur in situations where the neuron system is in the 
early stages of trans neural degeneration and is irritable to stimulus and responds quickly. 
TIlis response will be of shon duration and cannot be maintained for more than a shon 
period of lime. 

The time lO fatigue (TJT-) in a neuron is the length of time that a response can be 
maintained during a continuous stimulus to the neuron, The TTF effectively measures the 
ability of the neuron to sustain activation under continuous stimuli, which is a good 
indicator of the adenosine triphosphate (ATP) and protein stores contained in the 
neuron. This in tum is a good indication of the state of health of the neuron. The lTF 
will be longer in neurons that have maintained high levels of integration and stimulus 
and shoner in neurons that have not maintained a high state of integration.1Tr can be 
very useful in determining whether a fast lime to response (TfR) is due to a highly 
integrated neuron system or a neuron system that is in the early stages of transneural 
degeneration. 

For example. in clinical practice the response of one pupil to light can be compared to 
the other pupil's response. If both pupils respond very quickly to light stimulus (fast TrR), 
and they both maintain pupil contraction for 3-4 seconds (long TI'F) this is a good 
indication that both neuronal circuits are in a good stale of health. If, however, both 
pupils respond quickly (fast lTR) but the right pupil immediately dilates despite the 
continued presence of the light stimulus (shon l1T-), this may be an indication that the 
right neuronal system involved in pupil constriction may be in an early state of 
transneural degeneration and more detailed examination is necessary. 

Treatment should be composed of a three·pronged approadl: 

I. Modulation of the central integrative state (CIS) of a system, to maximize function 
of the viable neurons within the dysfunctional system, to promote regeneration 
and decrease iatrogenic loss of neurons, and 10 stimulate a repair process in any 
injured neurons; 

2. Assist oxygen delivery to the system; and 

3. Ensure that adequate fuel and other physiologically necessary substrates are 
delivered to the system. 

In some instances when the CIS of a system is so poor that any stimulus will cause 
injury, it may be necessary to avoid direct excitatory aaivation of the system. In these 
instances it may require the promotion of inhibition of the neuronal pool by excitation of 
an antagonist pool of neurons. 
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Treatment Approaches 

Manipulation 

Afferent Modulation af the Neuraxis via Manipulation of Spinal Joints 
Venebral joint manipulation has been reported to have an effect on numerous signs and 
symptoms related to cennal nervous system function induding visual dysfunction (Carrick 
1997; lephens et a1 1999). reaction time (Kelly et al 2000), central motor excitability, 
dizziness, tinnitus or hearing impairment, migraine. sleep bruxism (Knutson 2001). bipolar 
and sleep disorders, and cervical dystonia. There have also been repons that spinal joint 
manipulation may assist in the improvement of otitis media and asthma in addition to other 
non-musruloskeletal complainlS. Ample evidence exists to suggest that noxious stimulation 
of spinal lissues can lead La autonomically mediated reflex responses, which may explain 
how spinal joint manipulation can relieve some of these non-musculoskeletal complaints. 

Several studies have investigated the effect of changes in spinal afferentiation as a result 
of manipulation on the activity of the sympathetic nervous system (Korr 1979; SalO 1992; 
Chiu & Wright 1996). Suprasegmental changes, especially in brain function, have 
demonstrated the central influence of altered afferemiation of segmental spinal levels 
(Thomas & Wood 1992; Carrick 1997; Kelly et al 2000). Immune system function may be 
mediated through spinal afferent mechanisms that may operate via suprasegmental or 
segmental levels by modulating the activity of the sympathetic nervous system (Beck 2003). 

Based on the above it is likely that spinal joint manipulation may influence the CIS of 
various neuronal pools through changes in afferent inpulS from joint and muscle 
receptors. A few studies have reponed that upper cervical spinal joint manipulations have 
asymmetrical affects on measures of central nervous system function (Carrick 1997).'11is 
may account, in pan, for reduction of symptoms in migraine sufferers following spinal 
manipulation as asymmetry in blood flow to the head is thought to be a key feature in 
migraine and other headache types (Dmmmond et al 1984; Dmmmond, 1988, 1993). 

Spinal afferenlS may also influence output from the locus coeruleus, which influences 
cortical and subcortical neuronal activity, including trigeminal and vestibular thresholds 
as shown in animal research. Locus coeruleus has widespread projections to all levels of 
the neuraxis, including the hypothalamus and to other monoaminergic nuclei. 

A number of potential pathways exist that may explain why spinal manipulations have 
the potential to excite the rostral ventrolateral medulla (RVLM) and therefore result in 
modulatory affects on the neuraxis (Holt et 31 2006). The pathways and mechanisms most 
likely involved include the following: 

I. Cervical manipulations excite spinoreticul3r pathways or collaterals of dorsal 
column and spinocerebellar pathways. Spinoreticular fibres originate at all levels 
of the cord but panicularly in the upper cervical segments. They synapse on many 
areas of the pontomedullary reticular formation (PMRF). 

2. Cervical manipulations cause modulation of vestibulosympathetic pathways. This 
may involve the same pathways as above or could reflect modulatjon of vestibular 
neurons at the level of the vestibular nuclei. 

3. Cervical manipulations cause vestibulocerebellar activation of lhe nucleus tractus 
solitarius (N'TS), dorsal motor nucleus of vagus, and nucleus ambiguous. 

4. Manipulations may result in brain hemisphere influences causing descending 
excitation of the PMRF. which will exen tOnic inhibitory control of the intermedio
laternl (IML) cell column. 

S. Lumbosacral manipulations may result in sympathetic modulation due to direCl 
innervation of the RVLM via dorsal column nuclei or spinoreticular fibres that 
ascend within the ventrolateral funiculus of the cord. 

6. Spinal manipulation may alter the expression of segmental somato-sympathetic 
reflexes by reducing small-diameter afferent input and enhancing large-diameter 
afferent input. 111.is may innuence sympathetic innervation of primary and 
secondary organs of the immune system. 

7. Spinal manipulations may aller the expression of suprasegmental somato
sympathetic reflexes by reducing afferent inpulS on second-order ascending 
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spinorelicular neurons. This may influence sympathetic innervation of immune 
system organs at a morc global level. 

8. Spinal manipulations may aller central integration of brain stem cenlres involved 
in descending modulation of somato-sympathetic reflexes. '11is may occur via 
spinoretkular projections or interactions between somatic and vestibular inputs 
in the reticular formation. Both somatic (high-threshold) and vestibular inputs 
have been shown to increase output from the RVLM, which provides tonic 
excilalOry influences on the IML cell column of the spinal cord. Proprioceptive 
(low-threshold) inputs from the cervical spine have been shown to have an 
antagonistic effed on vestibular inputs to the RVLM. Neurons in the brainstem 
reticular formation also mediate tonic descending inhibition of segmental 
somato-sympathetic reflexes. Segmental somato-sympathetic reflexes appear to be 
most influential in the absence of descending inhibitory influences from the 
brainstem. 

9. Spinal manipulations may alter central integration in the hypothalamus via 
spinoreticular and spinohypothalamic prOjections and the influence of spinal 
afferents on vestibular and midline cerebellar function, Direct connections have 
been found to exjst between vestibular and cerebellar nuclei and the hypothalamus, 
nucleus tractus solitarius. and parabrachial nuclei. The latter two nuclei project to 
the hypothalamus, in addition to visceral and limbic areas of the medial temporal 
and insular regions of the conex. 

10. Spinal manipulations may influence brain asymmetry by enhancing summation of 
multi-modal neurons in the eNS, monoaminergic neurons in the brainstem or 
basal forebrain regions. or cerebral blood flow via autonomic influences, or by 
influencing the hypothalamic-mediated isoprenoid pathway. 

A Variety of Manipulations Can Be Performed to Stimulate Afferent Systems 
Many excellent textbooks and video programs exclusively describing how to perform 
manipulations of vinually every joint of the body have been written (Carrick 1991, 1994), 
I will simply provide an overview of some of the more common manipulations that I have 
found clinically effective. 

11w stand:m.l position for position for lumbar and 
pdvic manipuhHions is referred to ,1S the Idteral 
reC"lnnhelli po!o>ition. l'he p<lticill is lying comforttlbly on 
their �id(' with the superior leg slightly bent at the knee 

and hip (Fig. 1 7 .1A). '111e p.Hient's .. rills ,m,' crossed 
loosely over Iheir chest. rhe patienl should be st<lblc 
<md balanced while in Ihis posilion and should nOI feci 
I ike Ihey are going 10 roll off the lable (Fig. 17.1 B). 
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Indication 

l11is manipulation can be used to address any lumbar 
segment from L1 to I..S thai has shifled posterior, or is 
not moving into rotation. This manipulation can also 
be used 10 stimulate the ipsilaler31 cerebellum or 
cOlllralateral cortex in relation to the contact. 

Contact 

'nl€' contact hand is semi·nexed into an 'I: shape with 
the fingers reinforcing each 01 her. The tips of the second 
and third fingers on the hand contacting the 
mammillary process vertebra of choice is the 1110St 
efficient conlact for this manipulation ( Fig. 1 7.2A). 

Patient Position 

'11C patient should be comfortably lying on their side, 
with the involved side up; their curns should be crossed 
over their chest. The manipulating neurologist then rolls 
the palient towards them and establishes a contaa with 
the mammillary process of the venebra in question. 
When the manipulating neurologist has established his/ 
her contact, the patient is funher rolled towards the 
manipulator to remove any tissue slack. rrlle patient is 
then asked to relax and take a deep breath in and out 
and allow their body to relax. 

Adjuster's Position 

"111e manipulating neurologist should be positioned 
stilnding but in a crouching position to the side of the 
patient; the comact arm is bent with the elbow 
contacting the patienl's hip for added support and 
control. The non-contact hand maintains a gentle 
supponing pressure on the patient's shoulder. 'Ibe 
contact hand maintains a gentle pressure on the 
contact (see Fig. J7.2B). lne manipulating neurologist 
thell centres his/her sternal area over the cOlllact and 
pushes against the patient's shoulder and the patient's 
hip in opposing directions ulltil mild pressure is 
establ ished. 

Thrust 

"111e thrust is a body drop impulse along the facet joint 
line of the lumbar venebra in question, usually about 
450 inrerior to superior and anterior to posterior, in 
such a way Ihal the thrust on the lumbar vertebra 
causes the vertebra to rotate away rrom the contact 
(Fig 1 7.2B). 

Clinical Comments 

-mis manipulation must be performed with the patient 
relaxed. The suppon hand does not thrust or twist the 
body but simply stabilizes. lne manipulating 
neurologist must concentrate the line or drive orthe 
thrust through the contact. 111e contact is more focused 
and the adjustment easier to perrorm ir a space is 
maintained between the manipulator's wrist and the 
patient. Asking the patient to exhale just berore thrusting 
can also be helpful .  
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Indication 

This manipulation can be used to address a sacroiliac 
joint that is not moving through its complete range of 
motion. n,is manipulation can also be used to 
stimulate the ipsilateral cerebellum or contralateral 
cortex in relation to the contact. 

Contact 

"l1,e pisiform of the contact hand establishes a contact 
on the sacral angle above the second sacral tubercle to 
manipulate the: ipsilateral or 'upside' sacroil iac joint. 
A contact on the sacral arch below the second sacral 
tubercle can be lIsed to manipulate: the sacroiliac joint 
on the contralateral or 'down side' (Fig. 1 7 .3A). 

Patient Position 

11,e patient should be comfortably lying on their side 
with their superior leg benl at the knee and hip to form 
a 45° angle, with their arms crossed over their chest. 
'11e manipulating neurologist then rolls the patient 
towards them and establishes a contact with the angle 
of the sacrum. When the manipulating neurologist has 
established his/her contact the patient is asked to relax 
and take a deep breath in and out and allow their body 
to relax. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing but in a crouching position to the side of the 
patient. '111e manipulating neurologist contacts the 
angle of the sacrum with the hand closest to the patient 
and stabil izes the patient's superior shoulder with the 
other hand. Maintain a gentle pressure on the contact 
so that the patient is locked against the neurologist and 
the table (see Fig. 1 7.3A). '11e manipulating neurologist 
then centres his/her sternal area over the contact, 
m aking sure that his/her shoulder is held as tightly to 
his/her body as possible. 
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Thrust 

The thrust is a body drop impulse along the joint line of 
the sacroil iac joint, usually about 45° inferior to 
superior and posterior to anterior (Fig 1 7.38). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed. The suppon hand does not thrust or twist the 
body but simply stabil izes. The manipulating 
neurologist must concentrate the line of drive of the 
thrust through the contact. Asking the patient 10 exhale 
just before thrusting can also be helpful. '''e twO mOst 
common mistakes made when performing this 
adjustment are: 

1 .  The line of drive of the thrust is aligned 100 much 
in the posterior 10 anterior plane, the thrust 
should be inferior to superior as well; and 

2. The elbow of the contaa ann is allowed to move 
away from the body of the neurologist (winging). 
This position puts a great amount of strain on the 
shoulder and results in shoulder problems down 
the line. 
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Indication 

This manipulation can be used to address an ilium thaI 
has shifted into extension, or is not moving into nexion. 
'111i5 manipulation can also be used to stimulate the 
ipsilateral cerebellum or contralateral cOrtex in relation 
to the contacl. 

Contact 

'11,£ ischium of the ilium is cupped into the contact 
hand with the heel of the hand establishing a firm 
contact (Fig. 1 7.4A). 

Patient Position 

11,£ patient should be comfortably lying on their side. 
with the involved side up; their arms should be crossed 
over their ches!. The superior leg is slightly nexed. 'n,€: 
manipulating neurologist then rolls the patient towards 
them and establishes a contact with the ischium of the 
ilium in question. When the manipulating neurologist 
has established his/her contact, the patient is funher 
rolled towards the manipulator to remove any tissue 
slack. '1 11e patient is then asked to relax and take a deep 
breath in and out and allow their body to relax. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing but in a crouching position slightly to the rear 
and side of the patient. The contad arm is bent so that 
the shoulder is firmly behind the contact. The non
contact hand maintains a gentle supponing pressure on 
the patient's shoulder. The contact hand maintains a 
gentle pressure on the contact (see Fig. 17.48). 'Ine 
manipulating neurologist then centres his/her sternal 
area behind the COntact and pushes against the patient's 
ischium until a mild pressure is established. 

Thrust 

The thrust is a body drop impulse with a scoop-like 
motion along the facet joint l ine of the ilium in 
question, in such a way that the thrust on the ilium 
causes the ilium into nexion ( Fig. 1 7.4B). 

Clinical Comments 

'I'his manipulation must be performed with the patient 
relaxed. 111e support hand does not thrust or twist the 
body but simply stabil izes. 'me manipulating 
n eurologist must concentrate the l ine of drive of the 
thrust through the contact. '111e contact is more focllsed 
and the adjustment easier to perform if the manipulator 
pOSitions their shoulder immediately behind the 
COlHact for maximum thrust power. Compared with 
other manipulations. this manipulation requires 
considerable power to accomplish properly. Asking the 
patient to exhale just before thrusting can also be 
helpful. 
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Indication 

This adjustment can be used to address a coccyx lhal 
has shifted 3ll1erior, or is not moving into extension.  
-n,is adjustment will most probably result i n  a 
stimulation of parasympathetic outpUl from the 
coccygeal plexus. 
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Contact 

A pisiform contact with the thmsl hand contacting the 
knuckle of the thumb, which is in firm contact with the 
posterior inferior coccyx, is the most efficient canti1ct for 
'his adjusllnenl ( Figs 1 7.5A-C). 
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5 ANTERIOR COCCYX MANIPULATION continued 

Patient Position 

"l'lle patient should be comfortably prone with their 
arms at their sides. When the adjuster has established 
his/her contact, the patient is then asked to relax and 
take a deep breath in and out. 

Adjuster's Position 

The adjuster should be behind and centred 10 the 
patient with a gentle pressure on the contact 
(see Fig. 1 7.50). 

Thrust 

°nl€: thmst is an i mpulse tangential to the coccyx in such 
a way that lhe pull on the thumb causes the coccyx to 
move posteriorly. 

Clinical Comments 

"l1lis adjustment must be performed skin on skin as we 
are relying on the skin tension to actually pull the 
coccyx anterior. l"is adjustment may cause the patient 
(and the adjuster) nervous embarrassment because or 
the location or the contact. It is advisable (0 have an 
assistant in the room when this adjustment is 
perrormed and also to make sure the patient 
understands how and why you are perrorming this 
adjustment prior to commencing the setup. '111 is 
adjustment is orten necessary after childbirth or 
rollowing a rail on the bUllocks. 
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Indication 

This manipulation can be used to address a thoracic 
vertebra that is fixed posteriorly or not moving into 
rotation. lhis manipulation can also be used to 
stimulate the ipsilateral cerebellum and contralateral 
COrlex in relation 10 the contact. 

Contact 

'111e manipulating neurologist conlacts the transverse 
process of the thoracic vertebra in question with the 
pisiform of their contact hand. The non-conlact hand 
contacts the cOl1tralateral transverse process to aid in 
stabili7..ation (Fig. 17 .6A). 

Patient Position 

The patient should be comfortably prone, with their 
arms at their sides. -nl£ patient is then asked to reJax 
and take a deep breath in and out and allow their body 
to relax. 

Adjuster'S Position 

111e manipulating neurologist should be posilioned 
standing to the side the patient, wilh their contact hand 
contaCling the transverse process of the thoracic vertebra 
i n  question ( Fig. 17.6A). 
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Thrust 

The thrust is inferior to superior and posterior to 
anterior along a l ine of drive fol lowing the facet l ines of 
the thoracic venebra in question with the contact hand. 
"Ine non-contact hand supports the conlr"lateral 
transverse process for stability (Figs. 1 7.6A and 1 7.6B). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed. The manipulating neurologist must concentrate 
the line of drive of the thrust through the contact. 
Asking the patient to exhale just before lhrusting can 
also be helpful. 
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Indication 

lnis manipulation can be used to address any thoracic 
segment from T2 to T12 that has shifted posterior, or is 
not moving into rotation. This manipulation can also 
be used to stimulatE.' the ipsihl.leral cerebellum or 
contralateral cortex in relation to the contacl. 

Contact 

111(' (ontad hand is formed into a fist, and a (ontad 
established along the thenar eminence of the thumb on 
the hand contacting the uansverse process ("IVP) of the 
thoracic vertebra of choice is the most efficient contacl 
for this manipulation ( Fig. 17.7A). 
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7 ANTERIOR THORACIC MANIPULATION continued 

Patient Position 

The patient should be comfortably lying on their back 
with their arms crossed over their chest. The 
manipulating neurologist then rolls the patient towards 
them and establishes a contact with the 1VP of the 
vertebra in question. When the manipulating 
neurologist has established h is/her contact the patient is 
then rolled back onto their back and asked to relax and 

take a deep breath in and out and allow their body to 
relax. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing but in a crouching position to the side oCme 
patient, with their arm encirding the patient to maintain 
a gentle pressure on the contact (see rig. 1 7.7B). The 
manipulating neurologist then centres his/her sternal 
area over the conlact and lowers their body onto the 
patient's chest until mild pressure is established. 
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Thrust 

The thrust is a body drop impulse along the facet joint 
line of the thoracic venebra in question, usually about 
45° inferior to superior and anterior to posterior above 
T6 and 45° superior to inferior and anterior to posterior 

below T6, in such a way that the thrust on the thoracic 
venebra causes the venebra to rotate away from the 
contact (rig. 1 7.7C). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed.'''e SUPPO" hand does not thrust or twist the 

body but simply stabil izes. The manipulating 
neurologist must concentIate the line of drive of the 
thrust through the contact. Asking the patient to exhale 
just before thrusting can also be helpful. 
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Indication 

This manipulation can be used to address a thoracic 
venebra that is fixed posteriorly or not moving into 
rotaLion. This manipulation can also be used to 
stjmulate the ipsilateral cerebellum and contralateral 
conex in relation to the (oolao. 

Contact 

TIl€: manipulating neurologist contacts the transverse 
process of the thoracic vertebra in question with the 
pisiform of lheir contact hand. The non-contact hand 
contacts the contralateral transverse process to aid in the 
delivery of the torque component of this manipulation 
(Fig. 1 7.8A). 

Patient Position 

lne patient should be comfonably prone. with their 
arms at their sides. lne patient is then asked to relax 
and take a deep breath in and out and allow their body 
to relax. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing to the side of the patient, with their contact 
hand contacting the transverse process of the thoracic 
venebra in question (Fig 17 .SA). 

Thrust 

"Ibe thrust is inferior to superior and posterior to 
anterior along a line of drive following the facet lines of 
the thoracic vertebra in question with the contact hand. 
The non·contact hand thrusts in the opposite direction, 
producing a torque around the joint (Fig. 1 7.8B). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed. The manipulating neurologist must concentrate 
the line of drive of the thrust through the contact The 
torque component of the manipulation allows for a 
greater speed of delivery and thus makes the 
manipulation easier to perform. Asking the patient to 
exhale just before thrusting can also be helpful. 
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Indication 

'nlis manipulation can be lIsed to address generalized 
thoracic and rib fixations. This manipulation can also 
be used for bilateral stimulation of the cerebellum and 
conex. 

Contact 

"Ill€: manipulating neurologist contacts the patient's 
thoracic spine area with their sternum (Fig. 1 7.9A). 

Patient Position 

TIle patient should be comfonably standing, facing 
away from the manipulator; their arms should be 
crossed over their chest. The patient is asked (0 lie back 
onto the manipulating neurologist, who grasps the 
patient's elbows with their palms in a reinforced cupped 
contact. "111E: patient is then asked to relax and take a 
deep bre<1th i n  and out and al low their body to relax. 

Adjuster's Position 

TIle manipulating neurologist should be positioned 
standing behind the patient, with their arms around the 
palient and grasping the patient's elbows (see Fig. 1 7.9B). 
"Ine manipulating neurologist then centres his/her sternal 
area behind the contad. With a mild pull on the patient's 
elbows and a push against the patient's back, a mild 
pressure is established to remove any slack between the 
patient and the manipulator. 

Thrust 

The thrust is an impulse generated by a quick 
contraction of the biceps. The line of drive should be 
inferior to superior and anterior to posterior in nature 
(Figs 1 7.9A and 1 7.9Il). 
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Clinical Comments 

l11is manipulation must be performed with the patient 
relaxed. '111£ manipulating neurologist must concentrate 
the line of drive or the thnisl through the contact. 
Compared with other manipulations, this manipulation 
requires considerable power to accomplish properly. 
Asking the patienl to exhale just before thrusting can 
also be helpful. 
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Indication 

lhis manipulation can be lIsed to address the atlas (C I )  
that has shi fted lateral ly, or is not moving into lateral 
nexion. This manipulation can also be used to stimulate 
the ipsilateral cerebellum or contralateral cortex in 
relation to the contact. 

Contact 

A contact along the medial aspect of the thumb of the 
thrust hand contacting the most lateral edge of the 
posterior arch of the atlas is the mosl efficient contact 
for this manipulation ( Fig. 17.lOA). 

Patient Position 

"nlC patient should be sitting comfortably with their 
arms at their sides. When the manipulating neurologist 
has established his/her COIHact the patien! is then asked 
to relax and lake a deep breath in and out and allow 
their head to slowly be laterally flexed. Extension of the 
neck should be: avoided. 

Adjuster's Position 

111e manipulating neurologist should be positioned 
standing behind and slightly to the side of the patient. 
The patient's head should be at the level of the 
manipulator's mid-sternal area. The non-contact hand 
should be gently cupping the contralateral ear and 
supporting the head; the contact thumb should apply a 
gentle pressure on the contact (see Fig. 1 7. 10A). rl11e 
head is laterally flexed to the side of contact until a firm 
end feel is established. Extension of the neck should be 
avoided. 

Thrust 

'Ille thrust is an impulse along the facet joint lines of 
the atlas in a lateral plane (Fig. 1 7. I OB). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed. This adjustment usually produces two audible 
clicks in quick sllccession like snapping the fingers of  
both hands. "l1e support hand does not thrust or twist 
the head but simply stabil izes the neck and head. It is 
important that the manipulating neurologist does not 
approach or contact the patient's eye with the thumb of 
the support hand. 
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Indication 

This manipulation can be used 10 address any celVical 
segment from C2 to C 7  that has shifted posterior, or is 
not moving imo rotation. This manipulation can also 
be used to stimulate the ipsilateral cerebellum or 
contralateral conex in relation to the contact. 

Contact 

A contact along the palmer aspect of the third finger of 
the thrust hand contacting the posterior arch of the 
cervical vertebra of choice is the most efficient contact 
for this manipulation (rig. 1 7.11 A). 

Patient Position 

The patient should be comfortably sitling with their 
arms at their sides. When the manipulating neurologist 
has established his/her contact the patient is then asked 
to relax and take a deep breath in and OUt and allow 
their head to slowly be turned into a rotated and 
laterally flexed position. 

Adjuster's Position 

The manipulating neurologist should be positioned to 
the side opposite the contact, with a gentle pressure on 
the contact (see Fig. 1 7. I IA). The head can be laterally 
flexed either to the side of contact or away from the 
contact. When laterally flexing away from the contact 
the manipulation takes advantage of the normal 
coupled malion of the cervical vertebral motion units 
and produces a greater stimulus. 
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Thrust 

The thrust is an impulse along the facet joint line of the 
cervical vertebra in question. usually about 450 inferior to 
superior and posterior to anterior in such a v"ay that the 
pull on the cervical vertebra causes the vertebra ro rotate 
to\.,rards the manipulating neurologist (Fig. 1 7 . 1 1  B). 

Clinical Comments 

This manipulation must be performed with the patient 
relaxed. The support hand does not thrust or twist the 
head but simply stabilizes the neck and head. 
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Indication 

This manipulation can be used to address the atlas (CI) 
that has shifted posteriorly, or is not moving into 
rotation. 'lOis manipulation can also be used to 
stimulate the ipsilateral cerebellum or contralateral 
COrtex in relation to the (on lace 

Contact 

A contact along the medial aspect of the first finger 
of the thmsl hand contacting the posterior arch of the 
atlas is the mOSI efficient contact for this manipulation 
(Fig. 1 7 . 1 2A). 

Patient Position 

TIle patient should be sitting comfortably with their 
arms at their sides. When the manipulating neurologist 
has established his/her contact the patient is then asked 
to relax and take a deep breath in and out and allow 
their head lO slowly be laterally flexed. Extension of the 
neck should be avoided. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing in from and slightly to the side of !he patient. 
TIle patient's head should be at the level of the 
manipulator's mid·sternal area. "me non·contact hand 
should be genLly cupping the comralateral ear and 
supponing the head; the contact thumb should apply a 
gentle pressure on the contact (see Fig. 1 7  . 1 2A). l11e 
head is laterally nexed to the side of contact until a firm 
end feel is established. Exlension of !he neck should be 
avoided. 

Thrust 

lne thrust is an impulse along the facet joint l ines of 
the atlas in an inferior to superior plane (rig. 1 7 . 1 2 B). 

Clinical Comments 

"l11is manipulation must be performed with the patient 
relaxed. lne suppon hand does not thrust or twist the 
head but simply stabil izes the neck and head. It is 
imponam that the manipulating neurologist does not 
approach or contact the patient's eye with the thumb of 
the suppon hand. 
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Indication 

'111is manipulation can be used to address any cervical 
segment (rom C2 to C7 that has shifted posterior, or is 
not moving into rotation. This manipulation can also 
be lIsed 10 stimulate the ipsilateral cerebellum or 
contralateral cortex in relation to the contact. 

Contact 

A comact along the palmer aspect of the first finger of 
the thrust hand contacting the posterior arch of the 
cervical vertebra of choice is the most efficient contact 
for this manipulation (Fig. 17. 1 3A). 

Patient Position 

'l1lt� patient should be comfortably lying on their back 
with their arms at their sides. When the manipulating 
neurologist has established his/her contact the patient is 
then asked to relax and take a deep breath in and out 
and allow their head to slowly be turned into a rotated 
and Ialerally nexed position. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing but in a crouching position to the head of 
the patient, with a gentle pressure on the contact (see 
Fig. 17 . 1 3A). '111e head can be laterally nexed 10 the side 
of contact until a firm end feci is established. 
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Thrust 

111e thrust is an impulse along the facet joint line ohhe 
cervical vertebra in question, usually about 45° inferior 
to superior and posterior to anterior in such a way that 
the thnlst on the cervical vertebra causes the vertebra to 
rotate inlo the direction of thrust (Fig. 17.138). 

Clinical Comments 

"111is manipulation mllst be performed with the patient 
relaxed. The support hand does not thrust or twist the 
head but simply stabilizes the neck and head. It is 
important that the manipulating neurologist does not 
approach or conlact the palient's eye with their thumb. 
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Indication 

'l1lis manipulation can be used to address the alias (C I) 
that has shifted posterior, or is not moving into 
rOialion. This manipulation can also be used to 
stimulate the ipsil,\lcral cerebellum or COntra\illeral 
cortex in relation to the contact. 

Contact 

A contact along the laleral aspect of the first finger of 
the thn.1SI hand contacting the posterior arch of the 
atlas is the most efficient contact for this manipulation 
(Fig. 1 7. 14A). 

Patient Position 

The patient should be comfortably lying on their back 
with their arms at their sides. When the manipulating 
neurologist has established his/her contact the patient is 
then asked to relax and take a deep breath in and oul 
and allow their head lO slowly be turned into a rotated 
and laterally flexed position. 

Adjuster's Position 

The manipulating neurologist should be positioned 
standing but in a crouching position to the head of 
the patient, with a gentle pressure on the contact (see 
Fig. 1 7. 1 4A).  '111e hefld can be laterally flexed to the side 
of contact and rotated away from the contact until a 
firm end feel is established. 

Thrust 

"nle lhnlst is an impulse along the facet joint l ines of 
the atlas, usually about 45" inferior to superior and 
posterior to anterior in such a way that the thnlst on the 
atlas causes the vertebra to rotate into the direction of 
thrust (Figs 1 7. 1 4A and 1 7 . 1 4  B).  

Clinical Comments 

This manipulation Illust be performed wilh the patient 
relaxed. The support hand does not thnlsL or twist the 
head but simply stabil izes the neck and head. It is 
important that the manipulating neurologist does not 
approach or contact the patient's eye with their thumb. 
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Indication 

'nlis manipulation can be used to address the aLias ( C I )  
that has shifted laterally, or i s  not moving into lateral 
nexioll. 'Ill is manipul;lIion can also be lIsed (0 stimulate 
the ipsilateral cerebellum or contralateral COrtex in  
relation ( 0  the contact. 

Contact 

A contact along the lateral aspect of the first finger of 
the thmSI hand coIHacting the posterior arch of the 
atlas is the most efficient contact for Ihis manipulation 
( Fig. 1 7 . 1 5A). 

Patient Position 

The patient should be comfortably lying on their back 
with their arms al lheir sides. When the manipulating 
neurologist has established his/her contact the p;llienl is 
then asked to relax and take a deep breath in and out 
and allow their head 10 slowly be turned into a rotated 
and laterally nexed position. Extension of the neck 
should be avoided. 

Adjuster's Position 

"Ille manipulating neurologist should be positioned 
standing but in a crouching position LO the head of 
the patient, with a gentle pressure on the contact (see 
Fig. 1 7. 1 5/\). "nle head can first be rotated aW<lY from 
the cont"c! "nel then laterally nexed to the side of 
contact lImil a firm end feel is established. Extension of 
the neck should be avoided. 
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Thrust 

'Ine thrust is an impulse along the facet joint l ines of 
the atlas in a lateral plane ( Figs 1 7. 1 5/\ i'lnc! 1 7 . 1 58). 

Clinical Comments 

'nlis manipulation must be performed with the palient 
relaxed. This adjustment usually produces twO i'ludible 
clicks in quick succession like snapping the fingers of 
both hands. "Ille support hand does not thrust or twist 
the head but simply stabil izes the neck and head. It is 
important thal lhe manipuli'lting neurologist does nOI 
approach or cOntact the patient's eye with their thumb. 
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Indication 

111is lllf\nipulation can be used to address an occiput 
that is fixed in {lexion (posu::rior) or not moving inlD 
extension. 'J11is manipulation call also be lIsed to 
stimulate the ipsilateral cerebellum and contralateral 
cortex in relation 10 the camJet. 

Contact 

'1,C manipulating neurologist contacts the patient's 
occiput in question with the pisiform of the conlact 
Imnd (Fig. 1 7.IGA). 

Patient Position 

'Ihe patient should be cOl11fonably supine, with their 
arms crossed over their chest. Roll the paticl1I's head 
into full rotation with the involved occiput superior. 
rlne patient is then asked to relax and take a deep brc<lth 
in and out and "lIow their body (0 relax. 

Adjuster's Position 

The manipulating neurologisl should be positioned 
stilllding above and 10 the side the patient, 

Thrust 

1ne thrust is an impulse along a line of drive thtH 
follows a palh from the patient's occiput to their nose. 
The line of drive should be inferior 10 superior and 
poslerior 10 alllerior in  mllure (Fig. 1 7. 1 GB).  

Clinical Comments 

This manipulation must be performed with the palient 
relaxed. '111e manipulating neurologist must concentrate 
the line of drive of the lhrusl lhrough the contact. 
Asking the patient [0 exhale just before thrusting can 
also be helpful. '111 is is a vel)' powerful manipulation 
and patients should be advised to remain lying quietly 
for a few moments before attempting to sit up following 
the adjustment. 
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Indication 

'111i5 manipulation can be used to address a thoracic 
vertebra that is fixed in posterior or not moving into 
rotation. This manipulation can n1so be used to 
stimulate the ipsilateral cerebel lum and contralateral 
cortex in relation to the COnlact. 

Contact 

rhe manipulating neurologist COntacts the patient's 
ipsilateral occiput with the palm of the non-contact 
hand. A pisiform contact is established on the 
Iransverse process of the thoracic vertebra in question 
( rig. 1 7 . 1 7A). 

Patient Position 

The patient should be comfortably prone. with their 
arms at their sides. Roil lhe patient's head into TOialion 
with the patm of your non-contact hand pushing 
slightly superiorly and laterally to medially on their 
occiput. '111e patient is then asked to relax and take a 
deep breath in and out and allow their body to relax, 

Adjuster's Position 

'1111? manipulating neurologist should be positioned 
standing above and to the side the p,uient, with their 
superior hand cupping the patient's occiput and the 
inferior hand contacting the thoracic vencbra in 
question ( Figs 1 7. 1 7A and 1 7. 1 713). 

Thrust 

'111e thrust is a body drop impulse down the contact arm 
along a line of drive that follows the facet joints of the 
thoracic vertebra in question, The line of drive should 
be superior to inferior and posterior to anterior in  
nature. The non-contact hand applies steady superior 
and lateml to medial pressure to stabil ize the head 
during the thrust ( Figs 1 7. 1 7A and 1 7 . 1 7B). 
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Clinical Comments 

lllis manipulation must be performed with the patient 
relaxed. The manipulating neurologist musl concentrate 
the line of drive of the thrust through the contact. I f the 
manipulator maintains a fairly straight arm when the 
thrust is given the full bod>' drop component of the 
manipulation can be util ized, making the manipulation 
much easier to perform. Asking the p.lIient to exhale 
just before thrusting can also be helpful. 
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Analysis Technique 

Palpation of the temporal mandibular joint ('I'M!) 
bilaterally can give you a very good idea af how the 
joint is functioning. The fingers should contact the 
area of theTMI in order to appreciatE: both the 
rotational and translational components o(TMJ 
function. 'n1C patient is then asked to open and dose 
their mouth slowly and repeatedly 10 allow the adjuster 

the: opponunity lO evaluate the motion of me TMJ. 
11-,c translational and rotational components of the 
TM! are compared bilaterally for delays or aberrant 
function including swinging of the mandible to the 
left or right. 111(' technique can be performed from 
the back ( Figs 1 7. I SA and 1 7. I SB) or from lh. front 
( Fig. 1 7. I SC) oflh. paLi.nt. 
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Indication 

"111is adjustment can be used to address a 'I'M' that is nOI 
translating during opening motion. 

Contact 

A pisiform contad over theTMI in question is the most 
efficient cOntact for this adjustment. 'Ill(� fifth finger and 
lateral aspect of the hand should rest lightly on the 
mandible with the fingers pointing down the jaw linc. 
Skin slack should be taken from superior to inferior and 
laternl to medial. "Ill€: contad should be firm but nOt 
causing the patienl discomfon ( Figs 1 7 . 1 9A and 1 7 . 1 9B). 

Patient Position 

The patient should be silting comfortably in fro111 of the 
adjuster, with their head turned to bring the i nvolved 
TMI away from the adjuster. 

Adjuster's Position 

The adjuster should be standing with feet slightly more 
than shoulder-width apart, knees slightly bent, facing 
the patielll on a 75-80° angle from the patielll's head, 
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on the same side as the contact ( Fig. 1 7. 1 9B). 
lne sternal notch should be posterior to the COntact. 

Thrust 

The thrust is an impulse along the line of the mandible 
( Fig. 1 7. 1 9C). 'n,e non-thrust hand stabil izes the head 
and neck 10 avoid over rotalion. 

Clinical Comments 

'I'M! adjusting can be very anxiety provoking for patients 
and chiropractors alike. "111 is results in ridged stiff 
hands that cause the patient to 'tighten up'. Taking a 
moment to remind yourself 10 relax your hands is very 
useful. You must also be very watchful not to stick your 
thumb into the patient's eye as you concentrate on 
performance of the adjustment. Students are often 
concerned about the amount of thrust to use when 
performing a TMJ adjustment. "Inis can be overcome by 
starting wilh it light thrust and progressing over twO or 
three Ihrusts, al lowing the force 10 increase slightly each 
time until you have developed a feci for the amount of 
thrust to util ize. 
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Indication 

This adjustment can be used to address a TMJ that is not 
rotating during opening motion. 

Contact 

A double·handed interlocked finger contact cupping the 
mandible is the most efficient contact for this 
adjustment. "me palmer aspect orthe hand should rest 
lightly on the mandible with the fingers pointing down 
the jaw line. Skin slack should be taken from superior to 
inferior and lateral to medial. ,ne contact should be firm 
but not causing the patient discomfort ( Fig. 1 7.20A). 

Patient Position 

The patient should be silting comfortably in front of the 

adjuster, with their eyes looking straight ahead. The 
patient is then asked LO open and close their mouth 
slowly and repeatedly. 

Adjuster's Position 

The adjuster should be standing with reet slightly more 
than shouldeH\lidth apan, direoly behind the patient 
( Fig. 1 7.20A). The sternal notch should be posterior to 
the contact. 

Thrust 

The thrust is an impulse along the line of the mandible 
just as the 'I'M! begins the rotational componelll of 
movement. 'ne thrust can be bilateral and equal or 
emphasis directed on one side by altering the amount 
of IhruSl on each side ( Figs 1 7.20B and 1 7.20C). 

Clinical Comments 

TMJ adjusting can be vel)' anxiety provoking ror patients 
and chiropractors alike. '11is results in ridged sliffhands 
that cause the patient to 'tighten up'. Taking a moment to 
remind yourselr to relax your hands is vel)' useful. You 
must also be very watchru l  not to stick your thumb into 
the patient's eye as you concelllrate on performance of 
the adjustment. Students are often concerned about the 
amount or thrust to use when performing a TMJ 
adjustment. This can be overcome by staning with a light 
thrust and progressing over two or three thrusts, allowing 
the rorce to increase slighLiy each time until you have 
developed a feel for the amount of thnlst to util ize. 

The patient should be reminded to pull their tongue 
back into their mouth to avoid trapping it between their 
teeth when the thrust occurs. 
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Indication 

This adjustment can be used 10 address a TMJ that is nOI 
translating during opening motion. 

Contact 

A pisiform contact over IheTMJ in question is the most 
efficient contact for this adjustment. 'Ihe fifth finger and 
lateral aspect of the hand should rest lightly on the 
mandible with the fingers pointing down the jaw line. 
Skin slack should be taken frol11 superior to inferior and 
lateral w medial. 'Ill€: contact should be firm but nOI 
causing the patient discomfort ( Figs 1 7.21A <lllel 1 7.21 B). 

Patient Position 

The patient should be lying comfortably in the supine 
position, with their head turned 10 bring the involved 
TMJ facing up. 

Adjuster's Position 

The adjuster should be standing with feCI slightly more 
than shoulder-width apart, knees slightly bent, facing 
the patient on a 75-80° angle from the patient's head, 
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on the same side as the contact ( Fig. 1 7.21 C). The 
sternal 1l00ch should be over or posterior 10 the contact. 

Thrust 

'J11C thrust is an impulse along the line of the mandible 
( Fig. 1 7.2ID).  

Clinical Comments 

TMJ adjusting can be very anxiety provoking for patients 
and chiropractors alike. This results in ridged stiff hands 
that cause the patient to 'tighten up'. Taking a moment 
to remind yourself to relax your hands is very useful. 
You must also be very watchful not LO Slick your thumb 
into the patient's eye as you concentrate on performance 
of the adjustment. Students are often concerned about 
the amount of thrust to use when performing a 'I'M, 
adjustment. This can be overcome by starting with a 
light thrust and progressing over two or three thrusts, 
al lowing the force to increase slightly each time until 
you have developed a feel for the amount of thrust 
to utilize. 
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Indication 

" Illis adjustment can be used 10 address a sternal
clavicular joint fixau::d in downward glide on motion 
palpation. 

Contact 

A pisiform contaCi with the thrust hand contacting the 
head or tile sternum, the non-adjusting hand reinforces 
the thrusting hand 10 maintain downward pressure 
during the thrust so the contact does not slip 
(Fig. 1 7.22A). 

Patient Position 

llH! patient should be comfortably seated with their 
arms at their sides. When the adjuster has established 
his/her contact the p<ttient is then asked to relax and 
take a deep breath in and out. 

Adjuster's Position 

'111e adjuster should be behind and centred 10 
the patient with a gentle pressure on the contact 
(s« Fig. 1 7.22B). 

Thrust 

'111e thmst is an impulse downwards along the joint 
l ine. 
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Indication 

'11i5 adjustmcnt can be used to address a sternal· 
clavicular joint fixated in superior glide on Illotion 
palpation. 

Contact 

A pisiform contact with the thrust hand contacting the 
head of the clavicle, the non-adjusting hand re-enforces 
the lhmsling hand to maintain downward pressure 
during the thrust so the contact does not slip 
( rig. 1 7.23A). 

Patient Position 

The patient should be comfortably sealed with their 
arms at their sides. When the adjuster has established 
his/her contact the palienl is then asked to relax and 
take a deep breath in and out. 
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Adjuster's Position 

'me adjuster should be behind and centred to the 
patient with a gentle pressure on the contact 
(see Fig. 1 7.23B). 

Thrust 

'l1,e thnlst is an impulse upwards along Ihe joinl l ine. 
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Indication 

l11is adjustment can be used 10 address a glenohumeral 
that has posterior joint capsule adhesions or is not 
moving in posterior glide. 

Contact 

A double-handed interlocked finger contact Clipping the 
elbow is the 111051 efficient comaci for this adjustment 
"Ine palmer aspect oCtile hand should rest lightly on the 
elbow with the fingers inlerlocked or overlapped for 
strength. Skin slack should be taken from inferior 10 
superior and anterior (0 posterior. The contact should be 
firm but not causing the palient discomfort ( Fig. 17 .24A). 

Patient Position 

The palient should be sitting comfortably in front of the 
adjuster, with their eyes looking straight ahead. 

Adjuster's Position 

"I1u� adjuster should be standing wilh reet slightly more 
than shouldeHvidth apart, directly behind the patient 
( Fig. 1 7.24A). -1111? sternal notch should be posterior to 
the contact. 

Thrust 

-n,e humerus is elevated to about 90°. -11H� thrust is an 
impulse along the line or the humerus ( Fig. 1 7.248). 

Clinical Comments 

Shoulder adjusting can be very anxiety provoking ror 
patients and chiropractors alike due to the discomrort 
orten relt by the patient when in the preJoaded position. 
-11,e patient can be comrorted by inrorming them that in 
most cases the pain will subside in a rew minutes 
rollowing the adjustment. 

479 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

Indication 

' Inis adjustment can be used to address a glenohumeral 
or Ale joint that has superior joint capsule adhesions or 
an Ale joint not moving in superior glide. 

Contact 

A double·handcd interlocked finger contact cupping the 
elbow is the 1110St efficient COIHaCl for this adjustment. 
The palmer aspect or the hand should rest lightly on the 
elbow with the fingers interlocked or overlapped for 
strength. Skin slack should be taken from inferior 10 
superior. The contact should be firm but not ("using the 
patient discomfort (Fig. 1 7.25A). 

Patient Position 

'Ill€' patient should be silting comfortably in fronl of the 
adjuster, with their eyes looking straight ahead. 

Adjuster's Position 

'111C adjuster should be standing with feet slightly more 
than shoulder-width apan, directly behind the patient 
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(Fig. 1 7.25A). '111e sternal notch should be posterior to 

the contact. 

Thrust 

'111e thrust is an impulse along the line of the humerus. 

Clinical Comments 

Shoulder adjusting can be very anxiety provoking for 
patients and chiropractors alike due to the discomfort 
often felt by the patient when in the preloaded position. 
' 111e palient can be comfoned by informing them th,lI in 
most cases the pain will subside in a few lllinlHCS 
following the adjustment. 
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Indication 

'111is adjustment can be used to address a first rib that is 
not moving inferiorly in motion palpation or fixed 
superior on static palpation. 

Contact 

111e first rib is contaCied with the first metacarpal 
phalangeal joint of the thrusting hand. The support 
hand cups the contralateral occiput to the contact and 
applies a steady rostral and lateral to medial force that 
causes the patient's head to laterally nex towards and 
fOlate away from the contact (see Fig. J 7.26A). 

Patient Position 

'me patient should be sitting comfortably facing away 
from the adjuster with their arms hanging to their sides. 
When the adjuster has established his/her contact the 
patient is then asked to relax and let him/herself fall 
into the adjuster for suppon. 

Adjuster's Position 

"l1,e adjuster should be behind the patient with the 
contact centred to his/her body slightly below the 
sternal notch so the thrust hand is almost parallel with 
the noor. 

Thrust 

"l11e thrust is an impulse to the first rib directed through 
the joint line. The suppon hand maintains the initial 
pressure on the head throughout the adjustment but 
does not counter-thrust. 

Clinical Comments 

A first rib adjustment may be quite ullcomfonable for 
the patient especially if the attempt is not sliccessfui .  No 
more than twO attempts should be made during any 
one visit. 
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27 POSTERIOR RIB HEAD ADJUSTMENT (ANTERIOR POSITIONING) continued 

Indication 

This adjustment addresses a rib head lhal is not moving 
into bucket handle or that is fixed posterior on static 
palpation. 

Contact 

A closed fist contact with fingers facing upwards is 
probably the best contaCl for this adjustment, although 
many variations of hand configuration may also be used 
( Fig. 1 7.27A). 'Ill€' contact is made on the head orthe 
involved rib. The adjuster wraps his/her arm around the 
patient to C011laC( the rib head in question 
(Fig. 1 7.276). 

Patient Position 

The patient should be comfort"bly lying supine with 
lheir arms folded across their chest and their tegs 
slightly bent. 

Adjuster's Position 

'n1€' adjuster should be in a fencer stance with the pelvis 
facing in a forward position. -Il, is will allow the body 

Indication 

This adjustment can be used to address a radial head 
joint thal is not moving in internal rotation or is 
subluxated posteriorly. 

Contact 

A single. handed thumb contact on the radial head in 
question just below the joint l ine is the most efficient 
COlllaCl for this adjustment. Skin slack should be taken 
into the direction of thrust. The contact should be firm 
but nOI causing the patient discomfort ( Fig. 1 7.28A). 

drop thrust to be transmitted along the proper resultant 
veaor with maximum efficiency. -11,e sternal notch (the 
functional centre of gravilY) should be positioned over 
or posterior to the contact on the spine. The adjuster 
takes the contaa as described above and as illustrated in 
Figs 1 7.27C and 1 7.27D below. 

Thrust 

The thrust is a body drop with impulse directed through 
the contact hand in such a manner as to cause the 
contacted rib head to move anterior and superior 
( Fig. 1 7.27E). 

Clinical Comments 

The most common mistake made when auempting this 
adjustment is to body drop straight down on your 
patient and not align your force through the appropriate 
vector. You may also ask the patient 10 breath in and 
out, applying YOllr thrust as the patient breathes out. 

Patient Position 

The patient should be silting comfortably in front of the 
adjuster, with their arm oULStretched. 

Adjuster's Position 

The adjuster should be standing with feet slightly 
more than shoulder·width apan, beside the patient 
( Fig. 1 7.28A). 

Thrust 

The thrust is an impulse that is init iated just as the 
elbow comes into ful l  extension (F ig. 1 7.28B). 
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Indication 

'111is adjustment can be used to address <I carpal joil1l 
that is nOl llloving in anterior or posterior glide. 

Contact 

A double·handed reinforced thumb (entad gripping the 
carpal bone in question just below the joint line orthe 
specific bone is the Illost efficient contact for this 
adjustment. Skin slack should be taken into the 
direction of thntsl. The (Ontad should be firm but nOI 
causing the patient discomfort ( Fig. 1 7.29A). 

Patient Position 

The patient should be silting comfortably in frollt of the: 
adjuster, with their arm olltstretched. 
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Adjuster's Position 

TIl€: adjuster should be standing with feCI slightly 
morc than shoulder-width apart, directly over the 
patient ( Fig. 1 7.29A). 

Thrust 

The thrust is an impulse that is inil iated jllst as the wriSI 
comes inlo full extension ( Fig. 1 7.298). 
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Indication 

This adjustment can be used to address a hip joint that 
is not moving in internal or external fOlalion or nOI 
gapping in long axis traction. 

Contact 

A double-handed interlocking finger contact gripping 
the leg just above the flexed hip is the most efficient 
contact for this adjustment. Skin slack should be taken 
in the direction of thrust. which is superior to inferior. 
The contact should be firm but not causing the patient 
discomfort ( Fig. 1 7.30A). 

Patient Position 

The patient should be lying comfortably in front of the 
adjuster, with their leg flexed to 90" and resting on the 
adjuster's shoulder. 

Adjuster's Position 

The adjuster should be standing with fect slightly more 
than shoulder-width ap:lrI, bent slightly forward 
( Fig. 1 7.30A). 

Thrust 

The thnlst is an impulse directed superior to inferior i n  
a manner that will gap the hip joint ( Fig. 1 7.3013). 
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Indication 

"111i5 adjustment can be lIsed to address a hip joiI1l 1hat 
is not moving in internal or external rotation or not 
gapping in long axis IraCiioll. 

Contact 

A double-handed cross-handed contact gripping the leg 
just above the ankle is the most efficient contact for this 
adjustment. Skin slack should be taken in the direction 
of thrust, either internal or external rotation or long axis 
traction. The conlact should be firm but nOI causing the 
patient discomforl ( Fig. 1 7.3I A).  

Patient Position 

The patient should be lying comfortably in fronl of the 
adjuster, with their leg outstretched. 
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Adjuster's Position 

'l1u� adjuster should be standing with feCI slightly more 
than shoulder-width apart, directly over the patienl 
(Fig. 1 7.3IA). 

Thrust 

The thrust is an impulse directed in a rotary fashion that 
will bring the hip illlo internal or external rotation or 
direo long axis tradion, whichever is the desired thTllsl 
(Fig. 1 7.31 B). 
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Indication 

This adjustment can be used to address a knee joinl lhal 
has anterior joint capsule adhesions or is nOI moving in 
internal rOlation. 

Contact 

A single-handed paimer conl,Kt cupping the bueral 
posterior tibia is the mOSI efficient contact for this 
adjuM11lent. The palmer aspect of the hand should rest 
lightly on the pOMerior tibial region. Skin slack should 
be taken from posterior to anterior and lateral to 
medial. 'l1,c contact should be firm bUi not causing the 
patient discomfort. The non�lhrllst hand should be 
holding the patient's lower leg above the ankle 
( Fig. 17 .32A). 

Patient Position 

The patient should be tying comfortably in front or the 
adjuster, wilh their knee as fully ncxed as possible. 

Adjuster's Position 

The adjuster should be standing with feet slightly more 
than shoulder-width apan, directly over the patient 
( Fig. 1 7.32A). The sternal notch should be at the level 
of the contact. 

Thrust 

The lhrust is an impulse directed in a rotary fashion that 
will bring the tibia into illlernal rotation. The knee is 
flexed in a bucket handle fashion as the thrust is applied 
( Fig. 1 7.32B). 
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Indication 

This adjustl11cl1I call be lIsed lO address a knee joint that 
has anterior joint capsule adhesions or is not moving in 
internal or external rot;\lioll. 

Contact 

A double·handed palmer 'choke' contact gripping the 
tibia just below the joint line is the most efficient 
contact for this adjustment. 111e palmer aspen of the 
thrust hand should rest lightly on the anterior tibial 
region. Skin slack should be taken from anterior lO 
posterior and in the direction of thrust, either internal 
or external rOlation. The contact should be firm but not 
causing the patient discomfort (Fig. 1 7.33A). 

Patient Position 

The patient should be lying comfortably in front of the 
adjuster, with their knee as comfortably flexed. 
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Adjuster's Position 

The adjuster should be standing with feet slightly more 
th"l1 shoulder-width apart, directly over the patient 
(Fig. 1 7.33A). The sternal l10tch should be <lt the level 
of the contact. The adjuster's knee should lock the 
patient's foot in place with light pressure. 

Thrust 

The lhmsl is an in1pulse directed in a rotary fashion that 
will bring the tibia into internal or external rotation, 
whichever is the desired thmst (Fig. 1 7.33B).  
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Indication 

'1,is adjustment can be used to address a talar or 
navirular joint that is not moving in internal or external 
rotation. 

Contact 

A dOllble·handed reinforced finger cOntact gripping the 
navicular or the lalus just below their respective joint 
l ines is the most efficient contact for this adjustment. 
111e palmer aSI>cct of the thrust hand should rest lightly 
on the medial arch region. Skin slack should be taken 
from anterior lO posterior and in the direction of thrust, 
either illlernai or external fmalion. " ,e contact should 
be firm but not causing the palient discomfort 
(Fig. 1 7.34A). 

Patient Position 

"llle patienl should be lying comfortably in front of the 
adjuster. with their leg outstretched. 

Adjuster's Position 

The adjuster should be standing with feet slightly more 
than shoulder-width apan. direClly over the patient 

( Fig. 1 7.34A). The Slernal notch should be at the level 
or the contacl. 

Thrust 

'11e thrust is an impulse directed in a rotary fashion that 
will bring the tibia into i nternal or external rOlation. 
whichever is the desired thrust (Fig. 1 7.34B). 
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Contraindications for Manipulation 
Manipulation when employed in appropriate: ciralmstances is a safe and effective 
technique for restOring joint biomechanics and as a fonn of afferent stimulation. 
I have outlined several common conditions that may constitute contraindications to 
manipulation in certain cases; for a more comprehensive description see Beck et al 
(2004). There are very few situations or conditions where some form of manipulation 
cannOt be performed as a form of stimulus to the neuraxis. 

F meW res/ D isl oru (;011 
There are three basic types of fractures that can be differentiated based largely on the history. 
In cases of fracture resulting from direct trauma the history is usually consistent with injury. 
In cases of suspected stress fractures the history of repetitive micrOlrauma should be a strong 
indicator for further imaging studies such as bone scanning, In situations where the injUl)' is 
inconsistent with injury consideration should be given to the possibility of a pathologiCtiI 
fracture, In these cases the presence of a pathology in the bone results in a weakened bone 
structure that fractures in situations that a normal bone would be expected to tolerate, 

QUICK FACTS 1 Clinical Indications that May Indicate a Fracture 
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• Immediate muscle splinting 

• Possible haematoma 

• Disfiguration 

• Unwilling to move 

• Tuning fork and X-rays may be useful 

• In children fractures that cross or involve the growth plate must be referred 

for orthopaedic consult 

Some common clinical indications that may indicate the presence of a fracture include 
immediate muscle splinting. especially in cases of vertebral fractures where the splinting is 
also bilateral, presence of large immediate haematorna, disfiguration of the normal conture 
of lhe joint or area, and unwillingness of me patient to move or let someone e1se move the 
joint. The application of a tuning fork will usually produce pain in fractures but not in 
sprains. X-rays may be useful but many fractures will not be evident on X-ray immediately. 
A final clinical note concerning children with suspected fractures is necessary. In children 
fractures mal cross or involve the growth plate must be referred for orthopaedic consult as 

soon as possible, as disruption of the growth plate may result in deformation or retardation 
of bone growt.h. 

Haemtlrrhrosis 
Haemanhrosis, which is bleeding inside me capsule or joint space of a joint, can be 
extremely damaging to the articular surface of the joint. The enzymatic contenLS of bJood 
and inflammalOry response is very destructive lO synovial tissues and cartilage, These 

types of injuries are most commonly caused from tears in imracapsular ligaments, for 
example the cruciate ligaments of the knee. the vascular ponion of the menisci, ruptures 
of synovial membranes, or fractures that cross the osteochondral junction. In my 
experience one-third of all acute cases will need orthopaedic surgical reconstruction if the 
haemanhrosis is present for more then 2 days. 

The clinical indications of a haemanhrosis include extreme, immediate swelling of the 
joint to the point that the joint is held at an angle lO relieve some of the pressure within 
the capsule, The swelling may also have a pulsatile character. 

Inswbility 
Instability or ligament tears can be acute.. chronic, or recurrent in nature and usually result 
in different degrees of instability which become apparent from minor movement of the 
joint. This is due to swelling and kinematic dysfunction of the joint due to the 
dislocation. Usually the direction of causative force relates to t.he direction ofinstability 
and patients are very apprehensive about any movement in the direction of the instability, 
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I t  i s  important to keep i n  mind that ligament instability may also be caused by infection, 
inflammatory processes, or autoimmune conditions. 

Muscular Tet.don Tears 
Muscular tendon tears are often associated with degeneration of a tendon due to overuse, 
old age, or ischaemia. Patients often describe hearing a 'popping' sound prior to loss of 
strength. Complete or severe tears often result in 'tennis ball' appearing. which is the 
bunching of muscle proximal to the lear with a significant loss of muscular strength across 
the joint involved. Rehabilitation Cim sometimes be effective at restoring reasonable 
function but surgical reattachment is often necessary. 

ACtlle Compartment Sy,ulrome 
Acute companment syndrome (ACS) most commonly results from infarction or 
interruption of blood supply to a muscle group from swelling inside muscular fascia or 
constriction due to a bandage. The forearm flexors, gastrocnemius/soleus, and quadriceps 
are most commonly involved. ACS may lead to nerve damage and scar tissue formation 
and often results in contracture of distal digits. The clinical indications include rapid pain 
escalation beyond what would be expected in cases of sprain or suajn and alterations in 
pulses, colour, and temperature ofthe affected limb. In cases where pain persists or 
drculation does not return to normal, surgical decompression may be necessary. 

Infection 
Infection may be caused by a wide variety of pathogens and conditions. The two most 
common causes are blood-borne infection from distant focus and direct implantation 
following trauma. Diabetes is a common systemic disease in peripheral infections. The 
joint will usually display marked local joint swelling. elevated temperature, and redness. 
l11e patient may hold the joint in the position of maximum bursal space for that joint, 
usually about 70° of flexion as previously described for haemanhrosis. In addition to the 
joint signs, systemic signs including fever and malaise may be present. Movement or rest 
will usually not alter symptoms and night pain is common. Most commonly tuberculosis, 
syphilis, gonococcal and staphylococcal infections target joints. It is important for the 
patienl to seek pharmaceutical treatment immediately because septic arthritis and joint 
destruction may develop if the condition is left unlrt�ated. 

Tumours 
A variety of tumoun can involve bones and joints. A brief overview of some of the more 
common considerations is outlined below. 

\ .  Metastatic Lu/ltours-I n cases of metastatic tumour involvement the primary site 
must be identified and located. 

2. Multiple myeloma-'l1is condition most commonly affects long bones and marrow· 
producing bones including the vert.ebra. 

3. Ewing's sarcoma-This condition prefers long bones such as the humerus, radius, 
and ulna. 

4. Reticular cell carcinoma-This condition is rare. but prefers the humerus when it 
does occur 

S.  Osteocllondroma-This condition prefers the area around the knee most commonly, 
followed by the area around the elbow. 

G.  Paget's disease-This condition results in deformation of the bony matrix and 
changes in bone deposits. It may affeo all bones but most commonly the head, 
jaw, and pelvis are involved. 

The clinical indications of tumour involvement may include night pain, unremitting or 
worsening pain, and pain with no explanation of onset. Commonly the pain of a space· 
occupying tumour cannot be reproduced by mechanical means. 

Arthritides 
Some arthritides can result in situations of contraindication to manipulation especially in 
their reactive or inflammatory phase. Some common arthritides encountered in practice 
include the fol lowing: 

I .  Osteoarthritis-In many cases osteoanhritis is not a contraindication for 
manipulation; however, it may be cOlllraindicated in severe cases. 
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2. RheumaLOid arthritis (RA)-In addition to pain the process afRA may lead to 
ligament destruction, indudjng me alar ligaments of the: atlas/axis complex; for this 
reason great care needs to be taken when manipulating patients with a history of RA. 

3. Charcot's (neuropathic) joint-Destruction of the proprioceptive nerves to a joint 
result in massive destruction due: to de:nervation of the joint. These joints can 
become extremely disfigured with relatively no pain to the patient. 

4. Psoriatic arlhritis-This condition is associated with psoriasis of the skin and may 
also result in severe joint destruction in some cases. 

5. Gout-This condition usually affects the joints ohhe hands and feet and in the 
inflammatory stage may be too painful 10 manipulate:. 

Metabolic Disorders 
Several metabolic disorders may also be of cause for concern when considering 
manipulation as a treatment modality. 'nu�se include the following: 

I .  OsteOPOroSls-This condition may occur idiopathically, post-trauma, 
post-immobilization, or as the result of drug therapy with such drugs as HRT' and 
conicosteroids. 

2. Osteopetrosis-This condition causes bones to become velY brittle and manipulation 
attempts may lead to fraaures. 

Congellital Anomalies 
A variety of congenital anomalies can be considered as contraindications for manipulation 
or al the very least result in alteration of the manipulation approach applied. Extra bones 
such as a fabella or segmented patella may interfere with the standard manipulation 
approach. Pseudo-jOints, ossifications, and scar tissue may occur following trauma or 
surgical interventions that may also result in difficulties when considering manipulation. 
Several structural deformities such as dub foot. pes planus. and pes cavus can also present 
a manipulative challenge. These congenital anomalies usually coexist with other 
deformities so check the patients thoroughly before manipulating. 

Manipulation Can Produce Complications 
Although manipulation is one of the safest treatment inteIVentions, some complications can 
arise. The most common complications are minor discomfon or stiffness a few hours 
following the manipulation. Some serious complications have been reponed, the most 
serious being venebrobasilar or other forms of stroke following cervical spine manipulation. 

Verubrobasilar Strokes (VBS) 
Firstly, it must be accepted and understood that VBS following manipulation of the 
ceIVical spine can and do occur. The temporal relationship between young.healthy 
patients without apparent osseous or vascular disease attending for manipulation and 
then suffering this type of rare stroke is well documented (Terrett 2001). 

Characteristics of Patients who Suffer a VBS or VBS-like Symptoms 

QUICK FACTS 2 Following Manipulation 
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• They are young healthy adults. 

• They have uneventful medical or health histories. 

• They have no or only a few of the stroke 'risk factors'. 

• They cannot be identified a priori by clinical or radiographic exam. 

• Women do not appear to be at greater risk. 

• Injuries to the vertebral arteries can occur anywhere along their entire path. 

The vast majority of cases involve the use of a high-velocityjlow-amplitude type of 
manipulation. The proposed mechanism of injury includes trauma to blood vessel walls 
which may have had preexisting damage. Alternatively, active pathological processes may 
have been present and may be exaggerated from the force of the manipulation. Regardless 
of the mechanism the end results of the manipulation are the following: 
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• lmimal laceration; 

• Subintimal haemorrhages; 

• Vessel wall dissections; 

AneutySms; 

• "nrombus formation; and 

• Embolus formation. 

Any ofLhe above occurrences can result in acute and residual neurological deficit, 
several types of plegia. or death. 

A variety of studies have reponed a wide range of incidence findings, ranging from 
I incident per 300,000 manipulations to 1 per 1 4,000,000 manipulations (Maigne 1 972; 
Cyriax 1978; lIosek el al 1 981; Gutmann 1983; Carey 1993). Terrett (2001) examined 255 
cases of vertebrobasilar insufficiency (VBI) following spinal manipulation; this 
investigation revealed that there is no grealer risk (or any age range. although the greatest 
number of occurrences was in the range 30-45 years, and there is no greater risk for any 
sex. although wome.n had the greatest number of ocOJrre.nces. 

Patients who suffer a VBS or VBS-Iike symptoms display the following characteristics: 

• They are young healthy adults; 

• They have uneventfu l  medicaJ or health histories; 

• They have no or only a few of the stroke 'risk factors'; 

• They cannot be identified a priori by clinical or radiographic exam; 

• Women do not appear to be at greater risk; and 

• Injuries to the vertebral arteries can occur anywhe.re along their entire path. 

'11e symptoms orVSI most commonly found include: 

I .  Dizziness/vertigo/giddiness/lighl·headedness; 

2. Drop atlacks/loss of consciousness; 

3. Diplopia (amaurosis fugax); 

4. Dysarthria; 

5. Dysphagia; 

G. Ataxia of gait/falling to one side; 

7. Nausea; 

8. Numbness of one side of the face and/or body; and 

9. Nystagmus. 

The five most common presenting complaints in patients who subsequently deve.loped 
VBI include: 

I.  Neck pain and o r  stiffness (42%); 

2. Neck pain and headache ( 1 8%); 

3. Headache ( 14%); 

4. Torticollis (6%); and 

5. Low back pain (3%). 

If a patient suffers symptoms ofVBI, do not adjust them again. Left alone the patient 
may recover. 

Walletlberg atld 'Locked itl' Syndromes 
Two syndromes that may also result from cervical spine manipulation have bee.n 
identified: Wallenberg syndrome and the 'locked in' syndrome. Wallenberg syndrome 
(dorsolateral medullary syndrome) is a syndrome of symptoms that results from an 
injury or dysfunction in the dorsal lateral medulla, which usually is a result of an infarct 
in blood supply caused by occlusion of the vertebral artery but may also result from 
occlusion of the posterior inferior cerebellar artery (PICA). The most common 
symptoms include: 

• Gait ataxia, and hypotonia ipsilateral to side of lesion; 
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QUICK FACTS 3 Wallenberg Syndrome 
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• Gait ataxia, and hypotonia ipsilateral to side of lesion. 

• loss of pain and temperature from the ipsilateral side of the face and loss of 

corneal reflex on the ipsilateral side 

• Loss of pain and temperature from the contralateral body 

• Horner's syndrome 

• Nystagmus, vertigo, nausea, and vomiting 

• Hoarseness, dysphasia, and intractable hiccups. 

• Loss of pain and temperature from the ipsilateral side of the face and loss of corneal 
reflex on the ipsilateral side; 

• Loss of pain and temperature from the contralateral body; 

• Homer's syndrome; 

• Nystagmus. venigo, nausea, and vomiting; and 

• Hoarseness, dysphasia, and intractable hiccups. 

The 'locked in! syndrome can result from the occlusion oflhe mid-basilar anery, which 
results from bilateral venlral ponline infarction. The patient will experience a state of toLal 
consciousness with or without sensation, and no voluntary movement except vertical eye 
movement 

Cortical Stimulation 

Ipsilateral Cortical StimuLation/Activation in Rehabilitation 
• Any complex chore involves both sides of the brain; 

• Contralateral cerebellar activation, novel hand, fOOL movements, vibration; 

• Contralateral music, sound, snapping fingers; 

• Light stimulation jn the contralateral visual field; 

• Ipsilateral smell stimulation; 

• Watching vertical movement on ipsilateral side; 

• OrK to ipsilateral side as therapy; and 

• Contralateral TENS to cervical (Ghalan et al t 998). 

Ipsilateral Cortical Inhibition in Rehabilitation 
• All evoked potentials at reduced amplitude. monitor fatigue; 

• Earplugs; 

• Blinders; 

• Dark glasses; and 

• Visualize rather than perform activities. 

Right Cortical Stimulation/Activation in Rehabilitation 
• Arranging blocks is very right-sided aClivity; 

• Listening to and reading stories, especially with images; 

• Listen for double meanings, puns, jokes; 

• I iolding many possible meanings in mind; 

• Functions more as an a.rbiter, selects the meaning according to the context; 

• Summarizing the gist of someLhing, getting !.he 'bigger picture'; 

• Look at shapes, l ines, crosses, cubes, dots displays; 
• Looking at anonymous faces or meeting new people; 

• Appraisal of self-worth, attachment, and bonding; 
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• Look at global activity versus details; 

• Knowing where/what objects are in a blurred picture. or from general outlines; 

• Seeing links between things at the same lime, different places; 

• Seeing things as they are, not as they 'should' be. literal rather than interpretive; 

• Estimate the lime passage; 

• I magine space; 

• Tap to flashing lights, target synchronized with memory; 

• Trace mazes with eyes, hands, look for object in a piaure or maze; 

• Map reading; 

• Listen for the melody of music, tone, especially with the left ear, especially the lower 
tones, including heartbeat. digestion; 

• Listen to words used to describe the mind: 'think; 'imagine'; 

• Spatial attention, such as mental rotation of objects while looking at pans; 

• Completing words; 

• Movement of larger muscles (arm and leg escape, running and fighting); 

• Judge time, compare; and 

• Recalling letters or words without reference to meaning (8urgund & Marsolek 
1997; Epstein et al 1997; Fink et al 1997b; Henry 1 997; Lechevalier 1997; 

Tranel et al 1 997). 

Left Cortical Stimulation/Activation in Rehabilitation 
• Writing is a very left sided function; 

• Speaking Ouently is more left than right; 

• Listen for the rhythm of music, pitch, familiarity, identification; 

• Listening with right ear especially the higher tones; 

• Reading imageless technical material, imageless concepts; 

• Reading sentences with centre-embedded meanings requires more memory; 

• Drawing detailed new diagrams or pictures; 

• Verbal organizational, interpretational skil ls; 

• Seeing the links between things presented sequentially; 

• Seeing similarities between words on paired lists; 

• Classification of words, pictures, into categories; 

• Word games, deriving small words from larger words, finding a word in a list; 

• Number organizational, interpretational skills; 

• Counting exercises such as subtracting 7's from 100; 

• Paying atlenlion to details of an object; 

• Identification of familiar faces, objects, shapes; 

• Interpreting incomplete pictures; 

• Making stories when details are incomplete true or false; 

• Interpreting things based on a sense of 'should', dependent on past experience; 

• Rapid selection of a single meaning; 

• Paying attention to details other than the object in view; 

• Attention-switching exercises; 

• Self-preservation versus species preservation; 

• Movement of smaller muscles; 

• Recalling meaningful infomlation, or well-practised complex narrative; and 

• Silent verb generation aOivities and cognitive processes leading to the answer 
'yes' (Andreasen et al 1 995; Herholtz et al 1996; Schumacher et al 1 996; 
Carlsson 1997; Faligatler et al 1997; Fink et al 1 997a,b; Henriques & Davidson 
1997; Jennings ot al 1997; I..echevalier 1997; Pashek 1 997; Wang 1997; Gabrieli 
et al 1998) 
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Activation of the Left Supplemental Motor Area 
• Read nouns aloud; and 

• Attention exercises involving liming such as pushing a bunon when a light nashes 

(Harringlon el al 1998; Ojemann el al 1 998) 

Activation of the Left Premolar Area 
• Look at tools. name them, pidure using them; 

• Point with the right hand; 

• Non.unique tools; and 

• Judging lime and comparing it with a standard unit of lime. for example 
pushing a bUllan every lime a light does not appear after a predetermined time 

period (Maquel el al 1 996; Crafton el al 1 997; Inoue el al 1998). 

Activation of Auditory Cortex 

Any single frequency of sound activates the most lateral aspects of Lhe auditory cortex and 
multiple frequencies stimulate the entire auditory cortex (Ottaviani el 31 1997). 

Frontal Lobe Stimulation/Activation in Rehabilitation 

• Generate verb-to-noun list; 

• Recall well-practised material; 

• Meaningful hand action; 

• Pay altention LO rhythm (Broca's area); 

• Verbal exercises which impose a heavy burden on working memory; 

• Cerebellar activation, especially of hands and fingers, which is specific for the 
dentate nucleus; 

• Volitional eye activity or saccadic movement activity to the contralateral side; 

• Interpret visual stimuli; 

• Listen to complex concepts; and 

• Learn new songs (Decety et al 1 997; Paradiso et a1 (997). 

Temporal Lobe Stimulation/Activation in Rehabilitation 

• Naming/viewing pictures of new faces or novel experiences; 

• Point with the ipsilateral hand; 

• Cognitive processes leading LO the answer 'yes'; 

• Read nouns aloud; 

• Generate verb-LO-noun list; 

• Working with or lookjng at animals produces left medial temporal lobe stimulation; 

• Verbs/actions stimulate the left middle temporal gyrus; 

• Time and place (long-term episodic memory)-Ieft prefrontal cortex; 

• Spatial orientation in remembered places stimulates the right hippocampus and 
temporal lobe areas; 

• Listening and counting. listen for how many times a word is spoken in a sentence, etc.; 

• Performing tasks with familiar stimulus; 

• Recall visual landmarks which activates spatial memory centres; 

• Quarter field stimulation from superior quadrant of contralateral side; 

• Listening to music in the contralateral ear; 

• Ipsilateral smell stimulation; 

• Looking at unknown persons, faces; 

• Remember where objects are in the environment; 

• Narrative recall and list learning (Berthoz 1997; Grady et al 1 997; Henriques & 
Davidson 1997). 
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Parietal lobe Stimulationl Activation i n  Rehabilitation 

• ludge time, compare; 

• Trace a maze, initial unskilled attempts; 

• Quarter field stimulation from inferior quadrant of contralateral side; 

• Remember words and pseudo-words; 

• Meaningless hand movements; and 

• Attention exercises involving liming such as pushing a button when a light flashes 
(Dewy el al 1 997; rashek 1997; Harringlon et al 1998; Schiffer 1998). 

Occipital lobe Stimulation in Rehabilitation 

• Spatial orientation; and 

• Vertical movement in the respective visual field stimulates the ipsilateral occipital 
cortex (Toolell el al 1998). 

Cerebellar Stimulationl Activation in Rehabilitation 

Ceneral Cerebellar Stimulation Techniques 
• Warming the auditory canal will stimulate the cerebellum on the ipsilateral side:; 

• Revolve chair to the right will stimulate the cerebellum on the right and vice versa 
but will also stimulate the vestibular system; 

• Passive muscle stretch will stimulate the cerebellum on the ipsilateral side; 

• Squeezing a tennis ball will stimulate the cerebellum on the ipsilateral side; 

• Alternate passive stretch on ipsilateral side with active stretch of contralateral side; 

• Eye movements up to ipsilateral side and down to contralateral side will stimulate 
the respective cerebellum and not the vestibular system; and 

• Pointing with the ipsilateral hand (Inoue et a1 1998). 

Efferenl Copy and Feedback (Medial Cerebellum) 
• Gym ball exercises (including limb exercises with resistance etc.); 

• Wobble board, wobble sandals, balance mal etc.; 

• Gyroscope; 

• Bouncing ball against lhe ground; 

• Visual fixation exe.rcises involving head rotation with a monitored focus; and 

• Fukuda's marching in place with feedback. 

Feedforward and Efferenl Copy (Lateral Cerebellum) 
• Cognitive processes leading to the answer 'yes'; 

• Learning a musical instrument; 

• Tracing a maze especially the first few attempts; 

• TIuowing and catching a ball off the wall; 

• Tapping to the beat of a metronome or to music; 

• Voluntary mOtOr activities; 

• Trying to write with the eyes closed (with dominant or non·dominant hand); 

• Board games involving strategy and forward planning; and 

• Silent generation of verbs and reading nouns out loud (Herholtz et al 1996; 
Jennings el a1 1 997; rashek 1997; Ojemann el al 1998). 

Mesencephalic Stimulation/Activation in Rehabilitation 

• Eye exercises include alternating focusing on near and then far objects; 

• Liste.ning to music and sounds is especially crucial whe.n IML activation level is high; 

• Light and visual stimulation especially when IML activation is low; and 

• Increase cerebe.llar activation, especially novel contralateral hand activities. 
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Mesencephalic Inhibition in Rehabilitation 
• Increase frontal activation through BG loops to inhibit mesencephalic activation; 

• Increase contralateral mesencephalic activation; 

• Patch ipsilateral eye, use contra eye lO gaze to ipsilateral eye fields; and 

• Wear red/pink·coloured glasses. 

Brainstem Stimulationl Activation in Rehabilitation 

• Smell, tast.e food; 

• Speech, phonation, 'ah', singing; 

• Facial movement, winking; 

• Corneal puffs; 

• Palatal stimulation, roll gum; 

• Jaw exercises; and 

• Rectal dilation increases vagal feedback. 

Vestibular System Stimulationl Activation in Rehabilitation 

The following are Cawthome·Cooksey exercises for patients with vestibular hypofunction: 

A. In bed 

I .  Eye movements-at first slow, then quick 

3. Up and down 

b. From side to side 

c. Focusing on finger moving from 3 ft to 1 ft away from face 

2. Head movements-at first slow, then quick; later with eyes dosed 

a. Bending forwards and backwards 

b. Turning from side to side 

R Sitting (in class) 

l .  Eye movements (as above) 

2. Head movements (as above) 

3. Shoulder shrugging and circling 

4. Bending forwards and picking up objects from the ground 

C. Standing (in class) 

1 .  Eye movements (as above) 

2. Head movements (as above) 

3. Shoulder shrugging and circling 

4. Changing from sitting to standing position with eyes open and shut 

5. Throwing a small ball from hand to hand (above eye level) 

6. Throwing ball from hand to hand under knee 

7. Changing from sitting to standing and turning round in between 

D. Moving about (in class) 

1 .  Cirde round cenlre person who will throw a large ball and to whom it will be returned 

2. Walk across room with eyes open and then dosed 

3. Walk up and down slope with eyes open and then dosed 

4. Walk up and down steps with eyes open then dosed 

5. Any game involving stooping and stretching and aiming such as skittJes, bowls, or 
basketball 

Diligence and perseverance are required but the earlier and more regularly the exercise 
regimen is carried out. the faster and more complete will be the return to normal activity 
(Dix 1979). 
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Exercises to Improve Postural Stability 
There are many different balance exercises that can be used. These exercises are devised to 
incorporate head movement (vestibular stimulation) or to foster the use of different 
sensory cues for balance (Herdman el al 1994). 

I .  The patient stands with his or her feet as dose lOgether as possible with both or 
one hand helping maintain balance by touching a wall if needed. The patient lhen 
turns his or her head to the right and LO the left horizontally while looking straight 
ahead at the wall for 1 minute without stopping. The patient takes his or her hand 
or hands off the wall for longer and longer periods of time while maintaining 
balance. The patient then tries moving his or her feet even closer lOgether. 

2. The patient walks, with someone for assistance if needed, as often as possible 
(acule disorders). 

3. 111e patient begins to practise turning his or her head while \'V3lking. This will make 
the patient less stable so the patient should stay near a wall as he or she walks. 

4. 111e patient stands with his or her feet shoulder-width apart with eyes open, 
looking straight ahead at a target on the wall. He or she progressively narrows the 
base of support from feet apart to feet together to a semi-heel-to-toe position. 
The exercise is perfonned first with arms outstretched, then with arms dose to 
the bpdy, and then with arms folded across the chest. Each position is held for 
15 Seconds before the patient does the next most difficult exercise.. The patient 
practises for a total of 5 to 1 5  minutes. 

5. The patient stands with his or her feel shoulder-width apart with eyes open, 
looking straight ahead at a target on the wall. The patient progressively narrows his 
or her base. of support from feel apan to feet together to a semi-heel-to-toe
position. The exercise is performed first with arms outstretched, then with arms 
dose to the body, and then the patient tries the next position. The patient practises 
for a total of 5 to 1 5  minutes. 

G. A headlamp can be attached to the patient's waist or shoulders, and the patient can 
practise shifting weight to place me light into targets marked on the wall. This 
home 'biofeedback' exercise can be used with the feet in different positions and 
with the patient standing on surfaces of different densities. 

7. The patient practises standing on a cushioned surface.. Progressively more difficult 
tasks might be hard floor (linoleum, wood), thin carpet, shag carpet, thin pillow, 
sofa cushion. Graded-density foam can also be purchased. 

8. The patient practises walking with a more narrow base of support. The patient can 
do this first, touching the wall for support or for tactile cues and then gradually 
touching only intennillently and then not at all. 

9. The patient practises turning around while walking, at first making a large cirde 
but gradually making smaller and smaller turns. ll1e patient must be sure to turn 
in bom directions. 

to. 111e patient can practise standing and then walking on ramps, either with a firm 
surface or with more cushioned surface. 

1 1 .  'J11e patient can practise maintaining balance while sitting and bouncing on a 
Swedish ball or while bouncing on a trampoline. This exercise can be incorporated 
with attempting to maintain visual flXation or a stationary target. thus facilitating 
adaptation of the otolith-ocular reflexes. 

1 2 .  Out in the community, the patient can practise walking in a mall before it is open 
and therefore while it is quiet; can practise walking in the mall while walking in 
the same direction as the flow ohraffic; and can walk against the flow of traffic 
( Herdman et .1 1994). 

Exercises to Improve Gaze Stability 
Acute Stage (Also Used wifh Chronic, Uncompensated Patients) 

1 .  A business card o r  other target with words on it (foveal target) i s  taped o n  the wall 
in front of the patient so he or she can read it. The patient moves his or her head 
gently back and forth horizontally for I minute while keeping the words in fcrus. 

2. 1nis is repeated moving the head vertically for 1 minute. 
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3. Depending on whether this induces any nausea. the exercise is then repeated using a 
large pattern such as a checkerboard (full-field stimulus), moving the head horizontally. 

4. The exercise with the checkerboard is then repealed moving the head venically. 

The patient should repeat each exercise at least three times a day. The duration of each 
of the exercises is extended gradually from 1 LO 2 minutes. Patients should be cautioned 
that the exercises may make them feel dizzy or even nauseated but that they should try to 
persist for the full  1 to 2 minutes of the exercise, resting between exercises. 

SUb(IClIle Stage 
I. The pau'ent holds a business card in front of him or her so Ihac he or she can read 

it. '''e patient moves the card and his or her head back and fanh horizontally in 
opposite directions, keeping the words in focus for I minute without stopping. 

2. This is repeated with vertical head movements and with a large. full·field stimulus. 

The duration is gradually extended from I to 2 minutes. The patient should repeat each 
exercise at least three times each day ( Herdman et al 1 994). 

TreatmenL of Vestibular Hypofunction 
I .  Increase and alternate the speed of exercises; 

2 .  Perform exercises in various positions and activities (i.e . •  head movements 
performed in sitting. then standing, and finally during walking); 

3. Perform exercises in situations of decreasing visual and/or somatosensory input 
(i.e., eyes open to eyes closed); 

4. Expose the patient to a variety of task and environmental situations and contexts 
(Le., walking in the home 10 walking al a shopping mall); 

5. Trace the alphabet with your foot; and 

6. Slep forwards and backwards and cross over your legs (Oix 1 979; Herdman et al 1 994). 

Activation of Special Areas 

Mesolimbic Stimulation/Activation in Rehabilitation 
• Left caudate-look at pleasant scenes; and 

• Left amygdala. hippocampus-look at unpleasant scenes. 

Unilateral Deafness Treatment Approaches 
• Metronome; 

• Discrete single·frequency or narrowband sounds; 

• Spinal adjusting and stabilization; 

• Ear mobilization; 

• Occipitalis, suboccipital or neck/shoulder SIT; 

• Vestibular stimulation; 

• Magnesium, ginkgo biloba; 

• Feedback or tinnitus retraining therapy; and 

• Ear coning. 

Sympathetic Tone Inhibition in Rehabilitation 
• Red stimuli; 

• Warm local area with towels, clothes; and 

• TENS. 

Correcting Respiratory Aberrancy or Dysfunction 
• Respiratory exercises, breathe against a band: 

• 02 canula, mask; 

• O,jCO, mix; and 

• Concentration or awareness in breathing patterns (Naveen et al 1997). 

Peripheral Nerve Dysfunction 
• Electrical stimulus such as TENS, microcurrent; 
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• Cross cord reflexes; 
• Homologous calum ns; 

• Homonymous muscle activities, passive; 
• Decompress peripheral nerves; and 

• Reduce iatrogenesis, leach individual. 

Tinnitus 
• Ipsilateral light, sound, vibration; and 

• Contralateral smell . 

Spasm Reduction 
• Reduce muscle spasm with less conical effect by slow stretching the antagonist muscles. 

Amygdala and Hippocampal Stimulation 
• Visualizing unpleasant stimuli; and 

• Narrative recall  and l ist leaming (Sass et al 1995; Leask & Crow 1997).  

Caudate Stimulus 
• Visualizing pleasant stimuli (Leask & Crow 1997). 
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• Passive muscle stretch will stimulate the cerebellum on the 

ipsilateral side; 

• Squeezing a tennis ball will stimulate the cerebellum on the 

ipsilateral side; 

• Alternate passive stretch on ipsilateral side with active stretch of 

contralateral side; 

• Eye movements up to ipsilateral side and down to contralateral 

side will stimulate the respective cerebellum and not the vestibular 

system; and 

• Pointing with the ipsilateral hand. 

Efferent Copy and Feedback (Medial Cerebellum) 

• Gym ball exercises (including limb exercises with resistance etc); 

• Wobble board. wobble sandals, balance mat. etc.; 

• Gyroscope; 

• Bouncing ball against the ground; 

• Visual fixation exercises involving head rotation with a monitored 

focus; and 

• Fukuda's marching in place with feedback. 

Feedforward and Efferent Copy (Lateral Cerebellum) 

• Cognitive processes leading to the answer 'yes'; 

• learning a musical instrument; 

• Tracing a maze especially the first few attempts; 

• Throwing and catching a ball off the wall; 

• Tapping to the beat of a metronome or to music; 

• Voluntary motor activities; 

• Trying to write with the eyes closed (with dominant or non-

dominant hand); 

• Board games involving strategy and forward planning; 

• Silent generation of verbs and reading nouns out loud; 

• Warming the auditory canal will stimulate the cerebellum on the 

ipsilateral side; 

• Revolve chair to the right will stimulate the cerebellum on the 

right and visa versa but will also stimulate the vestibular system; 

• Passive muscfe stretch will stimulate the cerebellum on the 

ipsilateral side; 

• Squeezing a tennis ball will stimulate the cerebellum on the 

ipsilateral side; 

• Alternate passive stretch on ipsilateral side with active stretch of 

contralateral side; 

• Eye movements up to ipsilateral side and down to contralateral 

side will stimulate the respective cerebellum and not the vestibular 

system; and 

• Pointing with the ipsilateral hand. 
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Patient Management 

Introduction 

Perhaps the greatest challenge in clinical functional neurology is integrating me theoretical knowledge 
that one has acquired and results obtained via practical testing into a coherent approach that can be 
applied to a patient's presentation. This is so challenging because everything that happens to us in our 
daily lives can in some instances be important clinically and in oLhers not malleT in the slightest. 
Everyday events involving sensory stimulation, deprivation, and Ie...'lming can effectively weaken 
synaptic connections in some circumstances and strengthen them in Olhers. Just because structunll or 
functional changes may not initially be detected following clinical examination does nOI nile oUllhe 
possibility that imponant biological changes are never the less occurring. "Illey may simply be below 
the leve.! of detection with the limited techniques available to us. 

In this dlapter I will try to highlight the approach that I and other neurologists have taken with 
a variety of patients that have presented to me or other functional neurologists that have graciously 
supplied the case details to me for this chapter. In all cases I have tried to present a discussion of 
why the therapy was applied and the olllcome of the (fealment when available. Some of the physical 
examination findings in some cases are not reported as completely as I would have liked, but in 
real practice one does not always have a complete picture but is expected to move ahead regardless. 
In this respect I have tried to present the cases as they were presented to me or as they have been 
recorded in my notes. This should give the reader a better feel for clinical application. 

Case 1 

Presenting Complaint 

'IWB is a 17·year-old male who presented with learning disabilities and inability 10 concentrate. 

Past History 

When his mother was pregnant, she developed a pulmonary embolus and as a result placenta 
received less blood. She was subsequently on heparin throughout the rest of the pregnancy. T""8 
was born 4 weeks premature, at a weight of l645g, via an emergency Csection because his heart had 
SlOpped, but his lungs were fully developed. "IW8 reports that he has experienced no trauma to 
the head nor taken any antibiotics or orthodox medicine. I-Ie has experienced no dlildhood vinlses 
that were out of the ordinary. lWB was evaluated for A D DH when 4 years old by a homeopathic 
physician. who found him to be within normal limits for his age. 

Present History 

"IWB complains of bluny vision to dose objeas. He reports that he has not had his eyes dlecked in the 
past year. No balance problems were present. I lis concentration is interrupted every fC\v minmes. 
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Coordination is nOI up La par. Spicy and junk food gives him stomach trouble. He reports no 
headadles. Dizzy feelings are felt ocu.'lsionally throughout the day. Shoulder and rib pain is 
occasionally bilaterally. I-Ie complains of adlY bones lately, and also reports he may have a 
tendency to\vards obsessive-compulsive aaivities. lWB was extremely effected when his 
parents broke up. lie was afraid he would not see his father again. Ilis fillher believes that 
he has losl respect for women because of the break-up.1WB's stepfather is verbally abusive 
lowards his mother but nOllO TWB. It bothered 'IWB when his mother and stepfatJler gOl 
married. 

Physical Exam 

• Right pupil response shows TN D; 

• Visual tracking was dyskinetic with loss of maintained foclIs; 

• Rhomberg's test-patient fell to the left; 

• Rapid alternating movements (RAM)-demonstrated left hand uncoordinated 
compared to right; 

• "':,ndem walking-within normal limits; 

• Finger to {rose test-palient repeatedly missed target bilaterally but worse with the 
left hand; 

• Single foot standing-showed worse balance on left fOOl; 

• ReOexes-hyperresponsive on right at CS, C6, lA, S I levels; 

• Muscle strength-within normal limits bilaterally in both upper and lower limbs; 

• Ilearing-within normal limits bilaterally; 

• I lean rate-72, normal sinus rhythm; 

• Respirations-28 per minute; 

• Abdominal examination-negative; and 

• Forehead skin temperature-3S.SoC on the left and 34.SoC on the right. 

Diagnosis 

A diagnosis of attention deficit hyperaaivity disorder (ADIIO) secondary to right 
conical hemisphericity was made. To confirm the diagnosis follow-up qEEG analysis 
was undcnaken, where a large increase in theta:beta power ratio supponed by decrease 
in absolute beta and high beta power over frontal and central regions panicularly the 
venex (ez) was found. \-iowever, there was no significant increase in absolute theta 
power. Typical ADHD has these signs, as well as an increase in absolute theta, which 
is also present. Therefore the results of this qEEG are consistent with previous hislOl)'
based diagnosis of ADIID with an associated learning disability. l1lese conclusions were 
made from linked ears analysis and Laplacian (looking at default repon settings enabling 
determination of power ratios). 

Treatment 

• Supplementation: omega 3 fish oils, omega 3 cofaaors, vitamin B complex, CoQ,� 

• Breathing exercises to slow down his breathing pallerns and increase the I'll of 
his blood; 

• Manipulation was applied twO limes per week to spinal mOlion segments and 
peripheral extremity joints on left side of his body that expressed dyskinetic 
hypomobility; 

• Sound therapy involved listening 10 Mozart to minutes per day both ears; and 

• Spatial rearrangement exercises involved the task of completing jigsaw puzzles with 
only his left hand for 10 minutes per day. 

Clinical Outcome After 12 Weeks 

• Concel1lration greatly improved; 

• Reading ability greatly improved; 
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• N?rmal visual tracking; 

• Normal Romberg and Fukuda tests; and 

• Scored passing grades in all of his end-or-term examinations for the first lime in 
his life. 

Prognosis 

A follow-up qEEC is pl<ll1ned to document any changes since therapy was instituted. It is 
expected that 'IWB will continue to improve in all areas of concern until his full potential 
is reached. 

Discussion 

The pattern of signs and sympwms revealed during lWB's functional neurological 
consultation provide an insight into the possible levels of dysfunction in the longitudinal 
and horizontal planes of the neuraxis. Localization of the lesion is assisted by a 
comprehensive knowledge of the afferent and efferent connections throughout the 
neuraxis and an ability to ascertain the frequency of firing (FOF) and integrity of fuel 
delive!), in different regions and systems. Ilistory and examination directed at localizing 
the symptoms to a specific level of the neuraxis including the following well·defined 
functional levels is necessary: 

• End organ; 

• Receptor; 

• Peripherol nerve; 

• Spinal cord; 

• Brainstem; 

• Cerebellum; 

• '1utlamus; and 

• Cortex. 

Asymmet!)' or dysfunction in each of these components of the nervous system can 
directly or indirectly ",ffect various motor, sensa!)" visceral. and mental functions or 
indicate a dysfunction in any of these modalities. 

Most importantly from a functional neurological perspective, asymmetry or 
dysfunction in the most influential components of the nervous system should be 
considered: 

I. Vestibulocerebellar system; 

2. Autonomic nervous system; and 

3. Cerebral neuronal activity. 

In the case of"IWB he showed signs and symptoms of left cerebellar and right cortical 
dysfunaion. This was expressed in the physical exam by his relative lack of coordination 
on the left. his pupillaryTND on the right, Romberg's test falling to the left, his lack of 
ability 10 concentrate, and the hyperresponsiveness of his right-sided reflexes, which 
indicates increased tone due to decreased activation of the PMRF ipsilaterally. 

ADIID is thought to occur as a result of an inability of the individual 10 maintain 
allention on a primary task because of an inability to inhibit or suppress motor 
responses to incoming sensory stimuli (Barkley 1997). Some consistency has been 
found in people with dysfunctions of the right frontal cortex in that they express great 
difficulty in suppressing motor responses 10 incoming sensory stimuli (Sergeant 2000). 
The right frontal cortex functions in some m<1nner to inhibit inappropriate motor 
responses in a normal functioning brain. The activity of the right frontal cortex relies 
heavily on the dentato-ponto-cortical and dentalO-rubral-thalamo-cortical pathways. 
Asymmetric reduction in afferent information to the cerebellum because of asymmetric 
dysfunctional peripheral afferent pathways may cause diaschisis in functional circuits 
downstream from the cerebellum, in this case the contralateral cortex. In this case 
the application of manipulation to increilse the afferent stimulus received by the 
cerebellum ilnd other therapies aimed at increasing the activation of the right frontal 
cortex were successful in reducing the patient's symptoms and ultimately his stale of 
disability. 
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Case 2 

Past History 

RS in itially presen ted lO an other practition er with a chief complain t arlo\\' back pain . 
'111e other practition er man ipulated RS's n eck an d he immediately felt light-headed 
an d developed a left-sided paraspin al muscle spasm in the cervical spin e. RS left the 
practition er's office but felt un stable while walkin g an d developed n ausea within min utes 
of leavin g. On e to two hours followi n g the man ipulation RS reported an in crease in the 
n ausea an d nashin g sen sation s in his left eye. He also reports feelin g a sense of moun tin g 
con fusion . The n eck pain an d spasm inten sified as the n ight progressed to the poin t that 
RS screamed out in pain . At this poin t he also developed a headache an d n otes that his 
body relt cold. 

The followin g day RS reports that he had a persisten t headache, n ausea, con fusion , 
an d visual disturban ces in left eye. He also reports that he also developed a Iremor in his 
left hand. RS return ed to the in itial practitioner an d explain ed his symptoms. The in itial 
practition er palpates RS an d proceeds to adjust the c% ccipital region . RS reports n o  
chan ge in symptoms followin g the adjustmen t. 

RS atten ded the in itial practition er again Lhe followin g day an d he man ipulated CI 
bilaterally. RS n oted immediate worsen in g of his symptoms an d became in creasin gly 
un stable while stan din g an d walkin g. RS was referred to my clin ic for evaluation . 

Presenting Symptoms 

A left occipital headache, which changed sides occasionally, had been presen t sin ce 
the first adjustmen t. RS still reported light n ausea whidl was exacerbated by walkin g. 
He reported his left eye fell dry an d larger Lhan the righl. "I'he visual field of the left 
eye remain ed burred with spotted blacked-out areas n oted occasion ally. He still had 
difficulty focusin g. RS still felt con fused an d n oticed difficulty formin g senten ces. I-Ie had 
a n oticeable tremor of his left han d that had gradually worsen ed. lIe reported a feelin g of 
un steadiness on his feet an d walked with a wide-based gait paltern . Pain was still presen t 
in the left cervical region . 

Examination Findings 

Vital Sign s 
• Ilr: 110/70 RI. 110/90 LI; 

• Hit 66 regular sinus rhythm; 

• Temperature: within n ormal range; an d 

• B ruit auscultation : n egative bilaterally in both caroud an d vertebral artery regions. 

Neurological Testin g 
• Eye movemen ts-left en d range n ystagmus n oted, pursuit trackin g was n on -uniform 

an d in terrupted; 

• Accommodation was good with concen tric, bilateral, pupillary con striction ; 

• Retin al ophthalmic exam revealed VIA ratios of 1.5/1.0 an d n ormal fun dal 
appearan ce; 

• Visual field challen ge revealed equal an d concen tric fields in bOlh eyes; 

• B oth eyes showed n ormal in torsion an d extorsion on hHeral flexion test; 

• Corneal reflexes were presen t an d equal bilaterally; 

• Pupillary reflexes showed an in crease time to activation an d decreased time of 
fatigue on the left; 

• Opticokin etic (OPK) testin g revealed dysmetria when trackin g from left to right; 

• Hearin g was good in bOlh ears with vibration cen trally localized an d air con duction 
greater than bon e con duction bilaterally; 

• The patien t expressed a mild left-sided pyramidal paresis, an d a visible, regular, 
left-sided han d tremor on observation ; 
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• On Romberg's challenge the patient fell to the left; 

• The patient was dysdiadochokinetic on the left when challenged with rapid altemat· 
ing movements of the hands and overshoot of the left hand on finger to nose testing; 

• 'l11e patient indicated bilateral and equal sensation to touch in the arms, legs, and 
hands; extinction test was negative. 

• Vibration was felt equally bilaterally in the C5-Tl dermalomes; 

• Muscle strength was 5 in all muscles but the left bicep, which was 3; 

• Reflexes were all strong and equal wiLh no fatigue; 

• Plantar reflex revealed down going toes bilaterally; 

• Trigeminal nerve testing revealed an aTea of decreased sensation to prick in the left 
medial maxillary area; 

• Oral examination revealed increased right-sided scarring on the tongue and a right 
palatal paresis; tongue strength and protrusion were both good; 

• Spinal mOlion segment dysfunction was noted at the following levels: 

Ilt 51 joint 

L5 

T5-17 

T I -1'3 

C4 

C2 

LtCO 

• Paraspinal muscle spasms and trigger points were present on the left from Cl to Tl. 

Diagnosis 

RS presents with the clinical signs of a vestibular-cerebellar dysfunction on the left and 
right decreased cerebral hemispheric function.lbe cause of the dysfunction may be 
vascular or physiological in nature. 

Treatment 

cr scan of the medulla-pons and cerebellar regions was conduned to rule out vascular damage. 
The results of these tests \'Iefe incondusive. Soft tissue and trigger point therapy was initiated to 
relieve the soft tissue trigger points. Left-sided manipulation was perfonned in a graded fashion to 
restore normaJ kinematics to his spinaJ motion segments and periphera1 joints. The cervical spine 
was not manjpuJated for several weeks into therapy. 

The patient was given breathing exercises to improve oxygenation levels. RS was also 
given omega 3 fish oils, CoQIO and B-complex supplementation to help in neuron repair 
processes. 

Clinical Outcome After 12 Weeks 

RS experienced a rapid reduction in his symptoms over the first week of treatment. This 

was followed by a gradual improvement over the next 8-tO weeks. His gait has returned 
to normal, he has normal OPK testing results, and his headaches are gone. He still feels 
that he experiences periods of confusion but these are also becoming less frequent and less 
severe. 

Prognosis 

It is my hope that RS will continue to improve umil he has returned to his previous 
Slate. In my experience about 70% of these types of presentation will return to essentially 
normal function with continued treatment; however, about 30% of these patients will not 
return to their previous state despite funher treatment. 

Discussion 

I have included this case for a number of reasons. Firstly, it is important for manipulating 
practitioners to understand that the manipulations they give are for the most pan helpful 
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to the patient; however, they can also hun the patient when delivered in an inappropriate 
fashion (Carrick 1997). Secondly, it is important for functional neurologists to know how 
to handle this type of case because these cases lend to be referred 10 us for an opinion at 
some point. 

Case 3 

ell, Rl l's mother, accompanied RII to this assessment and related the hislOry. 

Previous History 

Rli was in France where it was proposed she look some marijuana laced with somE': 
chemical, which resulted in some form of encephalitis developing. The resulting state 
of depression led to her anempting suicide by hanging herself. She was hypoxic for 
approximately 4-6 minutes before she was found and taken down. She has since received 
a variety of medications thai have resulted in varioLis fonns of brain insults and has 
left her in a somewhat catatonic state. Iler mother related that she is basically the same 
temperament and personality that she was previously but now she exhibits the more 
negative emotional pans of her personality. 

Presenting Complaint 

Depression and catatonic state. 

Examination Findings 

RII responded in monosyllilbles (yes, no, fine) to most questions. She lacked the 
ability to sustain visual attention for more then 3-5 seconds in both right and left 
visual fields. Visual tracking was dyskinetic to the left. Iler pupil responses were fast 
and fatiguing on the left. She exhibited anisocoria with the right pupil dilated. She 
showed good and accurate response 10 palmar dermatographia bilaterally. She showed 
no signs of extinction 10 touch in the CS-8 dermatomes but did to hearing on the 
left. Iler renexes (CS, C7, L4, S I) were diminished and fatiguing on the left. Ileart 
rate was increased and stomach sounds decreased. No abdominal rigidity was noted. 
Both hands and feet were cold 10 touch. She stated her hands were always like this. 
Muscle strength was good in both hands. She could remember 5 of a 7.digit number 
immediately but no numbers 2-3 minutes later. RAM revealed a generalized lack of 
coordination in both hands but worse on the left. During Romberg's test, III I fell 10 the 
left repeatedly with eyes closed. 

MRI and EEG reports showed findings consistent with anoxia. qEEG results showed 
a significant increase in beta and high beta over the right hemisphere, particularly 
central regions and occipital regions. Also present were major but fairly localized right 
hemisphere dysfunction in panicular central to the mid-temporal region. The: raw EEG 
data also revealed what appeared to be: an asymmetric 'spindle coma' pattern, which is 
responsible largely for the significant increase in beta/high beta over the right hemisphere. 
These findings are consistelll with anoxic injury or dysfunclion, especially triggered by 
high doses of barbituratc:s. 

Diagnosis 

Generalized conical dysfunction. mainly involving the righl hemisphere. secondary to an 
acute anoxic episode. 

Treatment 

Sound therapy was utilized in this case. RJI was advised to listen to Mozart or similar 
music from the left side for 10 minutes per day. Breathing exercises were also instituted 
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to increase her oxygenation levels, initially for 2 minutes twice <I day with expansion to 
4 times per day after 2 weeks. Manipulation was performed to restore normal motion 
to the spinal motion segments and peripheral joints on the left side of her body. 
Suppiemenl<uion with omega 3 fish oils, COQIO' Vitamin B complex, and amino acids 
was also instituted. After 4 weeks of care RH was instructed to look at old photo albums 
and make lip slOries about the pictures, then try to recall these siories al various times 
throughout the day_ After 6 weeks of treatment, RI-I was also given the task of completing 
jigsaw puzzles with her left hand only. 

Clinical Outcome after 12 Weeks 
RII has shown remarkable progress considering her presenting state. She now answers 
in simple sentences instead of one-word replies. Iler mother reports that her 'facial 

expressions look more human'. RII is now showing initiative in performing her daily 
chores. She does not fall on Romberg testing. qEEC follow-up showed significant changes, 
including a more normalized alpha pattern over the frontal lobes. 

Prognosis 

RII will continue to receive therapy employing novd stimuli, manipulation, and 
supplementation with the hope of further return of funoion. 

Discussion 

I think this case demonstrates the incredible ability that the neuraxis has to restore 
function when given the appropriate conditions. "111 is young woman, who was previously 
a Rhodes scholar recipient, has undergone a series of traumatic cerebral events, exposing 
her brain to severe biochemical and physical stresses, but still the brain retains the 
amazing ability to maintain plasticity and recover. 

Case 4 

Presenting Complaint 

A 47-year-old man, IS, presented with the chief complaint of left fOOL drop and low back 
pain centralized over the LS region. 

History 

IS was involved in a serious skiing accident 2 years previous where he was paralysed from 
the waist down for several days. lie eventually recovered and experienced no problems 
until last week when IS was lifting some packages from the trunk of his car. 
lie felt his back snap and immediately felt low back pain over the LS region. Over the 
next 2 days he noticed that his left foot was numb and not functioning properly. 
lie also noticed that his ability to concentrate had diminished and his short memory 
had been affected. 

Examination Findings 

Vital Signs 
• BI': 110/70 Rt, 110/70 Lt; 

• IIR: 72 regular sinus rhythm; 

• Temperature: within normal range; and 

• Bmil Auscultation was negative bilaterally in both carotid and vertebral artery 
regions. 

Neurological Testing 
• Eye movements-left end range nystagmus noted, pursuit lracking was non-uniform 

and intermpted; 

• Accommodation was good with concentric, bilateral, pupillary constridion; 

• Retinal ophthalmic exam reve..1.led VIA ralios of 1.5/1.0 and normal fundal appearance; 
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• Visual field challenge revealed equal and concentric fields in both eyes; 

• Both eyes showed normal intorsion and extorsion on lateral nexion test; 

• Corneal re:nexes were present and equal bilaterally; 

• Pupillary renexes showed an increase time to activation and decreased lime of 
faligue on the left; 

• orK lesting revealed normal function; 

• Hearing was good in both ears with vibration centrally localized and air conduction 
greater than bone conduction bilaterally; 

• The patient expressed a mild right-sided pyramidal paresis; 

• On Romberg's challenge the patient fell to the left; 

• '11e patient was dysdiadochokinelic on the left when challenged with rapid 
alternating movements of the hands and overshoot of the left hand on finger to 
nose testing; 

• The patient indicated bilateral and equal sensation to touch in the arms, legs, and 
hands with the exception of the dorsum of the left foot and lateral foot areas (LS, 
$1 dermatomal dislribulions), which were numb to touch; extinction test was 
negative; 

• Vibration was felt equally bilaterally in the all dermatomes with the exception of 
the left LS, S 1 dermatomes; 

• Muscle strenglh was 5 in all muscles but the left peroneal muscles were at 3; 

• Reflexes were all strong and equal wilh no fatigue with the exception of the left S 1 
reflex, which was absent; 

• Plantar reflex revealed down going toes bilaterally; 

• Spinal motion segment dysfunction was noted at the following levels: 

Lt SI joint 

LS bilater. 

TI-TI 

C2 

LICD 

• Paraspinal muscle spasms and trigger points were present on the left from L1 to LS 
and left piriformis trigger points were also noted. 

Imaging 
Lumbopelvic AP, lateral and oblique radiographs were unremarkable wilh the exception of 
mild osteoanhritic degeneration at LS/S I .  MRI showed a small disc protrusion ttl the LS/S 1 
disc. 

Diagnosis 

Mild right hemisphericity secondary 10 spinal root compression at LS/S I .  

Treatment 

IS received manipulation to address the altered spinal motion units and dysfunctional 
peripheral joint mOlion units discovered on examination. !-Ie received a natural anti
innammalOry supplement and multivitamins. lie was given rib adjustments and breathing 
exercises to increase his oxygenation. 

Clinical Outcome after 12 Weeks 

IS is now pain free. The numbness over his left foot still reoccurs from time 10 time but he 
feels very pleased with the outcome to date. lie was originally scheduled for spinal fusion 
surgery, which he has now cancelled. 

Discussion 

This case was included because it demonstrates that simple musculoskeletal problems 
also respond to functional neurological application. It was also included because it is a 
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good case for illustrating the concept of localizing the problem to the longitudinal level 
of the lesion. Some of my diagnostic considerations at each longiludinal level in this case 
included: 

• Common peroneal lesion at the hip; 

• Common peroneal lesion at the knee; 

• Spinal cord compression; 

• HMSN; 

• Brain lesion; 

• Neural insufficiency-canal stenosis; 

• lAts nerve root lesion; 

• Disc protnlsion; 

• Neurofibroma; 

• Metastases; 

• Benign tumours; and 

• Diabetes peripheral neuropathy. 

These considerations were systematically ruled in or out by physical examination findings 
or further imaging such as M RI. 

Case 5 

Presenting Complaint 

Migraines and balance problems lO the point that she falls over. 

History 

DC is a 57-year-old woman who initially noted the onset of dizziness and left-sided 
facial weakness 2 weeks prior to presentation. The facial weakness was noted only 
during migraine headaches that she also had been getting for 2-3 years now. She 
currently had a headache for the past 3 weeks straight. She experienced high stress 
in her profession and had been under extremely high stress for the last 6 weeks. 
She also reported that she fell and injured her neck quite badly 6-7 years previous. 
She had attended her general practitioner three times over the past 3 weeks with no 
improvement in symptomatology. 

Examination Findings 

Vital Signs 
• BP: 118/70 Rt, 120/70 Lt; 

• I-IR: 77 regular sinus rhythm; 

• Temperature: within normal range; and 

• Bruit auscultation was negative bilaterally in both carotid and vertebral artery regions. 

Neurological Testing 
• Eye movements-right end range nystagmus noted, pursuit tracking was non-

uniform and interrupted; 

• Accommodation was good with concentric, bilateral, pupillary constriction; 

• Retinal ophthalmic exam revealed VIA ratios of 1.5/1.0 and normal fundal appearance; 

• Visual field challenge revealed equal and concentric fields in both eyes; 

• Both eyes showed normal intorsion and extorsion on lateral flexion test; 

• Corneal reflexes were present and equal bilaterally; 

• Pupillary reflexes showed an increase time to activation and decreased lime of 
fatigue on the left; 

• aPK testing revealed dyskinetic movements and hypermetria of return phase; 

S13 
Copyrighted Material



Functional Neurology for Practitioners of Manual Therapy 

514 

• Hearing was good in both ears with vibratjon centrally localized and air conduction 
greater than bone conduction bilaterally; 

• n,e patient expressed a mild right-sided pyramidal paresis; 

• On Romberg's dlallenge the patient (CillO the left with eyes closed; 

• rille patient was dysdiadochokinetic on the left when dlallenged with rapid alternating 
movements orthe hands and overshoot of the left hand on finger to nose testing; 

• ril,E: patient indicated bilateral and equal sensation to touch in the arms, legs, and 
hands with the exception of the left hand .md arm, which were numb lO louch; 
extinction lest was negative; 

• Vibration was felt equally bilaterally in the all dermatomes with the exception of 
the C6 dermatome on the left; 

• Muscle stre.ngth was 5 in all muscles of the upper and lower exuemities; 

• Reflexes were all strong and equal with no fatigue; however, the left C5 reflex 
initiated a tingling sensation in her left arm; 

• Plantar reflex revealed down going toes bilaterally; 

• Spinal motion segment dysfunction was noted at the following levels: 

L5 bilater. 

TI-TJ 

C2 

Lt CO 

• Paraspinal muscle spasms and trigger points were present bilaterally from TllO '1'5. 

Imaging 

• Cervical spine AP, lateral and oblique radiographs were unremarkable. Ilead MRI 
was also unremarkable. 

• qEEC demonstrated a reduced alpha wave activity over the right frontal cortex. 

Differential Diagnosis 

• A number of diagnostic possibilities were considered in this case: 

• Meniere's disease; 

• Pre-cervico-oto-ocular syndrome; 

• Cervico-oto-ocular syndrome; 

• Benign paroxysmal positional vertigo (BPI>V); 

• Vestibular neuronitis; 

• Labyril1lhitis; 

• Anaemia; 

• CarOlid sinus hypersensitivity; and 

• Vasovagal syncope. 

A final working diagnosis of migraine syndrome secondary 10 right hemisphericity was 
made and treatment instituted on that basis. 

Treatment 

Manipulation was performed on the left to remove any dysfunctional spinal motion 
segments. DC was also given visual exercises to focus on her thumbs of her outstretched 
arms as she turned from to her left side to stimulate cortical pathways via the vestibular 
system. DC could not take supplementation due to her aversion 10 pills ahhough she was 
placed on a high protein diet. Breathing exercises and rib adjustments were also given to 
increase her oxygenation. 

Clinical Outcome After 12 Weeks 

From week 2 of treatment, DC has only had two minor headaches. Iler venigo and 
dizziness have resolved and she has no numbness or tingling in her arms. qEEC follow-up 
indicated a balance in alpha wave fundion. 
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Discussion 

It is possible that her accident several years ago slowly developed a hemispheric 
dominance of her left cortex. This imbalance may be responsible for initiating her 
migraines and her vertigo. When asymmetry of funClion between hemispheres occurs 
as appears to have happened in this case quite commonly an asymmetrical decrease in the 
ability of the cortex to excite certain areas of the brainstem including the mesencephalon 
and other areas namely the pontomedullary reticular formation (PMRF) ensues. This 
can result in vestibular involvement in the form of vertigo or the sensation of dizziness. 
TIle high stress levels that she was experiencing have remained constant so this, although 
probably a contributing faaor, appears not to be involved in the production of her 
symptoms. 

Case 6 

Presenting Complaint 

AV, an S·year-old female, presented with unbearable left leg and foot pain without any 
sensation of touch or pressure, along with depression. 

Past History 

AV underwent surgery for the removal of ear grommets 9 months prior to presentation. 
Before administration of the anaesthesia the nurse noted that AV had a rash on her arms 
and neck. l11e anaesthetist also noted the rash but thought that it was not an issue of 
concern. Following the surgery AV developed pain lost motor control of both her legs. She 
reponed to the emergency depanment and was diagnosed with viral myalgia. Over the 
next several weeks AV reponed to the emergency room several times and was extensively 
evaluated with no explanation of her pain given other than viral myalgia. She was 
discharged to her mother's care and sent home. 

Present History 

AV was still experiencing loss of motor control and chronic pain in both legs but 
especially the left leg on presentation. Her mother had been carrying her everywhere and 
carried her into the office today. 

Examination Findings 

Vital Signs 
• BP: 118/70 RI, 128/70 U; 

• HR: 72 regular sinus rhythm; 

• Temperature: within normal range; and 

• Bruit auscultation was negative bilaterally in both carotid and vertebral anery 
regions. 

Neurological Testing 
• Eye movements-right end range nystagmus noted, pursuit tracking was non

uniform and interrupted; 

• Accommodation was good with concentric, bilateral, pupillary constriaion; 

• Retinal ophthalmic exam revealed VIA ratios of 2.0/1.0 in the left eye with normal 
fundal appearance; 

• Visual field challenge revealed equal and concentric fields in both eyes; 

• Both eyes showed normal intorsion and extorsion on lateral nexion test; 

• Corneal renexes were present and equal bilaterally; 

• Pupillary renexes showed an increase time to activation and decreased time of 
fatigue on the left; 

• OPK testing revealed dyskinetic movements and hypermetria of return phase; 
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• I h�aring was good in both cars with vibration centrally localized and air conduction 
greater than bone conduaion bilaterally; 

• Romberg's challenge could not be performed because of non-weight bearing 
condition of the patienl; 

• lhe patient was dysdiadochokinelic on the left when challenged with rapid 
a lternating movements of the hands and overshoot of the left hand on finger 
to nose testing; 

• 'Ine paticnI indicated bilateral and equal sensation to (Ouch in the amlS, legs, and 
hands with the exception of the left leg. which was numb to touch; extinction lest 
was negative; 

• Vibration was felt equally bilaterally in all the dermatomcs; 

• Muscle strength was 4 in all muscles ohhe upper and lower extremities with the 
exception of the muscles of the left leg. which could not be tested due to pain; 

• Reflexes weIe all strong and equal with no fatigue; 

• Dermalographia was present bilaterally in the legs with gross flare response on the 
ler, leg; 

• Plantar reflex revealed down going toes bilaterally; 

• Spinal motion segment dysfunction was noted at the following levels: 

LS bilater. 

TI-T3 

C2 

Ll CO 

• Paraspinal muscle spasms and trigger points were present bilaterally from 
TI lo TS. 

Imaging 
Cervical spine AP, lateral and oblique radiographs were unremarkable. MRI was also 
unremarkable. 

Diagnosis 

Previous medical testing had mled out meningitis, and tumour as a differential. 'nle 
diagnosis of complex regional pain syndrome secondal)' to asymmetric hemispheric 
function was made. 

Treatment 

Manipulations were performed initially only on the legs. Eventually manipulations of 
the emire spine were carried out. Supplementation including omega 3 fish oils, amino 
acids, and standard multivitamins were instituted. Orthotics were fitted to provide support 
for her feet, which were highly pronated due to the lack of use. Breathing exercises were 
introduced. When spasms of pain occurred she was instmcled to COUllt backwards from 
100 by 7's to increase the activation level of her cortex and inhibit the pain somewhat. 
This technique appeared to be highly successful. I-lot and cold compressed were applied 
to her legs on a daily basis. 

Clinical Outcome After 12 Weeks 

AV showed a remarkable recovel)' with the return of full control of her legs and full weight 
bearing after 3 weeks of treatment. She still experiences bouts of pain that may last 2-3 

hours in duration but has returned to a virtually normal life, attending school and playing 
soccer. 

Discussion 

When asymmetry of function between hemispheres OCGlrs as appears to be happening 
in this case quite commonly a decrease in the ability of the cortex to excite certain 
areas of the brainslem including the mesencephalon and other areas namely the PMRF 
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ensues. A decreased excitation of the PMRF can result in a decrease in inhibition of the 
intermediolateral (IML) cell column, which results in increases in sympathetic activity. 
lhis can lead to dysautonomia and result in somewhat bizarre symptom<ttology, including 
the development of complex regional pain syndrome. 

Conclusion 

In this chapter I have describe and discussed a few of the cases that I have consulted on 
over the past year or so. Many other cases involving as diverse a symptomatology as 
depression, anxiety. obsessive-compulsive disorder. tinnitus. various dystonias. 
Parkinson's disease, oral dysplasia, dysautonomia, postconrussion syndrome. and ablative 
stroke have shown a remarkable propensity for improvement when lhe principles of 
functional neurology are applied. 
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in general. 398 
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Accommodation, 83 
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Adrenal glands mecJullJ, 216 
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Adrenergic" reccptors. 51-2. 210 
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Afferent pathway lesions. 83 
Afferent projections 

aminergic,169 
to the retirular formation. 336 
into the vestibular system. 381-2 
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finger, 248, 255 
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Akinesia, 296. 297 
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a·adrenergic receptors, 52. 210, 407, 408 
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Alternativc activation pathway. 399 
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Iheory of autism, 316 
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congenital, 183 
episodic. 183-4 
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'And' patlern neurons. 2 
Anenccphaly, 35, 36. J8 
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sites. 240 
subarachnoid haemorrhage. 229 

Angel dust, 55 
Angular gyrus, 248. 254 
Anhidrosis, 213 
Anisocoria, 85, 86. 224 
Ankle reflex. 1)6 
Annular fibrosis, 33 
Annulospiral endings, 127 
Anomia, 248, 255 
Ansa lentirularis, 291 
Anterior cingulate gyrus (ACC). ) 90. 193-4 
Anterior conicospinal traci. 165-8. 335 
Amerior grey commissure. 158 
Anterior hom. 159 
Anterior midcingulate conex (aMCC). 190 
Amerior nudear group. 272-4 
Anterior spinal anery syndrome, 186 
Anterior spinocerebellar trna. 164, 200. 300 
Anterior thalamic peduncle, 272 
Anterior transverse temporal gyrus, 256 
Anterior tuberde, 271 
Anterolateral system. 164 
Anteroventral cochlear nucleus, 353 
Antigens, 396, 400, 402 
Anxiety. 436-41 
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Broca's, 247. 248 
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Arachnoid mater, 225. 227 
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Articulatory loop. 241. 318 
Aseptic meningitis, 238 
Association neurons, 246 
Associative learning/memory. 316 
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ASlrocytcs. 59-60 
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autonomic dysfunction and. 104,258.260 
cerebral. 8-9, 14.257-8.413.511-13 
conic.l!. 257-60 
of function. 205 
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silting rotalion. 467 
supine lateral nexion. 470 
supine rotation. 469 

Atopognosia. 100 
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Auemian deficit hyperactivity disorder (ADII D). 60. 288. 294. 
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Attl'llIional coOirol system, 318 
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Auditory brainslcm responses, 81 
Audllory cortex. ]',5 
Auditory information. 382 
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Autism, amygdala theory of. 316 
Autonomic dysfunction and asymmetry, 104,258,260 
Autonomic ganglion. 205 
Autonomic modulatory projections, 172-3 
Autonomic nervous system, 201 -22 

clinical examination of autonomic function, 220-2 
communication between brain and immune 

system, 405-7 
distribution of the sympathetic system, 213-20 
functional effects of sympathetic stimulation. 211 
Ilomer's syndrome. 213 
hYPOIhalamus, 272 
introduction. 201-2 
modulation of, 338-9 
organi7 .. ation of the. 202-3 
p.uilsympathetic efferent projections. 205-11 
supraspinal modulation of autonomic output, 203-5 
vestlbuloautonomic reflexes, 211-12 

Axill.lry nerve, 105 
Axon fibre tracts. 16.3-5 
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Axonal pathfinding. 29-31 
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cholinergic prOjection, 338 
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postg.lnglionic. 205. 213 
preganglionic, 205 
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regeneration. 180-1 
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B cells. 396. 397. 399. 401. 405. 414 
B fibres. 177 
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Balance. 386, 388-9 
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Ballismus. 288. 294. 296. 299-300. 306 
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Basal ganglia. It. 12,287-302 

anatomy of the. 288-90 
complex movement pattems, 145-6 
fine lUning of. 148 
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fonnation, 291-3 
lesions. 17 
movement and cognitive dysfunctions. 293-302 
neostriatum. 290 
summary of outputs from structures. 294 

Basal ganglioniC loops. 143-5 
Basal lamina. 156. 159. 161 
ll.1sket cells, 241, 373-4 
Hasolateral circuit. 311 
lJasomedial circuit. 311 
lJasophils, 397. 398 
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Behavioural testing. 260 
Behavioural theories. 423-4 
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Benign paroxysmal positional vcnigo (BPI'V). 188. 39041 
Best·hand test. 258-9 
1l-2 adrenergic receptors, 219 
Il-adrenergic receptors, 52, 51. 210, 407. 408 
Beta-amylOid. 263-4 
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Biceps reflex. 116 
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Biological intelligence. 241 
Biological theories. 424 
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l lIadder innervation. 216-17 
lUepharospasm. 301, 384 
Blind spOt. 84-92. 275-7 
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sizes. 260 
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Blood flow. sympathetiC control of, 219-20 
Blood pressure 220. 282 

increased, 15 
postural. 356. 364 
regulation or, 362 

Body of Luys, 12, 13, 288, 290, 291 
Uody temperature regulation. 282 
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metabolism, signs and symptoms of altered, GO 
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anatomy of the, 324-35 
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stimulation, 498 
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Broca's area, 247, 248 
Brodmann .ueas, 244, 245-6 
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7, 253 
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Carbon dioxide see Panial pressure of carbon dioxide (PCO,) 
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Cardiovascular function, 258 
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Carotid plexus, 211 
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functions of, 210-11, 405, 406-7 
increased release of, 282, 410-11 
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Cell-mediated immune response, 403-5 
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Central cord syndrome. 180 
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blind spot, 276 
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Edinger-Westphal nucleus, 206 
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modulation of. 452 

of a functional unit of neurons, 3 
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Central nervous system. neuronal migration, 28 
Central pain mechanisms, 184 
Central pain syndrome. 184 
Central sensitization, 195 
Central sulcus. 241 
Ce:ntral thalamic adhesion. 272 
Cerebellar conex, 373-80 
Cerebellar-hypothalamic communication. 413 
Cerebellar system see Cerebellum; Vestibulocerebellar system 
Cerebellar tremor. 387 
Cerebellopontine angle 336 
Cerebellum 

anatomy of the, 366-70 
control of movement, 148 
damage to the. 371 
dysfunction, 508-to 
dysfunctjon testing, 101, 390 
embryological development of (he 370-3 
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influence on eye movements, 349-50. 380- 1 
introduction, 365-6 
involvemem in learning, 380 
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lobes of t.he. 369-70 
location of the. 367 
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removal of the, 366 
stimulation, 497 
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Cerebral a�ymmetry, 8-9, 14,257-8,413,511-13 
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appearance. 231 
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pressure, 231 
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Cerebrocerebellum, 366, 371, 373 
Cerebropontocerebellar pathways, 340 
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combination thoracic. 472 
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Cervicothoradc ganglion. 202, 214. 224 
Charcot's joint. 183.492 
Chemiosmotic coupling. 4 
Chemokines,411 
Childhood depression, 430 
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Chloride (CI) ions, 2-3, 56 
Cholinergic projection axons, 338 
Cholinergic projection system. 249 
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Chopper cells, 241, 242, 353, 374 
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Choroid plexus of 4th. 331 
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Circuil related disorders. 426 
Citric acid cycle 44, 60, 75 
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Classical activation pathway, 399 
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Claustrophobia, 439 
Climbing fibres. 332. 375 
Clitoris, expansion of the. 217-18 
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Cluster headache. 264-5 
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Cognitive and behavioural testing. 260 
Cognitive control of movement, 140 
Cognitive dysfunctions. 293-302 
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Complement system. 399 
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Congenital analgesia. 183 
Congenital anomalies, 492 
Consolidation. 118 
Comt;}!)t neural pathways. 7-8 
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blood supply of .he. 239 
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cerebral spinal fluid (CSr). 230-3 
diffuse neuronal and axonal injuries. 261 -2 
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embryological development. 226 
rrontal lobes, 101,241-4. 496 
headache syndromes, 264-6 
immune runction modulation. 411-13 
introduction, 225-6 
layers or, 241. 243 
lesions. 17 
meninges. 226-9, 233-9 
motor conex sa Motor conex 
occipiLal lobes. 256. 497 
parietal lobes. 252-5. 259. 497 
projections rrom, 204 
rd.ltionship or the cerebellum to the. 367 
sci/.ures .1nd collectively. 262-3 
temporal lobes. 229, 255-6. 288, 294, 496 
vascular accidents, 239-40 
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anxiety. 418 
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Conical efferent zones, 146 
Conical modulation or saccadic eye movements. 14K 
Cortical neurons. 8, 11. 19.246.276 
Conical stimulation, 494-6 
Conico-neostrialal-thalamo-conical �tel1l. 293 
Corticomedial circuit. 311 
Corticomotoneuronal cells. 167 
Coniconrostriatal projections, 14), 144 
Corticoolivary tract projooions. 148 
Corticopontine projections. 141, 144, 148 
Corticopontocerebellar pathway. _375 
Corticospinal tracts, 149, 165-8,328 
Conicostriate-basal ganglio-thalamocortlCal neuron proje<1ion 

system, II 
Corticotrophin-releasing honnom'. 282. ·106 
Cranial nerves, 341-60 

I (olfactory nerve). 96,126,127.108,110,141-3,161 
11 (optic nerve), 96, 128.343-4.161 
III (oculomotor nerve). 97, 102, 344. 147. 161 
IV (trochlear nerve). 97, 144, 361 
V (trigeminal nerve). 95, 97. 202. 26-1,151. 1';1.161 
VI (abducens nerve), 97, 145-51. 161 
VII (racial nerve), 93, 97, 102. 206. 1';1-2. 1(11 
VIII (vestibulocochlear nerve). 97-8, 153-'1. 1()1 
IX (glossopharyngeal nerve). 98. 201. 107. 1'1')-6. 161 
X (vagus nerve). 98, 202, 208. H3, 1%-8. 161. ·W'l 
XI (spinal accessory nerve). 98. 158-9. 161 
XII (hypoglossal nervc), 98, 131. 159. 161 
clinic.ll testing or, 359. 3(,1 
reeding behaviour. _119 
motor column, 9 
motor neurons, 19. 33 
nuclei,342 
screening. 96-8 

Creatine phosphate pathway, 59 
CRLB (cAMP response element binding prowin). JI(, ·7_ 48. 71 
Crus cerebri. 329 
Cr),plococcus Tleoformmu, 214 
Cuneate nucleus. 332, HJ 
Cunrocerebellar pathway. 165. 167 
Cyclic adenosine monopbosphatc (cAi\·IP). ·109 
Cyclo-oxygenase enzyme, 192 
Cyclophosphamide. 444 
Cytochrome c, 5 
Cytodifferentiation. 25 

morphological. 28-9 
physiological and molecular, 29 

Cytokines, 400, 407-8, 410, 413-14 
Cytotoxic T cells. 399, 443 

o 

Darwin. Charles. 423 
Dearness, 500 
Decussation, 200 

clinical symptoms and the level of. 174 
lemniscal, 333. 334 

Deep tendon stretch renex, 135-6 
Deiter's nucleus, 162, 188 
Deltoid. III 
Delusion, 434. 435 
Dementia, 263-4. 296, 297 
Demyelination, primary. 181 
Dendrites ronnalion, 29 
Dent3tegyrus.311-13 
Dentatorubral fibres. 310 
Dentatorubral tract, 369 
Dentatothalamic fibres. 330 
Dentatothalamic tract, 169 
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Depoiarir.ation. 2. 5, 45 
Depression. 428, 429-33, 449 

basal ganglia. 288. 294 
bipolar disorder. 430 
classification, 429-30 
cortical asymmetries. 431-2 
immune activation, 411 
and neuroimmune (unction, 430-1 
Parkinson's disease. 296. 297 
suicide. 432-3 

Dermatographia, 104, 118, 119.222 
Descartes. 422 
Descending autonomic modulatory projections. 172-3 
Development 

abnormalities. 21 (see also specific abnormality) 
cortex. 226 
gross morphological, 23-4 
nervous system. 22-4 
primary developmental processes, 25-32 
vertebral column. 33-6, 35 

Diapedesis, 398 
Diaschisis. 7. 66, 69, 273. 385 
Diastematomyelia. 33 
Diencephalon. 9, 23-4, 271 
DifTereniial diagnosis, 77-102 
Diffuse axonal injury COAl}, 261-2 
Diphtheria toxin, 181 
Direct inhibition, 10 
Direct linearity, 17 
Direct pathways, 293-302 
Direction of responses, 76 
Discriminative toudl, 123 
Disdiadochokinesia, 101 
Disinhibition, 11, 13 
Dislocation, 490 
DNA. 45-6 

see (l1so Mitochondrial DNA (mt DNA) 
Dopamine 

-producing neurons, 296 
hypothesis. schizophrenia, 435-6 
oxidative deamination of. 63 
receptors, 56-7 
tests indicating decreased function, 249 

Dopamine beta-hydroxylase (081-1). 302 
Dopaminergic fibres, 369 
Dopaminergic projection neurons, 338 
Dopaminergic projection system, 249-50 
Dorsal cochlear nudeus (DCN), 353-4. 427 
Dorsal column sensation, 100 
Dorsal external arcuate fibres, 332 
Dorsal funiculus, 161, 163 
Dorsal interossei, 113 
Dorsal lateral prefrontal cortex. 348 
Dorsal motor nucleus (OMN) of the vagus nerve. 203, 212. 215, 

224.332 
Dorsal posterior cingulate cortex (dPCC), 190 
Dorsal rami, 176 
Dorsal root ganglia neurons, 123, 124 
Dorsal root ganglion celis, 9. 31, 33, 159 
Dorsal roots, spinal cord, 159, 171 
Dorsal spinocerebellar tract. 164. 200. 332 
Dorsomedial hypodlalamic nucleus, 413 
Dualism, 422 
Dura miHer, 225. 226-7 
Dynorphin, 290, 291 
Dyskinesia, 296, 304 
Dysmetria, 101. 350 
Dysphonia, spasmodic, 301 
Dysraphism, spinal, 33 
Dystonias, 98, 288. 294, 296, 301-2 

E 

Ears. see principal. 102-3 
Ectodermal placodes, 23 
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Edinger-Westphal nucleus, 83, 203. 205-6, 212 
Effector organ lesions, 16 
Effector response, 74-6 
Efference copy mechanisms, 378 
Efferent innervalion of muscles, 130 
Efferent neurons, 246 
Efferent projections. 175 

of the hYPolhalamus, 280 
parasympathetic, 205-11 
to the reticular formation. 336 

Ejaculation, 218 
Elderly, depression in the, 430 
EJectrococ.hleography, 81 
Electroencephalography (EEC), 82 
Electrolyte maintenance, 282 
Electromyography (EMe). 181 
Electron transport chain, 75 
E1ectrolOnic coupling, 375 
Embden-Meyerhof pathway, 58, 71 
Embryo. nervous system in. 22 
Embryological homological relationships, 9, 26, 33, 34, 379 
Emotion 

chronic pain and, 427-8 
developing a theoretical construct for, 425-7 
historical development of lheories, 422-5 
introduction, 422 
pain and, 190 

EmOlive control of movement, 140 
Encephalitis, 238-9 
Encoding. 318 
Encouraged pain tolerance, 191 
End organ lesions. 16 
Endolymph, 382, 390 
Endoplasmic reticulum, 40 
Energy metabolism regulation, 282 
Energy produaion in cells, 75 
Enkephalin, 290, 291 
Enteric system, 201 
Entorhinal conex, 317, 318 
Environmental stimulus, 41. 47, 70 

see also Receptors, stimulation 
Eosinophils. 397, 398 
Epicritic sensations, 130,254 
Epidural haematoma, 227, 228 
Epidural space, 227 
Epilepsy. 262-3. 288. 294 
Epinephrine, 51, 210, 406 
Episodic analgesia, 183-4 
Episodic memory, 317 
Epley's manoeuvre, 377, 388 
Epstein's cognitive-experiential self theory. 424-5 
Erlanger and Gasser system of nerve classific.1tion. 176-7 
Escape phenomena, 247, 259, 426 
E=1. Il. 423 
Eukaryotic cells, 60 
Evolutionary theory of thought, 380 
Ewing's sarcoma, 491 
Examination, neurological. 77-102 
Excitation 

efTen on direct and indirect pathways, 295 
neurophysiological. 10-12 

Excitotoxicity, 299 
Executive function, 241 
Existentialism, 433 
Exophoria, 85, 119 
Exotropia. 85, 119 

523 Copyrighted Material



Index 

Explicit memory. 317 
Extensor carpi radialis longus, 1 [2 
Extensor carpi ulnaris, 112 
Extensor digitorum, 111 
Extensor digitorum longus. 115 
Extensor hallucis longus. 115 
f..xtensor indicis proprius. 112 
£Xtensor pollicis brevis, 112 
Extensor pollicis longus. 112 
External granular layer, 243 
External pyramidal layer, 243 
Extorsion, 85 
Extracellular fluid (ECF). 361 
Extracellular signals. 49-50 
Extrafugal muscle fibres. 126-7. 130 
Extraocular movements, 103 
Extraocular muscles. 92 
Extrapyramidal system, 168.327 
Eyes 

movements (see (i/so Saccadic eye movements) 
cerebellar influences on, 380-1 
control of. 345-51. 363 
spontaneous lateral. 259 
vestibular apparatus, 383 

poslsaccadic drift of the. 350 
see principal. 102-3 

F 

Facialllluscles innervation, 93 
Facial nerve (VII), 93. 97. 202. 206. 351-2. 361 
Facial lics. 98 
Falx cerebri, 226 
Fasciculations, 181 
Fasciculus cunealus, 163, 333 
Fasciculus graCilis, 163, 333 
Fastigial fibres. 376 
Fastigial nucleus. 378 
Fatigability of responses, 76 
ratty acid oxidation, 60 
reed-forward inhibition. 10-11 
h?ed-forward mechanisms, 378 
Feedback disinhibition, 11 
Feedback inhibition, 11 
Feedback mechanisms, 377. 378-9 
I;emoral nerve. 105 
Fibrillations, 181 
Hbromyalgia. 53 
Filum terminale. 158 
Hnger agnosia. 248. 255 
I-iring patterns 

determination of. 2 
discovery of, 1 
see also Frequency of firing (FOr) 

Hssure of Rolando. 241 
fissure of Sylvius. 241 
Hare response, 222 
I lavin adenine dinucleotide (FADII), 58 
Flavin adenine dinucleotide (reduced) (FADII]), 5 
lIexor carpi radialis. 112 
Hexor carpi ulnaris. 113 
Hexor digiti quinti. 113 
Flexor digitonlm longus. 114 
I lexor digitonlm profundus. 112. 113 
Hexor digitorum sublimis, 112 
Flexor hallucis longus, 115 
Hexor poJlids brevis. 113 
Flexor pollicis longus, 113 
Hexor renex afferent (rRA) responses. 174 

524 

F1occulonodular lobe. 365-6. 381 
Flocculus. 349, 381 
Floppy baby syndrome. 193 
Flower spray endings, 128 
Folic acid, 35, 38 
Follicle-stimulating hormone (rSII). 141 
Foramen of Luschka, 230 
Foramen of Magendie. 230 
Forebrain 

development, 22, 23-4 
diencephalon, 9. 23-4. 271 
telencephalon, 9, 23-4 

r-orehead skin temperature. 104, 118-19, 220, 259 
Fornix. 280. 314 
los genes, 49-51 
Fourth ventricle. 330 
Fovea, 17.275,344 
FraCiures.490 
Free nerve endings. 131. 13<1-5 
Free radicals, 12. 63. 297 
Frequency of firing (FOr). 5, 18, 65 
Frontal eye fields (FEr), 348 
rrontal lobe. 241-4 

stimulation, 496 
testing. 103 

Fukuda's marching in place test. 102 
Functional examination, 78 
Functional projection systems. 13-16 
Functional psychoses. 434 
Functional transcription factors, 46 
I;unctional unit of neurons central integrative state (CIS), 3 
Fundamental functional projection systems, 13-16 
Fundamental functions, 426 
l undus. 89, 91, 344 
I;uniculi. 158. 159 

see (/lso specific funiculi 
Fusiform cells, 241. 242 
Fusiform layer, 244 

G 

G-proteins, 42. 45. 47. 409 
CAM receptors, 55-6 
Gag renex. 357 
Gain, 130 
Gamma aminobulyric acid (CABA). 186. 194. 290, 291 
Gamma mOlOr fibres. 128-31 
Gamma motor neurons, 160 
Ganglion cells, 30 
Ganglionic layer. 243 
Gaseous exchange. 4 
Castaut-Geschwind syndrome. 315 
Gastric branch of the vagus nerve, 357 
Castrocnemius, 114 
Gated neurons. 2 
Gaze 

improving stability. 4!l!l-500 
six positions of. 92 

Gene activation. environmentally induced, 40-1 
Cene expression. 47, 55 
Gene transcription. 45-7 
General transcription factors, 46, 71 
Generalized arudety disorder (CAD). 436. 437-8 
Generali7..ed seizures, 263 
Genetic lineage. 40-1 
Geninllate ganglion. 351 
Gewirtz, J. 423 
Glass test, 233 
Glial cells. 26 
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Glissades. 350 
Globus pallidus. II, 12. 17.288.290 
Globus pallidus pars externa (ePe). II. 12,290 
Globus pallidus pars inlcma (CPi). 11. 12. 13, 143, 

290.291-3 
Glossopharyngeal nerve (IX), 98, 202, 207. 

355-6.361 
Glu (glutamic acid). 53-5 
Glucose, 58-9, 71 

in cerebral spinal Huld, 230, 232 
consumption measurement, 60 
mctabolic demands of the brain. 59 

Glucose-6·phosphatc, 58 
Glutamate, 299 
Glutamate N-mcthyl·Q-aspanate (NMDA). 12 
Clutamate N-methyl-J)-aspanatc (NMDA) 

receptors, 53-5, 31G 
Glutamate receptors. 53-5 
Glutamic add (Clu). 53-5 
Clutaminergic neurons, 247 
Gluteal nerves, 105 
Cluteus maximus. 114 
Gluteus medius. 114 
Gluteus minlmus. 114 
Glycerol 3-phosphatc, 58 
Glycine. 53 
Glycine receptors, 56 
Glycolysis. 58-9, 71. 75 
Goigi i\pparntus, 40 
Goigi cells, 374. 375 
Goigi tendon inhibition renex. 135-6 
Golgi tendon organs, 131, 173 
Cracilc nucleus. 333 
Cranule layer of cerebelli"tr conex, 373. 374 
Granulocytes. 396 
Craphi\naesthesia, 100 
Cray rami communicans. 202 
Creater splanchnic nerve. 215 
Crey mauer. 157. 158-63 
Crowth.21 

see also Development 
Growth-associated proteins (GAPs). 28 
Crowth fadors, 47, 70 
Crowth hormone(CII).141 
Cuanosine diphosphate (GOP), 42 
Guanosine triphosphate (CI"P). 42 
Guillain-Uarre polyneuropathy (CBP). 181 

H 

II fields of Fore!' 293 
Ilabituation.317 
Ilaemarthrosis.490 
Ilaemophilw irtjlue,wle type B. 235-6 
lIair cells, 353, 382 
Ilair follicles.211 
Iiallucinations, 434 
lIamstrings, 114 
Ilappiness.444-5 
1 lead 

motor examination of the. 92-4 
sensory examination of, 94-5 

Ileadache syndrom<.'S, 264-6 
I lea ring. 95-6 
lIean 

auscultation. 104, 118.221 
innervation, 215, 224 

Ilebb's discrepancy theory. 424 
Ilelix-ioop-helix, 50 

lIelperT-cells. 399, 408-9, 410, 411 
Ilel1licrania continua. 265 
lIemineglect.254-5 
Ilemiretina, 275-7. 344 

Index 

Ilemispheres, brain functions per, 258. 260 
lIemisphericity, 8-9, 14, 257-8, 413, 511-13 
Ilering-Breuer renex. 360 
Ileschl's gyrus, 25G 
l lindbrain. 9. 23-4 
Ilip adjustment 

supine general mobilization. 485 
supine long axis traction/internal/external 

rotation, 486 
Ilip girdle. motor function chart. 108-9 
l lippocampal commissure, 280 
lIippocampal formation. 33. 141,273.274,311-14 
Hippocampus. 240 

functions of. 314 
memory, 316 
stimulation. 501 

Ilistamine, 398 
Ilistaminergic projection system. 251-2. 253. 338 
Histoplasmosis. pseudo presumed ocular. 19 
Ilislory 

general health. 79 
inilial. 79 
neurological. 79-81 
social, 80-1 

Iioimes-Adie pupil. 83 
Ilomeostatic controls, 272, 281-2 
Ilomonymous muscle. 126 
1I0rizontai cells. 241. 242 
lIorizontal saccade. 346. 348. 363 
/lorner's syndrome. 83-4. 213. 224 
Ilumoral response. 401-3 
Ilumour. 444-5 
Iluntingtin. 299 
Iluntington's disease (HD), 13,60,288,294. 297-9, 

300.306 
Ilydrocephalus. 240 
lIydrogen ions (11°). 361-2 
Ilydrogen peroxide. 398 
Ilydrophobic hormones. 47. 70 
Ilydrops, 390 
5-hydroxy-tryptophan (5-1 IT) see Serotonin 
Ilyperalgesia, 185 

Ilypercolumns. 84. 256 
Ilyperexcitation. 13 
Ilyperfunctional disorders, 16 
Ilyperpolariz..1tion. 2 
Ilypochondriasis. 441 
Ilypogiossal nerve (XII). 98. 333. 359. 361 
Ilypogiossal nucleus, 333 
lIypokinesia, 296 
Ilypothalamic modulation of immune function, 413 
Ilypothalamic nuclei, 212 
IIYPOlhaiamic projections. 202 
HypothalamiC rage. 314, 321 
Ilypothalamo-cerebellar projeaions, 413 
lIypothalamus. 142 

adion on major systems, 272 
afferent inputs to the. 278-9 
anatomy of the. 278 
autonomic function. 204 
efferent projections of the. 280 
funclions of. 280-3. 315 
involvement in movement, 140-1 
projections from limbic system structures, 280 

Ilypothalamus-pituitary-adrenal axis, 282 
Ilystcria, 438, 442 
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la inhibitory interne-urons. 136 
Ib inhibitory intcmeurons. J 36 
Idiopathic Parkinson's disease 60. 288. 294, 295-7. 305 
Idiopathic torsional dystonia (rro). 302 
Iliopsoas. 114 
Ilium flexion push manipulation. 457 
Imaging. advanced. 82 
Immediate early genes (lEG). 4, 5, 49-50 
Immune responses, 397 
Immune system 

cells. 396-9 
cerebellar-hYPOlhalamic communication, 413 
communication between brain and, 405-7 
communication with nervous systems, 407 
and depression. 430-1 
effects of anxiety on, 437-8 
funnion modulation by the conex, 411-13 
introduction, 395-6 
overview of the 396-9 
stress, 443 

Immunity. innate and specific. 399-405 
Immunoglobulin A (IgA). 403 
Immunoglobulin D (lgD), 403 
Immunoglobulin E (lgE), 403, 410 
Immunoglobulin C (Ige), 402-3, 410 
Immunoglobulin (lg), 401, 402-3 
Immunoglobulin M (lgM), 403 
Implicit memory, 316 
Indirect pathways, 293-302 
Infantile depression, 430 
Infection, 396, 491 
Inferior cerebellar peduncle. 331 -2, 366-8 
Inferior collirulus, 324, 327, 354 
Inferior gluteal nerve, 105 
Inferior olivary nucleus. 332 
Inferior olive. 331-3. 375 
Inferior thalamic peduncle, 272 
Inflammatory pain, 192 
Inflammatory processes, 412 
Infraspinatus, 110 
Infundibulum, 278 
Inhibition 

effect on direct and indired pathways, 295 
neurophysiological. 10-I 2 

Injuries 
neuronal and axonal involving the cona. 261-2 
pain after healing of, 185-6 
pain disproponionate to the severity 0(, 185 
pain without, 184 
stretch, 262 
without pain, 183-4 

Injury-related plasticity. 32 
Innate immunity, 399-405 
Inotropic receptors, 42. 44, 55 
Instability. joint, 490-1 
Insular pole area of conex, 204 
Integration system of the vestibular system, 385 
Interferons, 399, 409, 410 
I nterki netic nuclear migration, 25 
Interleukins. 408-9, 410 
Intermediolateral (IML) cell columns. 14,201, 210. 453 
Intermediolateral (IML) group, 161 
Intermediomedial (IMM) cell columns, 210 
Intermediomedial (IMM) group. 161 
Intermittent explosive disorder, 314-15 
Internal carotid nerve. 211 
Internal granular layer, 243 
Internal pyramidal layer. 243 
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Interneurons, 205, 246. 290 
Interstitiospinal tract. 172 
Intervenebral disc protrusion/herniation, 138 
Intestinal branches of the vagus nerve. 357 
Intorsion. 85 
Intracerebral haemorrhage. 239 
Intracranial pressure. 229 
Intrafugal muscle fibres, 126-7, 128-9, 130 
Intralaminar nuclear group, 272, 275 
Ion channels, receptors link to. 42-4 
Ipsilateral pain syndromes, IS 

J 

Jackson's hierarchy of movement, 140 
James, William, 422 
law jerk reflex. 92 
Joint receptors, 134 
Jun, 50 
Juvenile l Iuntington's disease. 298, 299 

K 

K...1CS Bechterew, 243 
K.1inate, 54, 55 
Kearn's-Sayer syndrome, 63-4 
Kernig's sign, 234 
Kidneys 

innervation, 216 
stones, 185 

Kluver-Buey syndrome, 256. 315 
Knee adjustment 

supine internal/external rotation. 488 
supine internal rotation, 487 

Knee reflex. 116 
Krause end bulbs, 133 
Kupffer cells. 398 

L 

L-glutamate, 53-5 
la belle indifference. 442 
Lacrimal gland motor projections, 206, 207 
lactate, 261 
Lactic acid, 135 
Lamina marginalis, 162. 188 
Laminar organization, spinal cord. 175 
large cell components, 170 
Laryn.x.357 
latency of responses, 75 
Lateral column nuciei, 337 
Lateral conicospinal tract. 149, 152, 165-8 
lateral dorsal (LO) nucleus, 274-5 
lateral fissure, 241 
lateral funiculus. 164-5 
lateral geniculate body. 271 
Lateral geniculate nucleus (LeN), 18, 275, 276 
lateral group of axons, 149, 152 
Lateral lemnisci, 330 
Lateral nuclear mass, 272. 274-5 
Lateral posterior (LP) nuclear. 274-5 
lateral spinothalamic tract, 332 
Lateral superior olive (LSO), 354 
Laterodorsal tegmental nuclei, 249 
Latissimus dorsi. III 
Layer ofWaldeyer, 162 
Learning. 316-1 S. 380 
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Left-right disorientation, 255 
L.emniscal decussation. 333, 334 
Lenticular fasciculus. 293 
Lesions 

ablative. 13, I G, 73-4 
longitudinal level of, 16-17. 76-7 
lower motor neuron, 19 
physiological, 13 

Lesser splanchnic nerve, 215 
Leucine zipper protein, 50 
Leukocytes, 396 
l.£Valor palpebrae 5uperioris, 211 
Levodopa, 297. 305 
Lewy bodies, 296 
Ligament tears, 490-\ 
Limb control. 259 
Limbic epilepsy, 262-3 
Limbic release phenomenon, 259 
Limbic system. 140-1. 152.307-18, 320-1 

anatomical components of, 308-14 
disorders of temporolimbic function. 314-16 
funclions of the. 314 
hypothalamic projections. 280 
hypothalamus, 272 
learning and memory. 316-18 

Limbs 
motor examination of the. 99-100, 105-t G 
sensory examin.uion of the. 100 
see also Lower limb: Upper limb 

Linearity, direct. 17 
Ungual nerve. 351 
Lloyd system of nerve classification. 176. 177-8 
Loading the spindle. 128 
Locked in syndrome. 493-4 
Locus ceruleus, 211. 250. 282. 338. 406 
Lorus coeruleus, 212 
Logical thinking. 432 
Loneliness. 431 
Long-term memory. 317-18. 320 
Long thoracic nerve. 105 
l..ongitudinal levels of lesions. 76-7 
Lower limb 

extensor angulation. 16 
motor funClion chan. 108-9 
muscle testing. 114-15 

Lower motor neurons, 19, 364 
Lumbar manipulation 

mammillary push, 455 
positioning. 454 

Lumbar nerves. 175 
Lumbar puncture. 231 
Lumbosacral manipulations. 453 
Lumbricalis interossei. 113 
Lungs 

expansion. 104. 118. 222 
innerv<Hion. 215-16 

I.uteinizing hormone (UI), 141 
Lymphocytes, 230, 398-9, 400, 414 
Lysozyme. 396 

M 

Macrophages, 397. 398. 411 
Macula. 17.275 
Macular neuroretinopathy. 19 
Magendie. Fram;ois, 171 
Magnesium (Mg). 55 
Magnocellular components. 170 
Major histocompatibility complex (Ml-IC). 404-5, 418 

Mania, 428-9 
Manipulation, 453-94 

complications of. 492-4 
contraindications for. 490-2 

Marcus-Gunn pupil. 83 
Martinotti cells. 241, 243 
Mass effect, 229 
I\lassa intermedia. 272 
Mechanical receptors. 135 
Mechanical transduction. 353 
Medial column nuclei, 337 
Medial forebrain bundle. 280 

Index 

Medial geniculate nucleus (MGN), 275. 354 
Medial lemnisci. 329. 330 
Medial longitudinal fasciculus (MU;). 169.329 
Medial motor system. 329 
Medial nudei, 272. 274 
Medial prefrontal conex. 204 
Medial pyramidal layer. 243 
Medial superior olive (MSO). 354 
Median column nudei. 337 
Median nerve, lOS 
Mediate renexes. 168 
Medium-spiny projection neurons. 290 
Medulla, 331-5 

of the adrenal glands, 216 
reticular formation of see Pontomedullary reticular 

formation (PMRF) 
Medulla oblong,ua. 324 
Medullary laminae. 272 
Medullary respiratory centre. 360 
Medullary velum. 369 
Medulloreticular spinaitract. 171-2 
Meissner's corpuscles. 132 
Meissner's plexus. 357 
Melancholia see Depression 
MELAS (myoclonic epilepsy with lactic acidosis and stroke-like 

episodes),63 
Membrane-associated tyrosine kinases, 50 
Membrane potential. 2-3. 10 
Memory. 316-18 

loss of. 263-4 
Meniere's disease. 390 
Meninges, 226-9 
Meningiomas. 233 
Meningitis. 233-8 
Meningocele. 35, 38 
Meningococcus, 236 
Mental state examination. 102 
Mental stress. 428 
Merkel cell endings. 133 
Merkel discs, 132 
Mesangial cells, 398 
Mesencephalic reticular fonnation (MRF). 13-16.203. 

338, 339-40 
Mesencephalon. 9. 102-3. 324-9 

development. 23-4 
projections between the conex and. 247 
reticular formation of. 13-16 
stimulation. 497-8 

Mesenteric plexus. 357 
Mesial tempornl lobe epilepsy syndrome (MTLE). 262-3 
Mesocortical group of neurons, 249, 250 
Mesoconical pathways. 56. 338 
Mesolimbic group of neurons. 249. 250 
Mesolimbic pathway. 56 
Mesolimbic stimulation, 500 
MeSOstriatal group of neurons, 249 
Metabolic disorders. 492 
Metabotropic receptors, 42. 55 
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Metastatic tumours, 491 
Metencephalon development, 23-4 
Microglial cells. 398 
Midbrain see Mesencephalon 
Midcingulate gyrus (MCC). 190 
Middle cerebellar peduncle. 330. 367. 368-9 
Middle cervical ganglion. 214 
Migraine. 238, 265, 391 
Miosis. 83, 213 
Mitochondria. 40 

activation and interactions. 60-1 
chemiosmotic coupling. 4 
dysfunction. 299 
oxidative phosphorylation. 4. 5, 59, 62-4 

Mitochondrial DNA (ml DNA). 63-4 
Molecular layer 

of the cerebellar cortex, 373-4 
orlhe cerebral cortex. 243 
orthe dorsal cochlear nucleus (DeN). 354 

Monoamine oxidase-B (MAO.B). 63 
MonOCYIe8.397-8 
Mono�'Yna"tic connections. 126, 203-4 
Monosynaptic relays. 1 7  
Moods. 425-7 
MOSSY fibres. 317, 375 
MOlion. sensation and perception of, 386 
Motivation for movement. 1 50. 152 
Motivational drive development. 141-3 
Motor columns. 1 46 
Motor control. 13 

fine tuning of. 148 
modulation of. 338 

Motor cortex. 204. 244-8 
function.ll projections oflhe. 247-8 
output commands from. 146-7 
Motor functions assessment. 74 
ch;,". 106-9 
head. 92-4 
trunk and limbs. 99-100. 105-16 

Motor homunculus. 146 
Motor pathways. spinal cord, 1 65-72 

see (lIsa specific ptldlll.'lly 
Motor release phenomenon. 259 
MOlor servo mechanism. 1 30. ISO 
MOlor strength and tone. 259 
Mouth. examination. 94 
Movement 

comrol of. 1 40-6. 148 
disorders. 96. 100 (.see (liso specific dison/a") 
dysfunctions, 293-302 
motivation for, ISO, 152 
process of. 1 35-6 

Mucous. 396 
Muller's smooth muscle. 21 1 
Multifocal choroiditis. 19 
Multiform layer. 244 
Multiple evanescent white dot syndrome. 1 9  
Multiple myeloma. 491 
Multipolar neurons. 160 
Muscannic receptors. 51 
Muscle spindles. 126-35 
Musde(s) 

innervation, 105. 130 
stretch reflex, 135-6 
testing 

lower limbs. 114-15 
upper limbs, 110- 1 3  

tone, 1 4,99 
Muscular tendon tears. 491 
Musculocutaneous nerve, lOS 
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Musical hallucinations, 186 
Mycobtlcrerium IUberculosis. 238 
Myelencephalon, development, 23-4 
Myelocele. 35. 38 
Myelomeningocele. 35. 38 
Myeloschisis, 35, 36, 38 
Myoclonic epilepsy with lactic acidosis and stroke-like episodes 

(MEU,S).63 

N 

N-methyl·O-aspartate (NMDA), 54. 195 
Parkinson's disease. 297 
receptors. 53-5. 316 
see (lIsa Clutamate N-methyl-O-aspartate (NMOA) 

Natural killer cells, 399. 408, 41l, 445 
Navicular internal/external rotation adjustment. supine, 489 
Near response, 83 
Neglect syndromes. 254-5 
Neisseri(l me",ngllls, 236 
Neocerebellum. 366. 371. 373 
Neostriatum, 11. 12, 13.288.290-3 
Nerve cell behaviour, 42 
Nerve endings, (ree. 131 
Nerve fibre types. 124 
Nerve growth fanor {NCq. 31 
Nervous systems 

communication with immune system, 407 
development, 22-32 
dysfunctions, 21 
see (lisa Autonomic nervous system; Central nervous system; 

Peripheral nervous system 
Neural crest, 22-3. 23. 28 
Neural folds, 22, 23 
Neural groove. 22. 23 
Neural pathways, 7-8 
Neural plasticity. 8, 32 
Neural plate. 22 
Neural tube, 22, 23, 25, 38 
Neu raxis. I 7 

afferent modulation of, 453 
modulation of. 1 3  
see tllso Nervous systems 

Neurites.28 
Neuritis. vC5tibular, 391 
Neuro diagnostic tests. 81-2 
Neuroendocrine communication. 280 
Neuroepithelial cells. 22 
Neuroepithelial receptors. 125-6 
Neurogenesis, 26 
Neurogenic inflammation, 1 n 
Neuroglia, 59-60 
Neuroglia(orm, 241 
Neuroimmune interactions, 407-11 
Neurological examination, 77-102 
Neuromelanin. 63 
Neuron growth faClor. 31 
Neuronal ectopias, 28 
Neurons 

aminergic,375 
anatomical characteristics of a healthy, 3 
'and' paltern. 2 
association. 246 
burst, 346, 350. 363 
caudate. II 
central integrative state (CIS) of. 1-3 
central integrative Slale (CIS) of a functional unit, 3 
conneaions, establishment of. 29-31 
cortical. 8, 11, 19,246,376 
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dissemination of receptor stimulus through. 47-8 
efferen!' 246 
energy transfer in the. 57 
environmental stimulus conveyance to, 4 1  
frequency of firing. 6 
galt.'<i. 2 
generiltion of. 26 
grey maller, 160 
injuries involving the conex, 261-2 
lower mOlor, 1 9 .  364 
migration. 25, 28 
muhipolar. 160 
'or' pallern, 2 
parvocellular. 129 
phenotypic and functional development of, 40-\ 
plasma membrane. 41. 42 
postganglionic. 201, 206, 224 
postsynaptic, 205 
preganglionic. 201.  205. 224 
pUla men. I I  
pyramid"l, 1 9 .  147 
pyramidal output. 1 1  
sensory. 122-4 
stimulation. 41) 
sympathetic. 407 
thalamic reticular. 278 
thalamoconical relay, 277-8 
lime to actIVation ("ITA). 6-7 
time 10 (tHigue (TIT), 7 
upper motor, 19. 364 
veniTal horn, B. 1 9  

Neuropathic joint. 183. 492 
Neuropathic l1le<hanisms. pain. 192 
Neurophysiological excitation, 10- 1 2  
Neurophysiological inhibition, 10- 1 2  
Neuropraxia, 181 
Neurosis. 411-4, 436-41 
Neurotensin. 290, 291 
Neurotmcsis. 182 
Neurotransmitters. 40, 41. 44, 47, 70 
Neurotrophic joint, 183 
Neutrophils. 2 30. 397-8 
Nicotinamide adenine dinucleotide (NADI I), 58 
NicOlinamide adenine dinucleotide (reduced) (NADII). 5 
Nicotinic rl'{'eptors. 1) 1 ,  202 
Nigrostriatal pathway, 56 
Nociception. 1 2 3. 115. 192 
Nociceptors, 192, 195 
Non-constalH neur.ll pathways. 7-8 
NOIHpecific immune responses. 397 
Nonassocialive leaming/memory, 317 
NOll1yrosine kinase receptors. 50 
Noradrenaline �e Norepinephrine 
Noradrenergic neurons, 369 
Noradrenergic projection system, 249, 250- 1.  338 
Norepinephrine. 51, 195, 282, 405. 406 

complex regional pain syndromes. 1 95 
I'arkinson's disease, 296 
postg.lnglionic fibres. 210 

Nuclear bag fibres. 127 
Nuclear chain fibres, 1 2 7  
Nucle.u proteins. 50 
Nuclei 

definition of, 40 
hypothal,lmic. 278, 279 
thalamic. 272-3 
.(£r II/SO jpt'nfic nudtuS 

Nucleosomes. 45 
Nucieus accumben!O. 1 4 1 . 288 
Nucleus ambiguus, 203. 2 1 2. 224, 3 3 3  

Nucleus basalis o f  Meynen, 249 
Nucleus centrobasalis. 161 
Nucleus dorsalis. 161 
Nucleus medius dorsalis. 274 
Nucleus proprius. 161 . 162 
Nucleus pulposus. 3 3  

Index 

Nucleus tractus solitarus (NTS). 203. 2)) -) 2. 215. 224. 
3 31 . 453 

Nutritional supply. neuronal. 4 
Nystagmus, 89-90. 351 

o 

Observation, 82 
Obsessive compulsive disorder (OCD), 288, 294, 426. 4%, 440 
Obturator nerve, 105 
Occipital lobes, 256. 497 
Occiput manipulation, supine. 471 
Ocular dominance columns. 84, 256 
Ocular flutter, 350 
Ocular histoplasmosis. pseudo presumed. 1 9  
Ocular lilt reaction. 93-4 
Oculomotor nerve (III), 97. 202, 344. 347, 361 
Oculomotor nuclei. 328 
Oculomotor parasympathetic fibres. 205 
Olfaction. 95-6. 307 
Olfactory apparatus, 343 
Olfactory bulb. 308- 1 1 .  343 
Olfactory conu. 308- 11  
Olf,Clory nelVe (I). 96. 1 26. 127. 308. 310. 341-3. 361 
Olfactory tract, 308- 1) 
Olivary neurons, 375 
Olivary nucleus. 148 
Olivocerebellar tract. 332. 367 
Omnipause neurons, 346. 363 
Operant behaviour. 423 
Operant conditioning. 317 
Ophthalmoscopy, 84-92, 104, 1 1 8, 221 
Opponens digiti quinti, 1 1 3  
Opponens pollicis. 1 1 3  
Optic disc. 1 7. 221. 275, 344 
Optic nelVe (II). 96. 1 28. 343-4. 361 
Optic radiations. 344 
Optic tracts. 344 
Opticokinetic reflexes (OR), 89-92, 94 
'Or' pauem neurons. 2 
Organ of Corti. 353 
Onhopaedic examination, 102 
Osteoanhritis, 491 
Osteochondroma, 491 
OsteoclaslS, 398 
Osteopetrosis, 492 
Osteoporosis, 492 
Otic ganglion, 207 
Otolithic organs, 382-3 
Otoscopic inspection. 95-6 
Overactivity, 428 
Oxidative phosphorylation, 4, 5 

cascade. 59 
disorders, 62-4 

OxPhos disorders. 62-4 
Oxygen. 361-2 
Oxytocin. 1 4 1  

p 

Pacinian corpuscles, 1 33 
Paget's disease, 491 
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Pain 
acute. 192-3 
after healing of an injury, 185-6 
anatomy of, 186-9 
chronic. 193 
descriptions of. 1 92-7 
disproponionate to the severity of injury, 185 
and emotional responses, 427-8 
good or evil. 189-90 
inhibition, 1 4  
injury without. 183-4 
ipsilateral syndromes see Ipsilateral pain syndromes 
modulation. 156 
perception of, 1 83-6 
perception threshold. 19 1  
psychology of, J 90-2 
referred visceral. 218 
thalamic. 277 
thresholds. 191-2 
tolerance. 191  
transient, 192 
without injury, 184 

Palate. examination, 94 
Palaeocercbellum. 371 
Palacologie thinking, 432 
Palmer interossei. 1 1 3  
Panic disorder, 436. 438-9 
Parabrachial nuclei. 21 1 - 1 2. 334 
ParahippocampaJ gyrus, 33, 1 40-1 
Parallel fibres. 373 
Parasympathetic efferent projections. 205- 1 1  
Parasympathetic ganglia. 205 
Parasympathetic motor projections, 357 
Parasympathetic nervous system. 201-2. 405 
Paralaenial nuclei. 274 
Paratonia, 296 
Paraventricular nuclei. 274 
Paraverbal lesions. 382 
Parietal lobes, 252-5 

dysrunction, 259 
stimulation. 497 

Parit:totemporal association cortex, 102 
Parinaud syndrome, 83 
I'arkinsonian tremor, 387 
Parkinsonism. 98 
Parkinson's disease (PO). 60. 288. 294. 295-7. 305 
I)artial pressure of carbon dioxide (PCO]). 361-2 
('artial pressure of oxygen (POl)' 360 
I)arvicellular components. 1 70 
Parvocellular neurons, 329 
(lCOl, 361-2 
Pectoralis major. III 
Peduncles. thalamic. 272 
I)clvic manipulations. 454 
Pelvic splanchnic nerves. 209 
Penis. erection or the, 2 1 7- 1 8  
Peptide neuromodulators, 47, 70 
Perception. 1 22 
Perceptual completion, 18, 276 
Pcrforant pathway. 3 1 7  
PeriaqueduClal area. 327 
Perilymph, 382 
Peripapillary retinal dysfunction. 1 9  
Peripheral axon branch, 1 23 
Peripheral nerves 

compression. 1 78-81 
dysfunction. 500-1 
fibre classification. 176-8 
introdunion. 1 56 
lesions. 1 6  
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Peripheral nervous system. 28 
Peroneus brevis. 1 J 5 
I)eroneus longus. 1 1 5  
I)eroxisomes. 40 
I'etechiae. 233 
Phantom limbs. 185-6 
Phantom pain. 185-6 
Pharynx. 357 
Phencyclidine, 55 
Philosophical behaviourism. 423 
Phobic disorders. 436. 439-40 
Phosphalidylcholine. 63 
Phosphalidyielhanolaminc. 63 
Phospholipids, 63 
Phosphorylation. oxidative 5I!e Oxidative 

phosphorylation 
Physical stress. 442-3 
Physiological irritabil ity. 5 
Physiological lesions. 13  
Physiological plasticity. 32 
Physiological tremor. 387 
Pia mater. 225, 227 
Pineal gland, 422 
Pituitary gland. 1 4 1 ,  142. 283. 139 
Placebos, pain relief. 192. 193-4 
Placodal precursor cells. 28 
Plantar reflex. 19, 99- 100 
Plasma cells. 399 
Plasma membrane. neurons. 41 .  42 
Plasticity 

in the audilOry conex. 355 
neural. 8. 32 

Plato's model or emotion. 422 
Pneumococcus, 236-7 
PO" 360 
Polymerases. 46 
Polymodal receptors. 135 
Polymorphonuclear (PMN) cells. 403 
Polyneuronal innervation. 128 
I)olysynaptic connections. 1 26, 203-4 
Polysynaptic projections, 280 
Polysynaptic relays, 1 7  
Pons. 324, 329-30 

see also Pontomedullary reticular formation (PMRr) 
Pontine nuclei. 143 
Pontine paramedian reticular formation. 363 
Pontomedullary reticular formation 

(I'MRF). 1 3- 1 6  
cervical manipulation, 453 
excitation of. 247 
runnional aspects. 336, 338. 339-40 
CPi neurons. 291-3 

Pontoreticular spinal tract, 1 71-2 
Position. sensation and perception of. 386 
Positron emission tomography (PEl], 60 
Ilost-central gyrus. 252 
PosHraumatic stress disorder. 440-1 
Posterior cingulale gyrus (pee), 190 
Posterior grey commissure. 158 
Posterior horn. 1 59 
Posterior hypothalamic nucleus, 4 1 3  
Posterior midcingulate conex (pMCe). 190 
Posterior thalamic peduncle, 272 
Posteroventral cochlear nucleus. 353 
Postganglionic axons. 205. 2 13  
Postganglionic neurons. 201. 206. 224 
POst5.1ccadic drift of the eyes. 350 
Postsynaptic dorsal column ( PSOC). 189 
Postsynaptic neurons. 205 
Postsynaptic receptors. 31 
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Posture, 388-9 
control of. 1 40-6 
improving slability. 41)9 

Potassium (K) ions, 2-3. 52, 60 
Preganglionic axons, 205 
Preganglionic neurons, 201. 205. 224 
Pregenual anterior cingulate conex 

(pACC), 190 
Premolar conex, 144 
Presynaptic neurons, 205. 209-10 
Primary afferent fibres, 164, 199 
Primary afferent receptors. 1 25-6 
Jlrimary demyelination. 1 81 
l'rimary headaches, 264-5 
Primary olfactory conex, 309 
Ilrimary response genes. 4, 5, 49-50 
Priming. 1 1 6  
Pro-oncogenes. 50 
Procedural mcmory. 3 1 6  
Prolactin, 1 4 1  
I)ronalor teres, 1 1  2 
Proprioception. 123, 182 
Prosencephalon St't' Forebrain 
Prostaglandin n ( peE2). 192 
Protein kina.seA, 47, 46, 316 
PrOlcin(s} 

in cerebral spinal f1uid. 2'32 
functions of, 4 
hormones, 47. 70 

Protopathic sensations, 1 30, 254 
Pseudo presumed ocular histoplasmosis. 1 9  
rseudoncglect, 258 
rseudounipolar cells. 123 
Psoriatic anhrius. 492 
Psychological behaviourism. 423 
Psychologic.,1 stress. 442-1 
I}sychoiogy of pain. 190-2 
Ilsychosis. 433-6 
1)losis. 81, 104. 1 1 8. 21 1. 220 
I'ulmonary branch of the vagus nerve. 357 
Ilulvinar, 271. 274-5 
I)ulvinar nuclei, 102 
Pupil constriction pathways. 83 
l'upil response, 75, 82 

time to .1Ctivation (TIA). 7 
lime to fatigue (TIT). 7 

l'upiJ(s) 
examination of, 82-92 
large, I I)  
light renexes. 220 
orientation. 92 
size of, 220 

Purkinje cells, 149, 375, 381 
Purkinje dendrites, 373-4 
Ilurkinje layer of the cerebellar cortex. 

173. 17. 
I'us, 398 
Putamen, (l3, 143-4, 1 4 8, 288. 289-90 
Ilutamen neurons. 1 1  
flyramidal celis, 241,  242 
Pyramidal neurons. 19, 147 
Pyramidal output neurons. 11  
IJyramidal paresis, 16 
IJyramids, 133 
Pyruvate. 58-9. 261 

Q 

Quadriceps femoris. 1 1 4  

R 

Radial glia. 226 
Radial head adjustment. sitting. 483 
Radial nerve. 105 
Raphe nuclei. 251.  338 
Reactive oxygen species. 1 2, 63, 297 
Rebound burst patterns. 2 
Receptor level lesions. 1 6  
Receptor ligand, 50 
Receptor potentials. 49 
Receptors. 40 

Index 

activation. cemral integrative state (CIS). 64-5 
environmental stimulus. 4 1  
function of. 122 
imegralion of input, 1 35-6 
link to ion channels, 42-4 
modulation of neuron bioenergetic processes. 57-9 
of primary afferem input. 125-6 
stimulation 

dissemination of through neurons, 47-8 
gene transcription induced by. 45-7 

types of. 1 2 2  
sa alw specific receptor 

Reciprocal limbic projections. 280 
Recurrem laryngeal nerve. 357 
Red nucleus. 1 70. 328-9 
Red response. 222 
Referred visceral pain, 2 1 8  
Renexes 

ankle. 1 1 6  
biceps. 1 1 6  
corneal. 94-5. 96, 350 
Golgi tendon inhibition, 1 35-6 
jaw jerk. 92 
limb, 99 
mediate. 1 68 
muscle slretch, 135-6 
Opticokinetic, 89-92. 94 
plantar, 19, 99- 100 
pupil light. 220 
respiratory. 339 
spinal cord. 173-4 
superficial abdominal. 99 
supinator, 1 1 6  
testing. 1 1 6  
triceps. 1 1 6  
vestibulosympathetic. 2 1 1 - 1 2. 383, 387-8 

Release phenomenon, 247. 259. 426 
Renshaw cells, 1 36 
Reproduaive functions. 282 
Respiratory aberrancy, 500 
Respiratory alkalosis. 1 1 8  
Respiratory burst. 398 
Respiratory chain, 62 
Respiratory control centres. brainstem. 360-2 
Respiratory rate, 222 
Respiratory renexes. 339 
Restiform body. 331-2. 366-8 
Restless leg syndrome, 98 
Reticular aaivation system. 339 
Reticular cell carcinoma. 491 
Retimlar cerebellar tract, 368 
Reticular fonnation ( RF), 335-41 

afferent projections to the, 336 
anatomy of. 336-8 
dysfunaion. 339-41 
functions of the. 338-9 
of the mesencephalon (MRF). 1 3 - 1 6, 203, 338. 3J9-40 
of the pons see Ponto medullary reticular formation (PMRF) 
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Reticular nuclei. 272, 275 
Retirulospinal tract. 1 70. 1 71 -2 
Retina 

anatomy or lhe. 345 
function or the. 17. 275-7. 344 
ophthalmoscopy, 221 
retinopathies. 90 

Retinal cells, 29 
Retrieval. 118 
Retrograde chromatolysis. 1 78-81 
Retrosplcnial cortex ( RSC). 190 
Reuniens nuclei, 274 
Roed's lamina. 161-3 
Rheumatoid arthritis. 492 
Rhinencephalon. 307 
Rhombencephalon. 9, 23-4 
Rhomboid foss.."l, "3)0 
Rhomboids. 1 10 
Rib 

posterior head adJustmem, 482-3 
sitting adjustment of first. 481 

Rigidity, 296. 297 
RNA. 46 
Rods ilnd cones, 344 
Romberg's tE'St, 101-2 
Rostral (ingulate motor area, 426 
Rostral interstitial nucleus of the medial longiludinal fasciculus 

(riMU). 346-8. 363 
Rostral ventrolateral medulla (RVW). 2 1 2, 453 
Rubrobulbar tracts. 328 
Rubrorcticular system. 328 
Rubrospinal tract, 149, 1 52, 1 70- t, 1 72, 328-9 
Ruffini endings, 1 33-4 
Ryle, Gilben. 423 

s 

Saccadic d)'$melria. 350 
Saccadic eye' movements, 91.  92, 94. 345-8. 163 

cerebellar influences on, 381 
conical modulation of. 348 
disorders of. 350 
remembered, 259 

Sacral nerve roolS. 405 
Sacral nerves, 175 
S;tcroiliac manipulation, 456 
Sanorius. 1 1 4  
Scala media. 353 
Scala tympani, 353 
Scala vestibuli, 353 
Schaffer collateral pathway. 3 1 7  
Schizophrenia, 288. 294. 428, 434-6 
Schwann celis. 1 80. 1 8 1  
Sciatic nerve. 105 
Second messengers. 43-4. 45. 48, 55. 70 
Secondary afTerents. 164, 199 
Secondary headaches. 265-6 
S«ondary olfactory conex. 309 
Sit' principal. 102-3 
Seizures. 262-3 
Selective cell aggregation, 25 
Self-tolerance. 404, 4 1 8  
Semantic memory, 3 1 7  
Semicircular canals, 382 
Senile plaques. 262. 263 
Sensation threshold, 1 9 1  
Sensitization, 3 1 7  
Sensorimotor conex. 144 
Sensory control of movement. 140 
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Sensory conex. 204 
Sensory functions assessment, 74 

head, 94-5 
trunk and limbs. 100 

Sensory homunrulus. 146. 147 
Sensory neurons, 1 22-4 
Serine/threonine kinases, 50 
Serotonergic afferent fibrl'S. 369 
Serotonergic projection s)'$tem, 249, 251. :n8 
Serotonin, 251 

low levels. 3 1 5  
Parkinson's disease, 296 
receptors, 56 

Serratus anterior, 1 10 
Shoulder adjustment 

silting posterior capsule. 479 
sitting superior capsule. 480 

Shoulder girdle motor function chan. 106-8 
Signal transduClion enzymes. 50 
Simple panial seizures. 262 
Singularity, 1 7  
Skin 

blood now. 104. 1 1 8. 221 
condition, 104. 1 1 8, 221 
defence. 396 
receptors, 1 33 
temperature. 15.  104 1 1 8. 221 

Skinner. B. E. 423 
Small cell components. 1 70 
Smell. 95-6. 307 
Smooth pursuit eye movements, 349. 351 
Smoothness of responses, 76 
Social learning theories, 423-4 
Sodium (Na) ions, 2-3 
Solitary tract nucleus. 332-3 
Somatic receptive input, 253 
Somatic sensation, 1 23, 1 10, 338 
Somatic sensibility. 21j4 
Somatic sensory projections of the vagus nerve, Vi7 
Somatization disorder. 441-2 
Somato-sympathetic reflexes, 454 
Somatoform disorders, 441-2 
Somatosensory (onex. 252-3 
Somatosensory homunculus. 253 
Somalotrophin, 1 4 1  
Spasm reduction, SOl 
Spasmodic dysphonia. 301 
Spatial summation, 5 1 ,  69. 71 
Specific immunity, 397 • . 399-405 
Speech pallems, 260 
Sphincter pupillae muscle, 206 
Spina bifida occuila, 13-5, 18 
Spina bifida vera. 33, 35-6 
Spinal accessory nerve (XI), 98, 358-9. 361 
Spinal aneries. 186 
Spinal cord 

anatomy of. 1 56-8-'� 
combined degeneration of, 191 
development. 1 58 
functions, 1 56 
internal SlnlClure. 158 
introduction. J 56 
laminar organization, 175 
lesions. 16 
reflexes, 173-4 
relationship between spinal venebral levels and. 1 2") 
strain. 262 
tethered, 33 
transverse section through. 1 57 

Spinal nerve roots. 158. 168 
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Spinal nerves, 175-8.) 
compression. 178-81 
fibre classification, 1 76-8 
history of motor function of, 1 71 
injuries classification, 181-2 
injuries examination, 182-3 
lesions diagnosis, 182 
set (liso Spinal accessory nerve (Xl) 

Spinal pathways, 129 
Spine 

dysraphism. 33 
joint manipulations. 453-4 
muscular atrophy. 193 
see principal, 102-3 

Spinocerebellar pathways, 1 64. 367 
Spinocerebcllum, 371. 372 
Spinocervical tracts, 189 
SpinohYPOlhalamic tracts. 189 
Spinomesencephalic Imct, 164, 187, 1 88 
Spinoparabrachial lrael, 189 
Spinorclicular Iract, 164. 187. 188. 453 
Spinothalamic sensation, 100 
Spinothalamic tracts, 1 64, 1 87, 1 88, 199, 332 
Spinous process, 38 
Splanchnic nerves, 209. 2 1 4- 1 5  
Spontaneous lateral eye movements, 259 
Stalks. thalamic. 272 
Stapes footplate. 353 
Staphylococci, 238 
Stellate cells, 241,  242, 353, 374 
Stellate ganglia, 202, 214. 224 
Sternal-clavicular glide adjustment 

inferior. 477 
superior. 478 

Sternocleidomastoid muscles, 358-9 
Storage. memory. 118 
Strabismus. 1 1 9  
Sfreptococcus pt.CllrtlOtl.ae, 236-7 
Stress. 442-4 

emergency responses to. 282 
mental. 428 
response. 2 1 1 .  282. 406 

Stretch injury. 262 
StrialUm. 1 4 1  
Striatum nuclei. 143 
Subarachnoid haemorrhage, 229. 239 
Subarachnoid space, 229 
Subcallosal gyrus, 140-1 
Subdural haematoma, 227-9 
Subdural space, 227-8 
Subfakine herniation. 229 
Subgenual anterior cingulate conex (SJ\CC), 190 
Subiculum. 3 1 1 - 1  'J 
Submandibular gland. 206-7. 351 
Substance abuse. 288. 294 
Substance P, 192. 290. 291 
Substantia gelatinosa, 159, 1 60. 1 62 
Substantia gelatinosa centralis. 1 62 
Substantia nigra. 63, 288. 290, 328 
Substantia nigra pars compacta (SNc), 13,  290 
Substantia nigra pars reticula (SNr). 290. 291-3 
Subthalamic nuclei. 12. 13. 288, 290. 291 
Suicide. 432-3. 450 
Sunderland's classification of neurotmesis. 1 82 
SuperfiCial abdominal reflex. 99 
Superficial layers of the DeN. 354 
Superior cerebellar peduncle, 329-30. 367, 368-9 
Superior cervical ganglion, 213 
Superior colliculus. 1 69-70. 324. 326 
Superior gluteal nerve, 105 

Index 

Superior laryngeal nerve. 357 
Superior saliva tory nucleus (SNN) of the pons. 2 1 2  
Superior thalamic peduncle. 272 
Superoxide radicals, 62-3 
Supinator, III.  1 1 6  
Supplementary eye fields. 348 
SupprcssorT cells. 399 
Supramarginal gyrus. 254 
Suprarenal glands. 2 1 6  
Suprascapular nerve. 105 
Supraspinal modulalion, 1 49-50. 152. 203-5 
Supraspinatus. 1 10 
Swallowing. 357 
Sweat glands. 2 1 1  
Sweating. increased, 1 5  
Sydenham's chorea (SC), 288, 294, 300, 306 
Sympathetic ganglia. 205 
Sympathetic nervous system. 201-2. 405-6 

blood flow control. 21 9-20 
dislribution of. 2 1 3 -20 

Sympathelic neurons. 407 
Sympathetic slimulation. functional effects of. 2 1 1  
Sympathetic tone inhibition. 500 
Synapses 

development of. 8 
formation. 25 

Synaplic activalion. 4 
Synaptic transmission. 40 
Synaptogenesis. 31-2 
Syringomyelia. 180 

T 

T cells. 396. 408-9 
activation of. 4 1 1  
cell-mediated immunity. 403. 4 1 4  
class 1 1  M I IC proteins, 405 
classes of. 4 1 1  
definition of, 397 
depression, 431 
helper, 399, 408-9, 410, 4 1 1  
inflammatory processes modulated by. 4 1 2  
stress. 443 

T4 ceils, 399. 410 
T8 cells. 399. 4 1 1  
Tactile corpuscles, 132 
Tactile information, 382 
Talus internal/external rotation adjustment, supine, 489 
Taste. 95-6 
J'ectospinal lran, 1 69-70 

Tectum, 327 
Tegmentum. 328 
Tela choroidea. 331 
Telencephalon. 9. 23-4 
1.descoping. 1 86 
lemperature sense. 1 2 3  
Temporal lobes. 255-6 

epilepsy. 288. 294 
stimulation. 496 
transtentorial herniation. 229 

Temporal mandibular joint 
analysis of. 473 
sitting rotational adjustment. 475 
sitting translation adjustment. 474 
supine translation adjustment. 476 

Temporal pole area of conex, 204 
Tempornl summation. 51 .  69. 71 
Temporolimbic function disorders. 3 1 4 - 1 6  
Tension headache. 265 
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Tensor fasciae laL.lc. 114 
Tentorial nOlch. 227. 229 
lentonum cerebelli. 226 
Icrminal tremor. 387 
rhalamic fasciculus, 293 
rhalamic nudei. 102 
rhalamk oscillations. 278 
111alamic peduncles. 272 
111alamic radiations. 272 
rhalamic relay cells. 2 
111alamic reticular neurons, 278 

'111alamoconical loop pathways, 2 
11131.unoco"ic.11 projections. 145 
111alamoconical relay neurons, 277-8 
111alamus 

anillomy of the. 271-5 
central pain syndrome. 184 
dysfunction. 277 
functions or the. 277-8 
gating action of basal ganglia on, 148 
lateral geniculate nucleus (LeN). 18 
lesions, 1 7  
neurons in the. I I, 12, 13,277-8 
in normal circumstances, 288 
pain. 184. 277 
physiological blind spot Set' Blind spot 
processing of inpul. 277-8 

("ermal receptors. 135 
111ennoregulation. 282 
rhird messengers. 44. 48. 49-50. 70- 1 
1110racic manipulation 

anterior. 461-2 
bilateral thenar. 460 
combination cervical. 472 
crossed bilateral. 463 
standing longaxis. 464 

1110racic nerves. 105. 175 
1110racic nucleus. 162 
rhor"" motor function chart. 108 
Inought. evolutionary theory of. 380 
Inreonine kin"ses. 50 
I1Heshold potential. 10 
111yroid stimulating hormone [rsl l).  141 
ribialis anterior. 1 1 5  
libialis posterior. 1 1 5  
lime to activation PTA). 6-7, 452 
l'ime to fatigue (TIT). 7. 452 
rime to peak summation (TTSp), 75 
lime to response (TrR). 452 
lime to summation (Trs). 75 
linnitus, 53, 186, 355,427,501 
lonic·clonic type seizures, 263 
Ibnic pupil, 81 
Tonic r<:ceptors, 134 
lonsillar herniation, 229 
tbrticollis. 101 
Iburette's syndrome (TS), 288, 294. 300-1 

Toxic tremor. 387-8 
t ranscription, 46 

Transcription factors. 46. 48, 71 
Transforming growth factor, 409 
lransient pain. 192 

Transmembrane proteins. 4 1 ,  43 
rransmembrane tyrosine kinases, 50 

Transmitter modulation, 44 
I'ransneural degeneration. 4-6. 1 2, 65-6, 

69, 178-81 
Transtentorial herniation, 229 
Irapezius muscle, 1 10. 358 
I'raumatic brain injury [1'81), 261-2 
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Trealment 
application. general concepts. 4')2 
approaches. 453-89 
see tlfso specific lrl'(llmerlf 

Tremor, 101 , 296, 297, 387-8 
Th>pcmema ptlflidum, 235 
Triceps. 111 
l"riceps reHex.. 1 1 6  

Trigeminal lemnisci, :no 
Trigeminal nerve (V), 95, 97, 202, 2M. lSI. l'i2, 161 
Trochlear nerve (IV), 97, 144, 161 
Trunk 

mOlor examination of the. 99· 100, 10'i 16 
mOtor function chan. 108 
sensory examination of the. 100 

I'umour necrosis fanor-alpha (TNH:x). 408. 410 
Tumours. bonefjoint, 491 
Tympanic bloodHow. 104, 118,221 
Tympanic temperature, 104. 118,221 260 
'I)rpe II units of the DeN . .l'j4 
Type IV units of the DeN. lS4 
Tyrosine kinases. membrane·associated, ';0 

u 

Ubiquinone (CoQ,,). 62. 64 
Ulnar nerve. 105 
Uncinate fasciculus. no. 369 
Unloading the spindle. 128 
Upper limb 

Hexor angulation, 1 G 
motor function chan, 106 ·8 
muscle testing. 110-1 J 

Upper motor neurons. 19. 364 
Urinary bladder innervation. 2 1 6· 17 
Uterus innervation, 218 
Utricle. 382-3 

v 

Vagus nerve (X). 98. 202. 208. Hl. 1%�8. 161, 40'i 
Vallecula, 371 
Vascular accidents, 239-40 
Vascular disease. systemic. 1 9  
Vascular endothelial cells. 59-60 
Vasomotor fibres. 2 1 1  
Vasopressi n, 141 
Vein-to-artery ratio, 15,221 
Velocity of responses. 75 
Velum, 369 
Ventilation. regulation of. 160 
Ventral anterior (VA) nuclei. 274 
Ventral cochlear nucleus (VeN), 1'i1 
Ventral corticospinal tract. 149 
Ventral external arcuate fibres. 112 
Ventral hom neurons, 8, 1 ')  
Ventral intermedius (VI) nuclei. 274 
Ventral nuclei, 272, 274 
Ventral pallidum. 288 
Ventral posterior cingulate cortex (vPCC), 190 
Ventral posterior inferior (vrl) nucleus. 18K 
Ventral posterior lateral (VPI.) nuclei. 188, 274, 277 
Ventral posterior medial (VPM) nuclei. 274, 277 
Ventral posterior (VP) nuclei. 188. 274. 277 
Ventral rami, 1 76 
Ventral roots. spinal cord. 1 'i9 
Ventral spinocerebellar pathway, 164. 200, '10 
Ventral striatum, 288 
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Vemrolateral thalal1lic nuclei, 143 
Vemromedial group of axons, 149, 152 
Vermis. 366, 369, 378 
Venebral column development. 33-6, 35 
Venebral foramina, 176 
Venebral posterior arch defects, 33, 35, 38 
Venchrobasilar strokes (VBS), 492-3 
Venical saccade, 346-8, 349. 363 
Venigo. 386, 393 sei! also lJenign paroxysmal positional venigo 

(BPI'V) 
Vessel integrity. 221 
Vestibular apparatus, 381, _382-3 
Vestibular evoked myogenic potentials (VEMPs). 81 
Vestibular neuritis. 391 
Vestibular nuclear complex. 383-4, 427 
Vestibular system, 381-8 

afferent projeCiions into the. 381-2 
arrerent stimulus to the. 386-7 
dysfunction, 390-1, 508-10 
evaluation of output, 387 
functions of the. 386 
integration system of the, 185 
outpul projections of the. 385-6 
stimul,ltion, 498-500 
vestibular apparatus, 381, 382-3 
vestibular nuclear romplex, 383-4, 427 
.see also Veslibulocerebellar system 

Vestibulo-autonomic reflexes, 211-12, 387-8 
Vestibulo-ocular reflexes, 383 
Vestibulocerebellar system, 332, 365-91 

advanced functions of the. 388-91 
cerebellar conex, 373-80 
cerebellum see Cerebellum 
disorders, 98 
dysfunction and asymmetry, 102-3 
function and asymmetry, 389-91 

Vestibulocochlear nerve (VIII). 97-8, 353-5. 361 
Vestibulospinal traa, 168-9 
Vestibulosympathetic pathways, 453 
Vestibulosympathctic reflex. 388-9 

Video nYSlagmography (VNG). 81 
VINDICAIl;5, 77-8 
Visceral grey area. 161 
Visceral pain, 427 

referred. 218 
Visceral sensation modulation. 338 

Index 

Visceral sensory projections of the vagus nerve, 358 
Visceromotor fibres. 211 
Visual agnosia. 256, 315 
Visual field. 17. 82, 344 

defects, 346 
Visual information. 382 
Visual receptors. 1 25-6 
Visual striate conex. 275 
Visuospatial sketchpad. 241. 318 
Vital signs. 82 
Vocal chords. 357 

w 

Wallenberg's syndrome. 329. 350, 493-4 
Wallerian degeneration, 179-80 
Watson, James, 423 
Werdnig-Iloffman syndrome. 193 
Wernicke pupil, 83 
Wernicke's aphaSia. 256 
Wernicke's area, 248. 256 
Whiplash. 261 
While blood ceUs (WBC). 396 
White matter, spinal cord, 157. 163-5 
White rami communicans. 201, 210 
'Wind-up; neurological, 12-13 

Wohlfan-Kugelberg-Welander disease, 193 
Writer's cramp. 301-2 

z 

Zinc finger proteins. 50 
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