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Preface

It is a great privilege to write a book on the human brain. 
I have studied and taught about the human brain to medical 
students and graduate students from an assortment of 
 disciplines (biomedical science, exercise science, neurosci-
ence, physical therapy, psychology) and also residents, 
 neurologists, and neurosurgeons for some four decades. My 
students have asked me thousands of questions that have 
encouraged me in my own personal study, and have helped 
clarify my thinking about the structure and function of the 
human brain. Therefore, I dedicate this book to my students 
as a way of thanking them for what they have taught me.

I am grateful to Dr. Paul A. Young, Professor and Chairman 
Emeritus, Department of Anatomy and Neurobiology, Saint 
Louis University School of Medicine, who gave me the oppor-
tunity to begin my graduate studies in anatomy and served as 
a role model to me. Dr. Young is the epitome of a dedicated 
and excellent teacher and the author of an exceptional 
 textbook on basic clinical neuroanatomy. I am also grateful to 
my distinguished colleagues Drs. Ronan O’Rahilly and 
Fabiola Müller for their many book‐related comments, sug-
gestions, and criticisms. Their studies of the embryonic 
human brain are without equal. Dr. O’Rahilly has been an 
invaluable resource during the writing of this book.

It was my privilege to study with the late Dr. Elizabeth 
C. Crosby. She was my teacher, fellow researcher, and friend. 
Dr. Crosby had a profound understanding of the human 
nervous system based on her many years of study of the 
 comparative anatomy of the nervous system of vertebrates, 
including humans. She had a long and distinguished career 
teaching medical students, residents, neurologists, and neu-
rosurgeons and she had many years of experience correlat-
ing  neuroanatomy with neurology and neurosurgery in 
clinical conferences and on rounds. Because of that experi-
ence, one could gradually see the clinicians become more 
anatomically minded and the anatomists more clinically 

conscious. Dr. Crosby sought to impart to me her clinically 
conscious,  anatomical mindedness that hopefully is reflected 
in this book.

The preparation of this book has come at a time when 
there has been an enormous explosion in our knowledge 
about the nervous system. Searching Google to obtain 
information about the term “brain” results in 552 000 000 
citations. If one searches PubMed for the term “brain,” 
some 1.6 million citations result. Therefore, keeping up 
with current studies of the human brain and spinal cord is 
an impossible task. At the end of each chapter is a set of 
“Further Reading” that the interested reader might want 
to consider should there be a desire to learn more about 
the topics covered in that chapter or gain a different 
 perspective on a particular topic. Many of these  references 
relate to items in the text.

A special thank you goes to Jasna Markovac, who has 
been involved with this book in many ways from the 
 beginning and enabled me to produce this edition with 
Wiley‐Blackwell.

It is my sincere hope that you the reader will enjoy read-
ing this book and that in the process you will begin to grasp 
something of what little we do know about the structure and 
function of the human brain and spinal cord. It is my hope 
that by reading this book you will begin a lifelong study of 
the nervous system. It is also my hope that studying the 
nervous system will lead you to do more than just write a 
book but rather make a discovery, find a cure, or actively 
participate in some worthwhile endeavor that will relieve the 
suffering of those with neurological disease and give them 
hope for a better life.

Soli Deo Gloria
James R. Augustine

Columbia, South Carolina
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Introduction 
to the Nervous System

The human nervous system is a specialized complex of excitable 
cells, called neurons. There are many functions associated 
with neurons, including (1) reception of stimuli, (2) transfor
mation of these stimuli into nerve impulses, (3) conduction of 
nerve impulses, (4) neuron to neuron communication at points 
of functional contact between neurons called synapses, and 
(5) the integration, association, correlation, and interpretation 
of impulses such that the nervous system may act on, or 
respond to, these impulses. The nervous system resembles a 
well‐organized and extremely complex communicational sys
tem designed to receive information from the external and 
internal environment, and assimilate, record, and use such 
information as a basis for immediate and intended behavior. 
The ability of neurons to communicate with one another is one 
way in which neurons differ from other cells in the body. Such 
communication between neurons often involves chemical 
messengers called neurotransmitters.

The human nervous system consists of the central nerv
ous system (CNS) and the peripheral nervous system (PNS). 
The CNS, surrounded and protected by bones of the skull 
and vertebral column, consists of the brain and spinal 
cord. The term “brain” refers to the following structures: 
brain stem, cerebellum, diencephalon, and the cerebral 
hemispheres. The PNS includes all cranial, spinal, and auto
nomic nerves and also their ganglia, and associated sensory 
and motor endings.

1.1 NEURONS
The structural unit of the nervous system is the neuron with 
its neuronal cell body (or soma) and numerous, elaborate 
neuronal processes. There are many contacts between neurons 
through these processes. The volume of cytoplasm in the 
processes of a neuron greatly exceeds that found in its cell 
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body. A collection of neuronal cell bodies in the PNS is a 
ganglion; a population of neuronal cell bodies in the CNS is 
a nucleus. An example of the former is a spinal ganglion 
and of the latter is the dorsal vagal nucleus – a collection of 
neuronal cell bodies in the brain stem whose processes 
contribute to the formation of the vagal nerve [X].

1.1.1 Neuronal cell body (soma)

The central part of a neuron without its many processes is the 
neuronal cell body (Fig.  1.1). It has a prominent, central 
nucleus (with a large nucleolus), various organelles, and inclu
sions such as the chromatophil (Nissl) substance, neurofibrils 
(aggregates of neurofilaments), microtubules, and actin fila
ments (microfilaments). The neuronal cell body contains 
the complex machinery needed for continuous protein syn
thesis – a characteristic feature of neurons. It also has an area 
devoid of chromatophil substance that corresponds to the 
point of origin of the axon called the axon hillock (Fig. 1.1). 
With proper staining and then examined microscopically, the 
chromatophil substance appears as intensely basophil aggre
gates of rough endoplasmic reticulum. There is an age‐related 
increase of the endogenous pigment lipofuscin, a marker of 
cellular aging often termed “age pigment,” in lysosomes of 
postmitotic neurons and in some glial cells of the human 
brain. Lipofuscin consists of a pigment matrix in association 
with varying amounts of lipid droplets. Another age pigment, 
neuromelanin makes its appearance by 11–12 months of life 
in the human locus coeruleus and by about 3 years of life in 
the human substantia nigra. This brownish to black pigment 

undergoes age‐related reduction in both these nuclear groups 
and is marker for catecholaminergic neurons.

Neuronal cytoskeleton

Neurofibrils, microtubules, and actin filaments in the neuronal 
cell body make up the neuronal cytoskeleton that supports 
and organizes organelles and inclusions, determines cell 
shape, and generates mechanical forces in the cytoplasm. 
Injury to the neuronal cell body or its processes due to genetic 
causes, mechanical damage, or exposure to toxic substances 
will disrupt the neuronal cytoskeleton. Neurofibrils, iden
tifiable with a light microscope as linear fibrillary structures, 
are aggregates of neurofilaments when viewed with the 
electron microscope. Neurofilaments are slender, tubular 
structures  8–14 nm in diameter occurring only in neurons. 
Neurofilaments help maintain the radius of larger axons. 
Microtubules are longer, with a hollow‐core, and have an 
outside diameter of about 22–25 nm. Their protein subunit is 
composed of α‐and β‐tubulin. They form paths or “streets” 
through the center of the axoplasm that are traveled by sub
stances transported from the neuronal cell body and destined 
for the axon terminal. In the terminal, such substances may 
participate in the renewal of axonal membranes and for 
making synaptic vesicles. Actin filaments (microfilaments, 
F‐actin) are in the neuronal cell body where they measure 
about 7 nm in diameter. The protein actin is the subunit of 
these neuronal actin filaments.

Neurofibrillary degenerations

Neurofilaments increase in number, thicken, or become 
tangled during normal aging and in certain diseases such as 
Alzheimer disease and Down syndrome. These diseases 
are termed neurofibrillary degenerations because of the 
involvement of neurofilaments. Alzheimer disease is the 
sixth leading cause of death in the United States and the fifth 
leading cause of death for those aged 65 years and older. 
Approximately 5.2 million Americans have Alzheimer disease. 
By 2050, the number of people living with Alzheimer disease 
in the United States is likely to reach about 13.8 million. This 
is an irreversible degenerative disease with an insidious 
onset, inexorable progression, and fatal outcome. Alzheimer 
disease involves loss of memory and independent living 
skills, confusion, disorientation, language disturbances, and 
a generalized intellectual deficit involving personality changes 
that ultimately result in the loss of identity (“Mr. Jones is no 
longer the same person”). Progression of symptoms occurs 
over an average of 5–15 years. Eventually, patients with 
Alzheimer disease become confused and disoriented, lose 
control of voluntary motor activity, become bedridden and 
incontinent, and cannot feed themselves.

Neuritic plaques, neurofibrillary tangles, and neuropil threads

Small numbers of plaques and tangles characterize the brain 
of normal individuals 65 years of age and over. Neuritic 
plaques, neurofibrillary tangles, and neuropil threads, 

Neuronal
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Myelin layer

Dendrites
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Figure 1.1 ● Component parts of a neuron.
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however, are structural changes characteristic of the brains of 
patients with Alzheimer disease. These structural changes 
may occur in neuronal populations in various parts of the 
human brain. Other elements such as 10 and 15 nm straight 
neurofilaments, various‐sized dense granules, and microtu
bule‐associated proteins, especially the tau protein, also 
occur in this disease. Neurofibrillary tangles occur in the 
neuronal cytoplasm and have a paired helical structure that 
consists of pairs of 14–18 nm neurofilaments linked by thin 
cross‐bridging filaments that coil around each other at regu
lar 70–90 nm intervals. These paired helical filaments, unlike 
any neuronal organelle and unique to the human brain, are 
formed by one or more modified polypeptides that have 
unusual solubility properties but originate from neurofila
ment or other normal cytoskeletal proteins. Antibodies 
raised against the microtubule‐associated protein, tau, are a 
useful marker that recognizes the presence of this protein in 
these neurofibrillary tangles. The tau protein helps organize 
and stabilize the neuronal cytoskeleton. Proponents of the 
“tau theory” of Alzheimer disease suggest that the phos
phorylated form of this protein is a central mediator of 
the  disease as it loses its ability to maintain the neuronal  
cytoskeleton, eventually aggregating into neurofibrillary 
tangles. Neuropil threads (curly fibers) are fine, extensively 
altered neurites in the cerebral cortex consisting of paired 
helical filaments or nonhelical straight filaments with no 
neurofilaments. They occur primarily in dendrites.

Degenerating neuronal processes along with an extracellular 
glycoprotein called amyloid precursor protein or β‐amyloid 
protein (β‐AP) form neuritic plaques. These plaques are of 
three types: primitive plaques composed of distorted neuronal 
processes with a few reactive cells, classical plaques of neu
ritic processes around an amyloid core, and end‐stage plaques 
with a central amyloid core surrounded by few or no processes. 
Proponents of the “amyloid hypothesis” of Alzheimer disease 
regard the production and accumulation of β‐amyloid protein 
in the brain and its consequent neuronal toxicity as a key 
event in this disease. In addition to the amyloid hypothesis 
and the “tau theory,” other possible causes of Alzheimer dis
ease include inflammation and vascular factors.

1.1.2 Axon hillock

The axon hillock (Fig. 1.1), a small prominence or elevation of 
the neuronal cell body, gives origin to the initial segment of an 
axon. Chromatophil substance is scattered throughout the 
neuronal cell body but reduced in the axon hillock, appearing 
as a pale region on one side of the neuronal cell body.

1.1.3 Neuronal processes – axons and dendrites

Since most stains do not mark them, neuronal processes 
often go unrecognized. Two types of processes characteristic 
of neurons are axons and dendrites (Fig. 1.1). Axons transmit 
impulses away from the neuronal cell body whereas dendrites 

transmit impulses to it. The term axon applies to any long 
peripheral process extending from the spinal cord regardless 
of direction of impulse conduction.

Axons

The axon hillock (Fig. 1.1) arises from the neuronal cell body, 
tapers into an axon initial segment, and then continues as an 
axon that remains near the cell body or extends for a consid
erable distance before ending as a telodendron [Greek: end 
tree] (Fig. 1.1). A “considerable distance” might involve an 
axon leaving the spinal cord and passing to a limb to activate 
the fingers or toes. In a 7 ft. tall professional basketball player, 
the distance from the spinal cord to the tip of the fingers 
would certainly be “a considerable distance.” Long axons 
usually give off collateral branches arising at right‐angles to 
the axon.

Beyond the initial segment, axonal cytoplasm lacks chro
matophil substance but has various microtubule‐associated 
proteins (MAPs), actin filaments, neurofilaments, and micro
tubules that provide support and assist in the transport of 
substances along the entire length of the axon. The structural 
component of axoplasm, the axoplasmic matrix, is distin
guishable by the presence of abundant microtubules and 
neurofilaments that form distinct bundles in the center of 
the axon.

Myelin

Concentric layers of plasma membranes may insulate axons. 
These layers of lipoprotein wrapping material, called 
myelin, increase the efficiency and speed of saltatory conduc
tion of impulses along the axon. Oligodendrocytes, a type of 
supporting cell in the nervous system called neuroglial cells, 
are myelin‐forming cells in the CNS whereas neurilemmal 
(Schwann) cells produce myelin in the PNS. Each myelin 
layer (Fig. 1.1) around an axon has periodic interruptions at 
nerve fiber nodes (of Ranvier). These nodes bound individ
ual internodal segments of myelin layers.

A radiating process from a myelin‐forming cell forms an 
internodal segment. The distal part of such a process forms a 
concentric spiral of lipid‐rich surface membrane, the myelin 
lamella, around the axon. Multiple processes from a single 
oligodendrocyte form as many as 40 internodal segments in 
the CNS whereas in the PNS a single neurilemmal cell forms 
only one internodal segment. In certain demyelinating dis
eases, such as multiple sclerosis (MS), myelin layers, although 
normally formed, are disturbed or destroyed perhaps by 
anti‐myelin antibodies. Impulses attempting to travel along 
disrupted or destroyed myelin layers are erratic, inefficient, 
or absent.

Dendrites

Although neurons have only one axon, they have many 
dendrites (Fig.  1.1). On leaving the neuronal cell body, 
 dendrites taper, twist, and ramify in a tree‐like manner. 
Dendritic trees grow continuously in adulthood. Dendrites 
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are usually short and branching but rarely myelinated, with 
smooth proximal surfaces and branchlets covered by innu
merable dendritic spines that give dendrites a surface area 
far greater than that of the neuronal cell body. With these 
innumerable spines, dendrites form a major receptive area 
of a neuron. Dendrites have few neurofilaments but many 
microtubules. Larger dendrites, but never axons, contain 
chromatophil substance. Dendrites in the PNS may have 
specialized receptors at their peripheral termination that 
respond selectively to stimuli and convert them into 
impulses, evoking sensations such as pain, touch, or tem
perature. Chapter  6 provides additional information on 
these specialized endings.

1.2 CLASSIFICATION OF NEURONS

1.2.1 Neuronal classification by function

Based on function, there are three neuronal types: motor, 
sensory, and interneurons. Motor neurons carry impulses 
that influence the contraction of nonstriated and skeletal 
muscle or cause a gland to secrete. Ventral horn neurons of 
the spinal cord are examples of motor neurons. Sensory neu
rons such as dorsal horn neurons carry impulses that yield a 
variety of sensations such as pain, temperature, touch, and 
pressure. Interneurons relate motor and sensory neurons by 
transmitting information from one neuronal type to another.

1.2.2 Neuronal classification by number 
of processes

Based on the number of processes, there are four neuronal 
types: unipolar, bipolar, pseudounipolar, and multipolar. 
Unipolar neurons occur during development but are rare in 

the adult brain. Bipolar neurons (Fig. 1.2C) have two sepa
rate processes, one from each pole of the neuronal cell body. 
One process is an axon and the other a dendrite. Bipolar 
neurons are in the retina, olfactory epithelium, and ganglia 
of the vestibulocochlear nerve [VIII].

The term pseudounipolar neuron (Fig.  1.2A) refers to 
adult neurons that during development were bipolar but 
their two processes eventually came together and fused to 
form a single, short stem. Thus, they have a single T‐shaped 
process that bifurcates, sending one branch to a peripheral 
tissue and the other branch into the spinal cord or brain 
stem. The peripheral branch functions as a dendrite and the 
central branch as an axon. Pseudounipolar neurons are 
sensory and in all spinal ganglia, the trigeminal ganglion, 
geniculate ganglion [VII], glossopharyngeal, and vagal 
ganglia. Both branches of a spinal ganglionic neuron have 
similar diameters and the same density of microtubules and 
neurofilaments. These organelles remain independent as 
they pass from the neuronal cell body and out into each 
branch. A special collection of pseudounipolar neurons in 
the CNS is the trigeminal mesencephalic nucleus.

Most neurons are multipolar neurons in that they have 
more than two processes – a single axon and numerous 
dendrites (Fig. 1.1). Examples include motor neurons and 
numerous small interneurons of the spinal cord, pyramidal 
neurons in the cerebral cortex, and Purkinje cells of the 
cerebellar cortex. Multipolar neurons are divisible into two 
groups according to the length of their axon. Long‐axon 
multipolar (Golgi type I) neurons have axons that pass 
from their neuronal cell body and extend for a considera
ble distance before ending (Fig.  1.3A). These long axons 
form commissures, association, and projection fibers of the 
CNS. Short‐axon multipolar (Golgi type II) neurons have 
short axons that remain near their cell body of origin 
(Fig.  1.3B). Such neurons are numerous in the cerebral 
 cortex, cerebellar cortex, and spinal cord.

(A) (B) (C)

Figure 1.2 ● Neurons classified by the number of processes extending from the soma. (A) Pseudounipolar neuron in the spinal ganglia; (B) multipolar neuron in 
the ventral horn of the spinal cord; (C) bipolar neuron typically in the retina, olfactory epithelium, and ganglia of the vestibulocochlear nerve [VIII].
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1.3 THE SYNAPSE
Under normal conditions, the dendrites of a neuron receive 
impulses, carry them to its cell body, and then transmit those 
impulses away from the cell body via the neuronal axon to a 
muscle or gland, causing movement or yielding a secretion. 
Because of this unidirectional flow of impulses (dendrite to 
cell body to axon), neurons are said to be polarized. Impulses 
also travel from one neuron to another through points of func
tional contact between neurons called synapses (Fig. 1.4). Such 
junctions are points of functional contact between two neurons 
for purposes of transmitting impulses. Simply put, the nervous 
system consists of chains of neurons linked together at synapses. 
Impulses travel from one neuron to the next through synapses. 
Since synapses occur between component parts of two adja
cent neurons, the following terms describe most synapses: 
axodendritic, axosomatic, axoaxonic, somatodendritic, soma
tosomatic, and dendrodendritic. Axons may form symmetric or 
asymmetric synapses. Asymmetric synapses contain round 
or spherical vesicles and are distinguishable by a thickened, 
postsynaptic density. They are presumably excitatory in function. 
Symmetric synapses contain flattened or elongated vesicles, 
pre‐ and postsynaptic membranes that are parallel to one 
another but lack a thickened postsynaptic density. Symmetric 
synapses are presumably inhibitory in function.

1.3.1 Components of a synapse

Most synapses have a presynaptic part (Fig. 1.4A), an inter
vening measurable space or synaptic cleft of about 20–30 nm, 
and a postsynaptic part (Fig. 1.4B). The presynaptic part has 

a presynaptic membrane (Fig. 1.4) –  the plasmalemma of a 
neuronal cell body or that of one of its processes, associated 
cytoplasm with mitochondria, neurofilaments, synaptic vesi
cles (Fig. 1.4), cisterns, vacuoles, and a presynaptic vesicular 
grid consisting of trigonally arranged dense projections that 
form a grid. Visualized at the ultrastructural level, presynaptic 
vesicles are either dense or clear in appearance, and occupy 
spaces in the grid. The grid with vesicles is a characteristic 
ultrastructural feature of central synapses.

Chemical substances or neurotransmitters synthesized in 
the neuronal cell body are stored in presynaptic vesicles. 
Upon arrival of a nerve impulse at the presynaptic membrane, 
there is the release of small quantities (quantal emission) of a 
neurotransmitter through the presynaptic membrane by a 
process of exocytosis. Released neurotransmitter diffuses 
across the synaptic cleft to activate the postsynaptic mem
brane (Fig. 1.4) on the postsynaptic side of the synapse, thus 
bringing about changes in postsynaptic activity. The post
synaptic part has a thickened postsynaptic membrane and 
some associated synaptic web material, collectively called 
the postsynaptic density, consisting of various proteins and 
other components plus certain polypeptides.

1.3.2 Neurotransmitters and neuromodulators

Over 50 chemical substances are identifiable as neurotrans-
mitters. Chemical substances that do not fit the classical 
definition of a neurotransmitter are termed neuromodulators. 
Acetylcholine (ACh), histamine, serotonin (5‐HT), the catecho
lamines (dopamine, norepinephrine, and epinephrine), and 
certain amino acids (aspartate, glutamate, γ‐aminobutyric acid, 
and glycine) are examples of neurotransmitters. Neuropep
tides are derivatives of larger polypeptides that encompass 
more than three dozen substances. Cholecystokinin (CCK), 
neuropeptide Y (NPY), somatostatin (SOM), substance P, and 

(A)

(B)

Figure 1.3 ● Multipolar neurons classified by the length of their axon. 
(A) Long‐axon multipolar (Golgi type I) neurons have extremely long axons; 
(B) short‐axon (Golgi type II) multipolar neurons have short axons that end 
near their somal origin.

Presynaptic
membrane

Synaptic
vesicles

Synaptic
cleft

(A)

(B)

Postsynaptic
membrane

Figure 1.4 ● Ultrastructural appearance of an interneuronal synapse in the 
central nervous system with presynaptic (A) and postsynaptic (B) parts.
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vasoactive intestinal polypeptide (VIP) are neurotransmitters. 
Classical neurotransmitters coexist in some neurons with a 
neuropeptide. Almost all of these neurotransmitters are in 
the human brain. On the one hand, neurological disease 
may alter certain neurotransmitters while on the other hand 
their alteration may lead to certain neurological disorders. 
Neurotransmitter deficiencies occur in Alzheimer disease 
where there is a cholinergic and a noradrenergic deficit, per
haps a dopaminergic deficit, a loss of serotonergic activity, a 
possible deficit in glutamate, and a reduction in somatostatin 
and substance P.

1.3.3 Neuronal plasticity

A unique feature of the human brain is its neuronal plasticity. 
As our nervous system grows and develops, neurons are 
always forming, changing, and remodeling. Because of its 
enormous potential to undergo such changes, the nervous 
system has the quality of being “plastic.” Changes continue 
to occur in the mature nervous system at the synaptic level as 
we learn, create, store and recall memories, as we forget, and 
as we age. Alterations in synaptic function, the development 
of new synapses, and the modification or elimination of 
those already existing are examples of synaptic plasticity. 
With experience and stimulation, the nervous system is able 
to organize and reorganize synaptic connections. Age‐related 
synaptic loss occurs in the primary visual cortex, hippocam
pal formation, and cerebellar cortex in humans.

Another aspect of synaptic plasticity involves changes 
accompanying defective development and some neurological 
diseases. Defective development may result in spine loss and 
alterations in dendritic spine geometry in specific neuronal 
populations. A decrease in neuronal number, lower density of 
synapses, atrophy of the dendritic tree, abnormal dendritic 
spines, loss of dendritic spines, and the presence of long, thin 
spines occur in the brains of children with mental retardation. 
Deterioration of intellectual function seen in Alzheimer dis
ease may be due to neuronal loss and a distorted or reduced 
dendritic plasticity  –  the inability of dendrites of affected 
neurons to respond to, or compensate for, loss of inputs, loss of 
adjacent neurons, or other changes in the microenvironment.

Fetal alcohol syndrome

Prenatal exposure to alcohol, as would occur in an infant 
born to a chronic alcoholic mother, may result in fetal alco-
hol syndrome. Decreased numbers of dendritic spines and a 
predominance of spines with long, thin pedicles characterize 
this condition. The significance of these dendritic alterations 
in mental retardation, Alzheimer disease, fetal alcohol syn
drome, and other neurological diseases awaits further study.

1.3.4 The neuropil

The precisely organized gray matter of the nervous system 
where most synaptic junctions and innumerable functional 

interconnections between neurons and their processes occur 
is termed the neuropil. The neuropil is the matrix or back
ground of the nervous system.

1.4 NEUROGLIAL CELLS
Although the nervous system may include as many as 1012 
neurons (estimates range between 10 billion and 1 trillion; 
the latter seems more likely), it has an even larger number of 
supporting cells termed neuroglial cells. Neuroglial cells 
are in both the CNS and PNS. Ependymocytes, astrocytes, 
oligodendrocytes, and microglia are examples of central glia; 
neurilemmal cells and satellite cells are examples of periph
eral glia. Satellite cells surround the cell bodies of neurons.

Although astrocytes and oligodendrocytes arise from 
ectoderm, microglial cells arise from mesodermal elements 
(blood monocytes) that invade the brain in perinatal stages 
and after brain injury. In the developing cerebral hemispheres 
of humans, the appearance of microglial elements goes hand 
in hand with the appearance of vascularization.

1.4.1 Neuroglial cells differ from neurons

Neuroglial cells differ from neurons in a number of ways: (1) 
neuroglial cells have only one kind of process; (2) neuroglial 
cells are separated from neurons by an intercellular space of 
about 150–200 Å and from each other by gap junctions across 
which they communicate; (3) neuroglial cells cannot gener
ate impulses but display uniform intracellular recordings 
and have a potassium‐rich cytoplasm; and (4) astrocytes and 
oligodendrocytes retain the ability to divide, especially after 
injury to the nervous system. Virchow, who coined the term 
“neuroglia,” thought that these supporting cells represented 
the interstitial connective tissue of brain – a kind of “nerve 
glue” (“Nervenkitt”) in which neuronal elements are dis
persed. An aqueous extracellular space separates neurons 
and neuroglial cells and accounts for about 20% of total 
brain volume. Neuroglial processes passing between the 
innumerable axons and dendrites in the neuropil serve to 
compartmentalize the glycoprotein matrix of the extracellu
lar space of the brain.

1.4.2 Identification of neuroglia

Identifying neuroglial cells in sections stained by routine 
methods such as hematoxylin and eosin is difficult. Their 
identification requires special methods such as metallic 
impregnation, histochemical, and immunocytochemical 
methods. Astrocytes are identifiable using the gold chloride 
sublimate technique of Cajal, microglia by the silver carbon
ate technique of del Rio‐Hortega, and oligodendrocytes by 
silver impregnation methods. Immunocytochemical methods 
are available for the visualization of astrocytes using the 
intermediate filament cytoskeletal protein glial fibrillary 
acidic protein (GFAP). Various antibodies are available for 
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the identification of oligodendrocytes and microglia. Microglial 
cells are identifiable in the normal human brain with a spe
cific histochemical marker (lectin Ricinus communis aggluti
nin‐1) or are identified under various pathological conditions 
with a monoclonal antibody (AMC30).

Astrocytes

Two kinds of astrocytes – protoplasmic (Fig. 1.5A) and fibrous 
(Fig. 1.5B), are recognized. Astrocytes have a light homoge
neous cytoplasm and nucleoplasm less dense than that in 
oligodendrocytes. Astrocytes are stellate with the usual cyto
plasmic organelles and long, fine, perikaryal filaments and 
particulate glycogen as distinctive characteristics. These 
astroglial filaments are intermediate in size (7–11 nm) and 
composed of glial fibrillary acidic protein. Their radiating 
and tapering processes, with characteristic filaments and 
particles, often extend to the surface of blood vessels as 
vascular processes or underlie the pial covering on the sur
face of the brain as pial processes.

Protoplasmic astrocytes occur in areas of gray matter and 
have fewer fibrils than fibrous astrocytes. Fibrous astrocytes 
have numerous glial filaments and occur in white matter 
where their vascular processes expand in a sheet‐like manner 
to cover the entire surface of nearby blood vessels, forming a 
perivascular glial limiting membrane. Processes of fibrous 
astrocytes completely cover and separate the cerebral cortex 
from the pia‐arachnoid as a superficial glial limiting mem
brane, whereas along the ventricular surfaces they form the 
periventricular glial limiting membrane. Astrocytic processes 
cover the surfaces of neuronal cell bodies and their dendrites. 
These glial processes also surround certain synapses, and 

separate bundles of axons in the central white matter. Fibrous 
astrocytes with abnormally thickened and beaded processes 
occur in epileptogenic foci removed during neurosurgical 
procedures.

Oligodendrocytes

The most numerous glial element in adults, called oligoden-
drocytes (Fig. 1.5C), are small myelin‐forming cells ranging 
in diameter from 10 to 20 μm, with a dense nucleus and cyto
plasm. This nuclear density results from a substantial amount 
of heterochromatin in the nuclear periphery. A thin rim of 
cytoplasm surrounds the nucleus and densely packed orga
nelles balloon out on one side. Oligodendrocytes lack the 
perikaryal fibrils and particulate glycogen characteristic of 
astrocytes. Their cytoplasm is uniformly dark with abundant 
free ribosomes, ribosomal rosettes, and randomly arranged 
microtubules, 25 nm in diameter, that extend into the oligo
dendrocyte processes and become aligned parallel to each 
other. Accumulations of abnormal microtubules in the cyto
plasm and processes of oligodendrocytes, called oligodendro-
glial microtubular masses, are present in brain tissue from 
patients with neurodegenerative diseases such as Alzheimer 
or Pick disease.

Oligodendrocytes are identifiable in various parts of the 
brain. Interfascicular oligodendrocytes accumulate in the 
deeper layers of the human cerebral cortex in rows parallel to 
bundles of myelinated and nonmyelinated fibers. Perineu
ronal oligodendrocytes form neuronal satellites in close 
association with neuronal cell bodies. The cell bodies of 
these perineuronal oligodendrocytes contact each other yet 
maintain their myelin‐forming potential, especially during 

(A)

(B)

(C)

(D)

Figure 1.5 ● Types of neuroglial cells in humans. (A) Protoplasmic astrocyte in the cerebral gray matter stained by Cajal’s gold chloride sublimate method. 
(B) Fibrous astrocyte in the cerebral white matter stained by Cajal’s gold chloride sublimate method. This gliocyte usually has vascular processes extending to nearby 
blood vessels or to the cortical or ventricular surface. (C) Oligodendrocyte revealed by the silver impregnation method. This small cell (10–20 μm in diameter) is in 
the deep layers of the cerebral cortex. (D) Microglial cell revealed by the del Rio‐Hortega silver carbonate method. Microglia are evenly and abundantly distributed 
throughout the cerebral cortex.
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remyelination of the CNS. Perineuronal oligodendrocytes 
are the most metabolically active of the neuroglia. Associated 
with capillaries are the perivascular oligodendrocytes.

Microglial cells

Microglial cells are rod shaped with irregular processes aris
ing at nearly right‐angles from the cell body (Fig.1.5D). They 
have elongated, dark nuclei and dense clumps of chromat
ophil substance around a nuclear envelope. The cytoplasmic 
density varies, with few mitochondria (often with dense gran
ules), little endoplasmic reticulum, and occasional vacuoles. 
Microglia are often indented or impinged on by adjacent 
cellular processes and are evenly and abundantly distributed 
throughout the cerebral cortex. In certain diseases, microglial 
cells are transformable into different shapes, elongating and 
appearing as rod cells or collecting in clusters forming micro
glial nodules. Microglial cells are CNS‐adapted macrophages 
derived from mesodermal elements (blood monocytes).

Ependymal cells

A fourth type of neuroglial cells are the ependymal cells that 
line the ventricles of the brain and the central canal of the 
spinal cord. The ependyma is nonciliated in adults. In the 
ventricles, vascular fringes of pia mater, known as the tela 
choroidea, invaginate their covering of modified ependyma 
and project into the ventricular cavities. The combination 
of vascular tela and cuboidal ependyma protruding into 
the ventricular cavities is termed the choroid plexus. The 
plexuses are invaginated into the cavities of both lateral and 
the third and fourth ventricles; they are concerned with the 
formation of cerebrospinal fluid.

The term “blood–cerebrospinal fluid barrier” refers to the 
tissues that intervene between the blood and the cerebro
spinal fluid, including the capillary endothelium, several 
homogeneous and fibrillary layers (identified by electron 
microscopy), and the ependyma of the choroid plexus. The 
chief elements in the barrier are tight junctions between the 
ependymal cells.

1.4.3 Neuroglial function

Neuroglial cells are partners with neurons in the structure 
and function of the nervous system in that they support, 
protect, insulate, and isolate neurons. Neuroglial cells help 
maintain conditions favorable for neuronal excitability by 
maintaining ion homeostasis (external chloride, bicarbonate, 
and proton homeostasis and regulation of extracellular K+ 
and Ca2+) while preventing the haphazard flow of impulses. 
Impairment of neuroglial control of neuronal excitability 
may be a cause of epilepsy (also called focal seizures) in 
humans. About 2.7 million people in the United States are 
afflicted with focal seizures consisting of sudden, excessive, 
rapid, and localized electrical discharge by small groups of 
neurons in the brain. Every year a further 181 000 people 
develop this disorder.

Neuroglial cells control neuronal metabolism by regulat
ing substances reaching neurons such as glucose and lipid 
precursors, and by serving as a dumping ground for waste 
products of metabolism. They are continually communicat
ing with neurons serving as a metabolic interface between 
them and the extracellular fluid, releasing and transferring 
macromolecules, and altering the ionic composition of the 
microenvironment. They also supply necessary metabolites 
to axons. Neuroglial cells terminate synaptic transmission by 
removing chemical substances involved in synaptic trans
mission from synapses.

Astrocytes are involved in the response to injury involving 
the CNS. A glial scar (astrocytic gliosis) forms by prolifera
tion of fibrous astrocytes. As neurons degenerate during the 
process of aging, astrocytes proliferate and occupy the vacant 
spaces. The brains of patients more than 70 years old may 
show increased numbers of fibrous astrocytes.

The intimate relationship between neurons and astro
cytes in the developing nervous system has led to the sug
gestion that this relationship is significant in normal 
development and that astrocytes are involved in neuronal 
migration and differentiation. Astrocytes in tissue culture 
are active in the metabolism and regulation of glutamate 
(an excitatory amino acid) and γ‐aminobutyric acid (GABA) 
(an inhibitory amino acid). Astrocytes remove potential 
synaptic transmitter substances such as adenosine and 
excess extracellular potassium.

Astrocytes may regulate local blood flow to and from 
neurons. A small number of substance P‐immunoreactive 
astrocytes occur in relation to blood vessels of the human 
brain (especially in the deep white matter and deep gray 
matter in the cerebral hemispheres). Such astrocytes may 
cause an increase in blood flow in response to local metabolic 
changes. Astrocytes in tissue culture act as vehicles for the 
translocation of macromolecules from one cell to another.

Oligodendrocytes are the myelin‐forming cells in the CNS 
and are equivalent to neurilemmal cells in the PNS. Each 
internodal segment of myelin originates from a single 
 oligodendrocyte process, yet a single oligodendrocyte may 
contribute as many as 40 internodal segments as it gives off 
numerous sheet‐like processes. A substantial number of 
oligodendrocytes in the white matter do not connect to 
myelin segments. Pathological processes involving oligoden
drocytes may result in demyelination. Oligodendrocytes 
related to capillaries likely mediate iron mobilization and 
storage in the human brain based on the immunocytochemical 
localization in human oligodendrocytes of transferrin (the 
major iron binding and transport protein), ferritin (an iron 
storage protein), and iron.

Microglia are evident after indirect neural trauma such as 
transection of a peripheral nerve, in which case they inter
pose themselves between synaptic endings and the surface 
of injured neurons (a phenomenon called synaptic stripping). 
Microglial cells are also involved in pinocytosis, perhaps to 
prevent the spread of exogenous proteins in the CNS extra
cellular space. They are dynamic elements in a variety of 
neurological conditions such as infections, autoimmune 
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disease, and degeneration and regeneration. Microglial cells 
are likely antigen‐presenting cells in the development of 
inflammatory lesions of the human brain such as multiple 
sclerosis.

Proliferation and accumulation of microglia occur near 
degenerating neuronal processes and in close association 
with amyloid deposits in the cerebral and cerebellar cortices in 
Alzheimer disease. Microglia may process neuronal amyloid 
precursor protein in these degenerating neurons, leading to the 
formation and deposition of a polypeptide called β‐amyloid in 
neuritic plaques. Hence microglial cells are likely involved in 
the pathogenesis of amyloid deposition in Alzheimer disease.

Based on their structure, distribution, and macrophage‐
like behavior, and the observation that they can be induced 
to express major histocompatibility complex (MHC) anti
gens, microglia are thought to form a network of immune 
competent cells in the CNS. Microglial cells (and invading 
macrophages) are among the cellular targets for the human 
immunodeficiency virus‐1 (HIV‐1) known to cause acquired 
immunodeficiency syndrome (AIDS). Infected microglia 
presumably function to release toxic substances capable of 
disrupting and perhaps destroying neurons, leading to the 
neurological impairments associated with AIDS. Another 
possibility is that destruction of the microglia causes an 
altered immune‐mediated reaction to the AIDS virus and 
other pathogens in these patients.

1.4.4 Neuroglial cells and aging

Oligodendrocytes show few signs of aging, but astrocytes 
and microglia may accumulate lipofuscin with age. There is 
a generalized, age‐related increase in the number of microglia 
throughout the brain. Age‐related astrocytic proliferation 
and hypertrophy are associated with neuronal loss. A dem
onstrated decrease in oligodendrocytes remains unexplained. 
Future studies of aging are sure to address the issue of 
neuroglial cell changes and their effect on neurons.

1.4.5 Neuroglial cells and brain tumors

Primary brain tumors begin in the brain, tend to remain in 
the brain, and occur in people of all ages, but they are statisti
cally more frequent in children and older adults. Metastatic 
brain tumors begin outside the brain, spread to the brain, 
and are more common in adults than in children. The most 
common types of cancer that may spread to the brain include 
cancer of the breast, colon, kidney, or lung and also mela
noma (skin cancer). Most primary brain tumors are gliomas, 
including astrocytomas, oligodendrogliomas, and epend
ymomas. As their names suggest, these gliomas are derived 
from neuroglial cells  –  astrocytes, oligodendrocytes, and 
ependymal cells. Gliomas, a broad term that includes all 
tumors arising from neuroglial cells, represent 30% of all 
brain tumors and 80% of all malignant tumors (American 
Brain Tumor Association, 2014).

1.5 AXONAL TRANSPORT
Neuronal processes grow, regenerate, and replenish their 
complex machinery. They are able to do this because proteins 
synthesized in the neuronal cell body readily reach the 
neuronal processes. Axonal transport is the continuous flow 
(in axons and dendrites) of a range of membranous orga
nelles, proteins, and enzymes at different rates and along the 
entire length of the neuronal process. A universal property of 
neurons, axonal transport, is ATP dependent and oxygen 
and temperature dependent, requires calcium, and probably 
involves calmodulin and the contractile proteins actin and 
myosin in association with microtubules. Axonal transport 
takes place from the periphery to the neuronal cell body 
(retrograde transport) and from the neuronal cell body to the 
terminal ending (anterograde transport).

Rapid or fast axonal transport, with a velocity of 50–400 mm 
per day, carries membranous organelles. Slow axonal trans
port, characterized by two subcomponents with different 
velocities, carries structural proteins, glycolytic enzymes, and 
proteins that regulate polymerization of structural proteins. 
The slower subcomponent (SCa) of slow axonal transport, with 
a velocity of 1–2 mm per day, carries assembled neurofilaments 
and microtubules. The faster subcomponent of slow axonal 
transport, with a velocity of 2–8 mm per day, carries proteins 
that help maintain the cytoskeleton such as actin (the protein 
subunit of actin filaments), clathrin, fodrin, and calmodulin 
and also tubulin (the protein subunit of microtubules), and 
glycolytic enzymes. The size of a neuronal process does not 
influence the pattern or rate of axonal transport.

1.5.1 Functions of axonal transport

Anterograde transport plays a vital role in the normal mainte
nance, nutrition, and growth of neuronal processes supplying 
the terminal endings with synaptic transmitters, certain 
synthetic and degradative enzymes, and membrane constitu
ents. One function of retrograde transport is to recirculate 
substances delivered by anterograde transport that are in 
excess of local needs. Structures in the neuronal cell body may 
degrade or resynthesize these excess substances as needed. 
Half the protein delivered to the distal process returns to the 
neuronal cell body. Retrograde transport, occurring at a rate 
of 150–200 mm per day, permits the transfer of worn‐out 
organelles and membrane constituents to lysosomes in the 
neuronal cell body for digestion and disposal. Survival or 
neurotrophic factors, such as nerve growth factor (NGF), 
reach their neuronal target by this route. Tetanus toxin, the 
poliomyelitis virus, and herpes simplex virus gain access to 
neuronal cell bodies by retrograde transport. Retrograde 
axonal transport can thus convey both essential and harmful 
or noxious substances to the neuronal cell body.

1.5.2 Defective axonal transport

The phenomenon of defective axonal transport may cause 
disease in peripheral nerves, muscle, or neurons. Mechanical 
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and vascular blockage of axonal transport in the human 
optic nerve [II] causes swelling of the optic disk (papilledema). 
Senile muscular atrophy may result from age‐related adverse 
effects on axoplasmic transport. Certain genetic disorders 
(Charcot–Marie–Tooth disease and Déjerine–Sottas disease), 
viral infections (herpes zoster, herpes simplex, and poliomy
elitis), and metabolic disorders (diabetes and uremia) mani
fest a reduction in the average velocity of axonal transport. 
Accumulation of transported materials in the axon terminal 
may lead to terminal overloading and axonal breakdown 
causing degeneration and denervation. Interference with 
axonal transport of neurofilaments may be a mechanism 
underlying the structural changes in Alzheimer disease 
(neurofibrillary tangles and neuritic plaques) and other 
degenerative diseases of the CNS. In the future, retrograde 
transport may prove useful in the treatment of injured or 
diseased neurons by applying drugs to terminal processes 
for eventual transport back to the injured or diseased neu
ronal cell body.

Neurons are polarized transmitters of nerve impulses and 
active chemical processors with bidirectional communica
tion through various small molecules, peptides, and proteins. 
Information exchange involving a chemical circuit is as 
essential as that exchanged by electrical conduction. These 
chemical and electrical circuits work in a complementary 
manner to achieve the extraordinary degree of complex func
tioning characteristic of the human nervous system.

1.6 DEGENERATION AND REGENERATION
After becoming committed to an adult class or population 
and synthesizing a neurotransmitter, most neurons lose the 
capacity for DNA synthesis and cell division. Hence, once 
destroyed, most mature neurons in the human CNS die; new 
neurons do not then take their place. The implications of this 
are devastating for those who have suffered CNS injury. 
About 222 000–285 000 people in the United States are living 
with spinal cord injuries, with nearly 11 000 new cases every 
year. An additional 4860 individuals die each year before 
reaching the hospital. A further 2 000 000 patients have suf
fered brain trauma or other injury to the head, with over 
800 000 new cases each year. Hence the inability of the adult 
nervous system to add neurons or replace damaged neurons 
as needed is a serious problem for those afflicted with CNS 
injury.

Curtis et al. (2007) reported that in neurologically normal 
human brains, neuroblasts migrating via a lateral ventricular 
extension become neurons in the olfactory bulb. However, it 
is possible that this represents normal migration of neural 
progenitors from their site of birth to their final destination in 
the developing brain (Middeldorp et al., 2010) rather than a 
source of progenitor cells with migratory characteristics 
involved in adult neurogenesis. Unlike rodents and nonhu
man primates, in which neurogenesis in the adult cerebral 
cortex is unclear, studies in humans did not reveal any evi
dence for the occurrence of neurogenesis in the adult human 
cerebral cortex (Zhao et  al., 2008). Zhao et  al. noted the 

complexity of this process and that both intracellular and 
extracellular factors are major regulators in adult neurogen
esis, including extracellular growth factors, neurotrophins, 
cytokines, and hormones and also intracellular cell‐cycle 
regulators, transcription factors, and epigenetic factors.

1.6.1 Axon or retrograde reaction

Degeneration of neurons is similar in the CNS and PNS. One 
exception is the difference in the myelin‐forming oligoden
drocytes in the CNS in contrast to the myelin‐forming neuri
lemmal cells of the PNS. Only hours after injury to a neuronal 
process, perhaps because of a signal conveyed by retrograde 
axonal transport, a genetically programmed and predictable 
series of changes occur in a normal neuronal cell body 
(Fig. 1.6A). These collective changes in the neuronal cell body 
are termed the axon or retrograde reaction. By 1–3 days after 
the initial injury, the neuronal cell body swells and becomes 
rounded (Fig. 1.6B), the cell wall appears to thicken, and the 
nucleolus enlarges. These events are followed by displacement 
of the nucleus to an eccentric position (Fig. 1.6C), widening of 
the rough endoplasmic reticulum, and mitochondrial swell
ing. Chromatophil substance at this time undergoes conspic
uous rearrangement – a process referred to as chromatolysis, 
involving fragmentation and loss of concentration of chroma
tophil substance causing loss of basophil staining by injured 
neurons (Fig. 1.6D). Chromatolysis is prominent about 15–20 
days after injury.

Along with the axon reaction, alterations in protein and 
carbohydrate synthesis occur in the chromatolytic neuron. 
DNA‐dependent RNA synthesis seems to play a key role in 
this process. As the axon reaction continues, there is increased 
production of free polyribosomes, rough endoplasmic reticu
lum, and neurofilaments, and an increase in the size and 
number of lysosomes. The axon reaction includes a dramatic 
proliferation of perineuronal microglia, leading to displace
ment of synaptic terminals on the neuronal cell body and 
stem dendrites, causing electrophysiological disturbances.

The sequence of events characteristic of an axon reac
tion depends, in part, on the neuronal system and age and 
also the severity and exact site of injury. If left unchecked, 
the axon reaction leads to neuronal dissolution and death. 
If the initial injury is not severe, the neuronal nucleus 
returns to a central position, the chromatophil substance 
becomes concentrated, and the neuronal cell body returns 
to normal size.

Initial descriptions of chromatolysis suggested that it was 
a degenerative process caused by neuronal injury. Recent 
work suggests that chromatolysis represents neuronal reor
ganization leading to a regenerative process. As part of the 
axon reaction, the neuronal cell body shifts from production 
of neurotransmitters and high‐energy ATP to the production 
of lipids and nucleotides needed for repair of cell mem
branes. Hence chromatolysis may be the initial event in a 
series of metabolic changes involving the conservation of 
energy and leading to neuronal restoration.
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1.6.2 Anterograde degeneration

Transection of a peripheral nerve, such as traumatic section 
of the ulnar nerve at the elbow, yields proximal and distal 
segments of the transected nerve. Changes taking place 
throughout the entire length of the distal segment (Fig. 1.7) 
are termed anterograde degeneration  –  first described in 
1850 by Augustus Waller (therefore also termed Wallerian 
degeneration) in sectioned frog glossopharyngeal and hypo
glossal nerves. Minutes after injury, swelling and retraction 
of neurilemmal cells occur at the nerve fiber nodal regions. 
By 24 h after injury, the myelin layer loosens. During the next 
2–3 days, the myelin layer swells and fragments, globules 
form, and then the myelin layer disrupts by about day 4. 
Disappearance of myelin layers by phagocytosis takes about 
6 months. A significant aspect of this process is that the 
endoneurial tubes and basement membranes of the distal 
segment collapse and fold but maintain their continuity. 
About 6 weeks after injury there is fragmentation and break
down of the cytoplasm of the distal segment.

1.6.3 Retrograde degeneration

Changes that occur in the proximal segment (Fig.  1.7) of a 
transected peripheral nerve are termed retrograde degenera-
tion. One early event at the cut end of the proximal stump is 
the accumulation of proteins. As the stump seals, the axon 
retracts and a small knob or swelling develops. Firing stops 
as the injured neuron recovers its resting potential. Normal 
firing does not occur for several days. Other changes are 
similar to those taking place in the distal segment except 
that the process of retrograde degeneration in the proximal 
segment extends back only to the first or second nerve fiber 

node and does not reach the neuronal cell body (unless the 
initial injury is near the soma).

1.6.4 Regeneration of peripheral nerves

Although the degenerative processes are similar in the CNS 
and PNS, the processes of regeneration are not comparable. 
In neither system is there regeneration of neuronal cell 
bodies or processes if the cell body is seriously injured. 
Severance of the neuronal process near the cell body will 
lead to death of the soma and no regeneration. For the 
neuronal process to regenerate, the neuronal cell body must 
survive the injury. Only about 25% of those patients with 
surgically approximated severed peripheral nerves will 
experience useful functional recovery.

Many events occur during the regeneration of peripheral 
nerves. The timing and sequence of those events is unclear. 
Regenerating neurons shift their metabolic emphasis by 
decreasing the production of transmitter‐related enzymes 
while increasing the production of substances necessary for 
the growth of a new cytoskeleton such as actin (the protein 
subunit of actin filaments) and tubulin (the protein subunit 
of microtubules). There is an increase in axonal transport of 
proteins and enzymes related to the hexose monophosphate 
shunt. Axonal sprouting from the proximal segment of a 
transected nerve during regeneration is a continuation of 
the process of cytoskeletal maintenance needed to sustain a 
neuronal process and its branches.

A tangible sign of regeneration, the proliferation of neuri
lemmal cells from the distal segment, takes place by about day 
4 and continues for 3 weeks. A 13‐fold increase in these myelin‐
forming cells occurs in the remains of the neurolemma, basal 
lamina, and the persisting endoneurial connective tissue. 

(A)

(C) (D)

(B)

Figure 1.6 ● Changes in the neuronal cell body 
during the axon reaction. (A) Normal cell; (B) 
swollen soma and nucleus with disruption of the 
chromatophil substance; (C, D) additional swelling 
of the cell body and nucleus with eccentricity of the 
nucleus and loss of concentration of the chromatophil 
substance.
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Mechanisms responsible for the induction of neurilemmal cell 
proliferation are unclear. Human neurilemmal cells maintained 
in cell culture will proliferate if they make contact with the 
exposed plasmalemma of demyelinated axons.

Band fibers, growth cones, and filopodia

Proliferating neurilemmal cells send out cytoplasmic pro
cesses called band fibers (Fig.  1.7E) that bridge the gap 
between the proximal and distal segments of a severed nerve. 
As the band fibers become arranged in longitudinal rows, 
they serve as guidelines for the growth cones, bulbous and 
motile structures with a core of tubulin surrounded by actin 
that arise from the axonal sprouts of the proximal segment. 
Microtubules and neurofilaments, though rare in growth 

cones, occur behind them and extend into the base of the 
growth cone, following the growth cones as they advance. 
Cytoskeletal proteins from the neuronal cell body such as 
actin and tubulin enter the growth cones by slow axonal 
transport 24 h after initial injury. The rate of construction of a 
new cytoskeleton behind the advancing growth cone limits 
the outgrowth of the regenerating process. Such construction 
depends on materials arriving by slow transport that are 
available at the time of axonal injury. The unstable surface of 
a parent growth cone yields two types of protrusions – many 
delicate, hair‐like offspring called filopodia (or microspikes) 
and thin, flat lamellipodia (lamella), both of which contain 
densely packed actin filaments forming the motile region of 
the growth cone. Neuronal filopodia (Fig. 1.7D) are 10–30 μm 
long and 0.2 μm in diameter and evident at the transection 

Proximal segment
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Figure 1.7 ● Sequential steps (A–F) in the 
degeneration and regeneration in the proximal and 
distal segments of a transected neuronal process. In 
the proximal segment, degeneration extends back to 
the first or second nerve fiber node. Anterograde 
degeneration exists throughout the entire distal 
segment. Proliferation of neurolemmocytes from the 
distal segment forms a bridge across the transection, 
paving the way for an axonal sprout to find its way 
across the gap and eventually form a new process of 
normal diameter and length.
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site extending from the proximal side and retracting as they 
try to find their way across the scaffold of neurilemmal cells. 
After they have made contact with their targets, extension of 
the filopodia ceases. There is successive addition of actin 
monomers at the apex of the growth cone with an ensuing 
rearward translocation of the assembled actin filaments. 
Both guidance and elongation of neuronal processes are 
essential features underlying successful regeneration. Such 
guidance is probably due to the presence of signaling 
molecules in the extracellular environment. In addition to 
their role in regeneration, growth cones play a role in the 
development of the nervous system, allowing neuronal pro
cesses to reach their appropriate targets.

At the transection site, growth cones progress at the rate 
of about 0.25 mm per day. If the distance between the proxi
mal and distal stumps is not greater than 1.0–1.5 mm, the 
axonal sprouts from the proximal side eventually link up 
with the distal stump. As noted earlier, the endoneurial tubes 
and basement membranes of the distal segment collapse and 
fold but maintain their continuity. Growth cones invade the 
persisting endoneurial tubes and advance at a rate of about 
1.0–1.5 mm per day. A general rule for the growth of periph
eral nerves in humans is 1 in per month. After transection of 
the median nerve in the axilla, 9 months may be required 
before motor function returns in the muscles innervated by 
that nerve and 15 months before sensory function returns in 
the hand. After injury to a major nerve to the lower limb, a 
period of 9–18 months is required before motor function 
returns. When a motor nerve enters a sensory endoneurial 
tube or vice versa, the process of regeneration will cease. If 
one kind of sensory fiber (one that carries painful impulses) 
enters the endoneurial tube of another kind of sensory fiber 
(one that carries tactile impulses), then abnormal sensations 
called paresthesias (numbness, tingling, or prickling) may 
appear in the absence of specific stimulation.

After a regenerated process has crossed the transection 
site and entered the appropriate endoneurial tube, regenera
tion is still incomplete. The new process must be of normal 
diameter and length, remyelination must occur, and the 
original site of termination must be identified with eventual 
re‐establishment of appropriate connections. If the regener
ating nerve is a motor nerve, it must find the muscle that it 
originally innervated. A regenerating sensory nerve must 
innervate an appropriate peripheral receptor. Reduced sensi
tivity and poor tactile discrimination with peripheral nerve 
injuries are a result of misguidance of regenerating fibers and 
poor reinnervation. Regrowing fibers may end in deeper tis
sues and in the palm rather than in the fingertips – the site of 
discriminative tactile receptors. Poor motor coordination for 
fine movements observed in muscles of the human hand 
after peripheral nerve section and repair may be the result of 
misdirection of regenerating motor axons.

Collateral sprouting

Collateral sprouts may arise from the main axonal shaft 
of uninjured axons remaining in a denervated area. Such 

collateral sprouting, representing an attempt by uninjured 
axons to innervate an adjacent area that has lost its innerva
tion, is often confused with axonal sprouts that originate 
from the proximal segment of injured or transected neuronal 
processes. Collateral sprouting from adjacent uninjured 
axons may lead to invasion of a denervated area and restora
tion of sensation in the absence of regeneration by injured 
axons, thus leading to recovery of sensation.

Neuromas

If the distance between the severed ends of a transected pro
cess is too great to re‐establish continuity, the growing fibers 
from the proximal side continue to proliferate, forming a tan
gled mass of endings. The resulting swollen, overgrown mass 
of disorganized fibers and connective tissue is termed a trau-
matic neuroma or nerve tumor. A neuroma is usually firm, 
the size of a pea, and forms in about 3 weeks. When superfi
cial, incorporated in a dense scar, and subject to compression 
and movement, a neuroma may be the source of considerable 
pain and paresthesias. Neuromas form in the brain stem or 
spinal cord or on peripheral nerves. In most peripheral nerve 
injuries, the nerve is incompletely severed and function is only 
partially lost. Blunt or contusive lacerations, crushing injuries, 
fractures near nerves, stretching or traction on nerves, repeated 
concussion of a nerve, and gunshot wounds may produce 
neuromas in continuity. Indeed, in about 60% of such cases, 
neuromas in continuity develop. A common example is meta
tarsalgia of Morton  –  an interdigital neuroma in continuity 
along the plantar digital nerves as they cross the transverse 
metatarsal ligament. Wearing ill‐fitting high‐heeled shoes 
stretches these nerves, bringing them into contact with the 
ligament. Other examples are intraoral neuromas that form on 
the branches of the inferior alveolar nerve (inferior dental 
branches and the mental nerve) or on branches of the maxil
lary nerve (superior dental plexus), amputation neuromas in 
those who have had limbs amputated, and bowler’s thumb, 
which results from repetitive trauma to a digital nerve.

1.6.5 Regeneration and neurotrophic factors

Regeneration of a peripheral nerve requires an appropriate 
microenvironment (a stable neuropil, sufficient capillaries, 
and neurilemmal cells), and the presence of certain neuro-
trophic factors such as nerve growth factor (NGF), brain‐
derived neurotrophic factor (BDNF), or neurotrophin‐3. 
Absorption of these factors by the axonal tip and their retro
grade transport will influence the metabolic state of the neu
ronal cell body and support neuronal survival and neurite 
growth. Other substances attract the tip of the growth cone 
or axonal sprout, thus determining the direction of growth.

1.6.6 Regeneration in the central nervous system

Regeneration of axons occurs in certain nonmyelinated 
parts of the mammalian CNS such as the neurohypophysis 
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(posterior lobe of the pituitary gland) in the dog, retinal 
ganglionic cell axons and olfactory nerves in mice, and the 
corticospinal tract of neonatal hamsters. However, the 
process of CNS regeneration leading to restoration of func
tion is invariably unsuccessful in humans. Several theories 
have attempted to explain this situation. The barrier hypoth
esis suggests that mechanical obstruction and compression 
due to formation of a dense glial scar at the injury site impede 
the process of axonal growth in the human CNS. Such dense 
scar formation or astrocytic gliosis is the result of the elabo
ration of astrocytes in response to injury. This glial scar 
forms an insurmountable barrier to effective regeneration 
in the CNS. Remyelination, accompanied by astrocytic glio
sis, takes place in the CNS if axonal continuity is preserved. 
Myelin, in the process of degeneration, releases active pep
tides such as axonal growth inhibitory factors (AGIFs) and 
fibroblast growth factors (FGFs). AGIFs may lead to abortive 
growth of most axons whereas the FGFs are apparently 
responsible for the deposition of a collagenous scar. The 
observation that the breakdown of myelin in the PNS is 
unaccompanied by elaboration of AGIFs seems to strengthen 
this hypothesis. The presence of these growth‐promoting 
and growth‐inhibiting molecules along with the formation of 
glial scars offers a great challenge to those seeking thera
peutic methods to aid persons with CNS injury.

Efforts are under way to determine if neurons of the CNS 
are missing the capability of activating necessary mecha
nisms to increase the production of ribosomal RNA. Other 
attempts at restoring function in the injured spinal cord 
involve removing the injured cord region and then replacing 
it with tissue from the PNS.

Inherent neuronal abilities and the properties of the 
environment (neuropil, local capillaries, and the presence of 
repulsive substrates or inhibitors of neurite outgrowth) are 
responsible for the limited capacity for CNS regeneration. 
Neuroglial cells, by virtue of their ability to produce trophic 
and regulatory substances, plus their ability to proliferate, 
forming a physical barrier to regeneration, also play an 
essential role in regeneration. A minimum balance exists 
between the capacity of axons to regenerate and the ability of 
the environment to support regeneration. CNS regeneration 
in humans is an enigma awaiting innovative thinking and 
extensive research. Success in this endeavor will bring joy to 
millions of victims of CNS injury and their families.

1.7 NEURAL TRANSPLANTATION
In light of the absence of CNS regeneration leading to restora
tion of function in humans, there is a great deal of interest in the 
possibility of neural transplantation as a means of improving 
neurological impairment due to injury, aging, or disease. 
Sources of donor material for neural transplants are neural 
precursor cells from human embryonic stem cells, adult cells, 
or umbilical cords, ganglia from the PNS (spinal and auto
nomic ganglia and adrenal medullary tissue), and cultured 
neurons. Other sources are genetically modified cell lines 
capable of secreting neurotrophic factors or neurotransmitters.

Focal brain injuries, diseases of well‐circumscribed 
chemically defined neuronal populations, identifiable high‐
density terminal fields, areas without highly specific point‐
to‐point connections, or regions where simple one‐way 
connections from the transplant would be functionally effec
tive are likely to profit from neural transplantation. Neuro
logical diseases such as Alzheimer and Parkinson disease 
involve a complex set of signs and symptoms with damage 
to more than one region and more than one neurotransmitter 
involved, such that individuals suffering from these diseases 
might not benefit from a single neural transplant but may 
require dissimilar transplants in different locations. Because 
these diseases are also progressive and degenerative, it is 
possible that the transplant itself will be subject to the same 
progressive and degenerative process. An equally discon
certing prospect is that with additional degeneration of the 
brain, the signs and symptoms ameliorated by the original 
transplant may disappear, replaced by a new set of signs and 
symptoms that might require a second transplant for their 
alleviation. Finally, because of the age of most patients with 
these diseases, it is likely that they will have other physical 
conditions that might necessitate selecting for treatment only 
those who do not have other underlying conditions or who 
have a very early stage of the disease.

Another approach to this problem that would circumvent 
the risks and ethical issues associated with neural trans
plantation would be to administer neurotrophic factors to 
support neuronal survival or promote the growth of func
tional processes. An exciting development in this regard is 
the isolation of a protein called glial cell line‐derived neuro-
trophic factor (GDNF), which promotes the survival of 
dopamine‐producing neurons in experimental animals. 
In Parkinson disease, there is restricted damage to a well‐
defined group of dopamine‐producing neurons in the mid
brain. Such a neurotrophic agent might prevent or reverse 
the signs and symptoms of this chronic, degenerative dis
ease. An additional option would be to investigate the initial 
changes in the brain that lead to a particular neurological 
impairment and seek a means of preventing such changes. 
Much work remains before neural transplantation becomes 
a useful and practical form of therapy leading to complete 
functional recovery from neurological injuries, diseases, or 
age‐related changes.
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Although life is a continuous process, fertilization (which, incidentally, is not a 
“moment”) is a critical landmark because, under ordinary circumstances, a new, 
genetically distinct human organism is formed when the chromosomes of the male 
and female pronuclei blend in the oocyte.

Ronan O’Rahilly and Fabiola Müller, 1996
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Development of 
the Nervous System

Human development is divisible into two primary periods: a 
prenatal period, or the time before birth, and a postnatal 
period, the time after birth. The postnatal period includes 
infancy, childhood, adolescence, and adulthood. Labor and 
delivery (childbirth) are continuous events in the interim 
between these two periods. The prenatal period lasts from the 
time of fertilization until birth and can be divided into the 
embryonic period proper (the first eight postfertilization 
weeks), and the fetal period (the remainder of trimester 1, all 
of trimester 2, and trimester 3). Development of the nervous 
system begins in the embryonic period and extends into the 
postnatal period. In the Carnegie staging system, these first 8 
weeks of the embryonic period are subdivided into 23 stages 
based on external and internal morphological criteria. The 
term embryo as used in the following discussion refers to the 

unborn human during these first 8 weeks of development, at 
the end of which it is approximately 30 mm in greatest length.

Our focus is on certain events in the embryonic period. In 
these 8 weeks, the major brain regions and their subdivisions 
and future spinal cord develop from embryonic ectoderm, 
setting the stage for the adult nervous system.

Although development is a continuous process, this 
description focuses on weekly intervals. Table  2.1 summa
rizes the initial appearance of various features in the first 5 
weeks of the embryonic period using the Carnegie staging 
system that correlates stage, age, and number of somites 
(only for a limited time). Each of 600 sectioned embryos is 
assigned to one of 23 stages (each 2–3 days in length) cover
ing the first eight postovulatory weeks. Superscripts in the text 
of this chapter refer to Carnegie embryonic stages.

2.1 FIRST WEEK

2.2 SECOND WEEK

2.3 THIRD WEEK

2.4 FOURTH WEEK

2.5 FIFTH WEEK

2.6 VULNERABILITY OF THE DEVELOPING NERVOUS SYSTEM

2.7 CONGENITAL MALFORMATIONS OF THE NERVOUS SYSTEM

FURTHER READING 

C H A P T E R  2



Table 2.1 ● Developmental stages and features of the nervous system.

Carnegie stage Age (days) Length/somites Initial appearance of various features

First week

Stage 1 ~1 0.1–0.15 mm Fertilization forming unicellular embryo

Stage 2 ~2–3 0.1–0.2 mm Cleaving embryo; from 2 to ~16 cells

Stage 3
(1½ weeks)

4–5 0.1–0.2 mm Free blastocyst in the uterine cavity; embryonic disc

Stage 4 6 0.1–0.2 mm Blastocyst attaching to endometrium

Stage 5a ~7–8 0.1 mm Solid trophoblast

Second week

Stage 5b ~9 0.1 mm Implantation

Stage 5c ~11–12 0.15–0.2 mm Implantation continues

Stage 6
(2½ weeks)

~17 0.2 mm Cellular proliferation (primitive streak) develops and defines right and left sides, rostral and 
caudal ends; primitive node appears (stage 6 and/or 7)?

Third week

Stage 7 ~19 0.4 mm Notochordal process

Stage 8 ~23 0.5–1.5 mm Part of epiblast transformed into neural plate; neural groove (first morphological indicator 
of the nervous system) bounded by faint neural folds

Fourth week

Stage 9 ~26 1.5–2.5 mm and
1–3 pairs of somites

Somites first appear; three major divisions of the brain distinguished in completely open 
neural folds; mesencephalic flexure; neural groove is long and deep; cranial neural crest 
beginning to develop; otic discs (first indication of internal ear) are visible

Stage 10 ~29 2–3.5 mm and 4–12 
pairs of somites

Neural folds begin to fuse; neural tube begins to form; optic primordia are visible; cranial 
neural crest particularly evident; telencephalon can be distinguished

Stage 11 ~30 2.5–4.5 mm and 13–20 
pairs of somites

Rostral neuropore closes; hypophysis arises; spinal part of neural tube is lengthening rapidly

Stage 12 ~31 3–5 mm and 21–29 
pairs of somites

Caudal neuropore closes; hypoglossal nucleus and roots appear; brain occupies 42% of 
neural tube

Stage 13
(4½ weeks)

~32 4–6 mm and 30 or 
more pairs of somites

Closed neural tube with “ependymal fluid”; first appearance of the cerebellum; cervical 
flexure; oculomotor and trochlear nuclei appear; three divisions of trigeminal ganglion

Stage 14 ~33 5–7 mm Future cerebral hemispheres become identifiable; pontine flexure appears; distinction 
between metencephalon and myelencephalon; abducent nuclei appear; future hypothalamic, 
amygdaloid, hippocampal, and olfactory regions discernible; blood vessels now penetrate 
the wall of the brain

Fifth week

Stage 15 ~35 7–9 mm Five major subdivisions of the brain; future cerebral hemispheres distinct; mesencephalic 
trigeminal nuclei appear; most cranial nerves are present; vertebrae are now first clear

Stage 16
(5½ weeks)

~37–39 8–11 mm Cranial nerves III–XII are present; dorsal vagal nuclei appear; inferior salivatory component 
of IX appear; superior salivatory component of VII appears; presence of hippocampal 
thickening; embryonic movements can be detected; anterior amygdaloid area; corticomedial 
and basolateral complexes appear; evagination of the neurohypophysis is now evident

Sixth week

Stage 17 ~40 11–14 mm Future olfactory bulbs; first amygdaloid nuclei; trigeminal motor nuclei appear; 
glossopharyngeal component of ambiguous nuclei appear

Stage 18 ~42 13–17 mm Future corpus striatum distinct; inferior cerebellar peduncles, dentate nucleus, and red 
nucleus present; choroid plexuses develop; early electrical recordings in the brain (stages 
18 and 19); vestibular nuclei appear; vagal and accessory components of nucleus ambiguus 
appear; trigeminal pontine nuclei appear

Stage 19
(6½ weeks)

~44 16–18 mm Embryo has a recognizable face; cochlear nuclei appear; nucleus of solitary tract appear

Seventh week

Stage 20 ~47 18–22 mm Choroid plexus of the lateral ventricles

Stage 21 ~50 22–24 mm Beginnings of the neocortex; subthalamic nucleus distinguishable

Stage 22
(7½ weeks)

~52 23–28 mm Internal capsule now present; claustrum develops

Eighth week
Stage 23 ~56 27–31 mm Brain is 1 cm and contains very numerous nuclei, pathways and tracts; insula indented; 

pyramidal decussation can be found; end of the embryonic period

Source: Adapted from O’Rahilly and Müller (2001, 2006, 2007).
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2.1 FIRST WEEK

2.1.1 Fertilization

Development begins at the time of fertilization  –  the 
union of two specialized cells, one from the male, a sper
matozoon (Fig. 2.1A), and one from the female, an oocyte 
(Fig.  2.1B), to form a zygote (Fig.  2.1C). A zygote is the 
unicellular, fused product of these two cells with two sets 
of chromosomes (a maternal and a paternal set). This uni
cellular embryo is the ultimate stem cell in that it can 
develop into any type of embryonic tissue and can form 
an entire embryo. Fertilization, normally occurring in the 
lateral end of the uterine tube (ampulla), initiates a series 
of events leading to growth and differentiation of the 
organism.

2.1.2 From two cells to the free blastocyst

By 36 h, the zygote divides into two cells (Fig. 2.1D), which 
then divide into four cells (Fig. 2.1E) at about 40 h. Additional 
division of cells leads to the formation of a spherical, solid 
mass of a dozen or more cells (Fig. 2.1F). The term morula 
[Latin: mulberry] designates embryos2 with a dozen or more 
cells present but no blastocystic cavity. In mammals, the 
morula gives rise to both embryonic and nonembryonic (cho
rion, amnion) structures. By the third or fourth day of devel
opment as this cleaving embryo makes its way into the 
uterine cavity, fluid enters its center, resulting in a spherical 
outer mass of cells called a blastocyst (Fig. 2.1G), surround
ing a fluid‐filled space, the cavity of the blastocyst (Fig. 2.1G). 
A blastocyst has two components: an outer cell mass or 
trophoblast (Fig. 2.1G) – a collection of ectodermal cells in a 
peripheral position – and an inner cell mass or embryoblast 
(Fig. 2.1G). Since the inner cell mass is the primordium of the 
embryo proper, it is not surprising that duplication of the 
inner cell mass (at about 4 or 5 days) is the basis for most 
cases of monozygotic (identical) twinning. The outer mass of 
trophoblastic cells nourishes the developing structure and 
forms protective membranes around it. The appearance of 
the cavity of the blastocyst indicates that the embryo has gone 
through a series of divisions and differentiations (a process 
known as determination) such that its cells lose their poten
tial and gain differentiated function. Such cells are pluripo
tent stem cells that can give rise to most, but not all, cells or 
tissues of an organism.

At this early time, the dorsoventral axis of the embryo 
becomes apparent. The surface of the inner cell mass facing 
the cavity of the blastocyst represents the ventral surface of 
the embryo and that surface adjoining the trophoblast repre
sents its dorsal surface. A coronal plane is definable at this 
time. The embryo proper develops from the inner cell mass. 
Once in the uterus, the blastocyst begins to implant in the 
endometrium. To achieve the best possible environment in 
which to develop, the blastocyst completely embeds in the 
endometrium.

Pronucleus

Polar
body

(A) (B)
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(D)
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blastocyst

Trophoblast

Inner cell
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Figure 2.1 ● First week of human development. Formation of a free 
blastocyst from the fused product of fertilization. (A) Spermatozoon. (Source: 
Adapted from Bloom and Fawcett, 1975.) (B) Oocyte. (Source: Adapted from 
Bloom and Fawcett, 1975.) (C) Zygote. (Source: Adapted from Shettles, 1955.) 
(D) Two cells. (Source: Adapted from Lewis and Hartman, 1933.) (E) Four cells. 
(Source: Adapted from Lewis and Hartman, 1933.) (F) 12–16 cells. (Source: 
Adapted from Lewis and Hartman, 1933.) (G) Free blastocyst. (Source: Adapted 
from Hertig et al., 1954.)
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2.2 SECOND WEEK

2.2.1 Implantation and two distinct 
layers of cells

During the second week of development, implantation of the 
blastocyst begins on the posterior uterine wall. Also  during the 
second week, two distinct layers are distinguishable in the 
inner cell mass. An inner layer of primary endoderm (Fig. 2.2A) 
adjoins the cavity of the blastocyst and subsequently gives rise 
to the epithelium that covers, or lines, the pharynx. This 
includes the auditory (pharyngotympanic) tube, tonsils, thy
roid gland, parathyroid glands, and thymus gland; the larynx, 
trachea, and lungs; the gastrointestinal tract (except the mouth 
and anus), the urinary bladder, the vagina, and the urethra. An 
outer layer or epiblast (Fig. 2.2A) is a pseudostratified colum
nar epithelium that becomes the embryonic ectoderm and 
forms the brain, spinal cord, all nerves, and sensory organs 
plus the skin, hair, and nails. At this time, the epiblast and the 
primary endoderm collectively form a bilaminar, flat, circular 
plate of cells – the embryonic disc (Fig. 2.2B).

2.2.2 Primitive streak and a third layer  
of cells

The circular embryonic disc becomes elongated and then 
pear shaped by expansion mainly at its rostral end. A thick
ened band of pluripotential, epiblastic cells, the primitive 
streak (Fig. 2.2C), appears in the median plane in the caudal 
part of the embryonic disc. The longitudinal axis of the disc 

and future body, coinciding with the axis of the primitive 
streak, is established. At this stage, the embryonic disk is 
about 0.2 mm in length. The right and left sides, rostral and 
caudal ends, and dorsal and ventral surfaces of the embryo 
are distinguishable. Arising from the base of the primitive 
streak, between the endoderm and ectoderm, is a third layer 
of cells, the embryonic mesoblast (Fig. 2.2D). The embryonic 
mesoblast becomes the mesoderm that forms the skeleton, 
muscles, and many internal body organs. Embryonic ecto
derm, endoderm, and mesoderm are collectively the primary 
germ layers. They develop in the first 3 weeks and form all 
tissues and organs of the body. The primitive streak dimin
ishes in size, undergoes degenerative changes, and disap
pears. If it persists in the sacrococcygeal region, it may give 
rise to a tumor called a teratoma. An interesting aspect of the 
primitive streak is that monozygotic twinning can occur up 
until the time that the primitive streak appears.

2.3 THIRD WEEK

2.3.1 Primitive node and notochordal  
process

As the third week begins, the cranial primitive streak (Fig. 2.3) 
has a conspicuous knot of specialized ectodermal cells, the 
primitive node (Fig. 2.3). Embryonic mesoblast continues to 
spread from the primitive streak. A conspicuous rod of cells, 
the notochordal process, extends like a telescope from the 
primitive node and appears between the primary ectoderm 
and endoderm. At this stage, the embryonic disk is  about 
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Figure 2.2 ● Second week of human development. (A) Section of the middle of an implanted human embryo of 7–12 days with a bilaminar embryonic disc. 
(Source: Adapted from Hertig and Rock, 1941.) (B) Dorsal view of the bilaminar disc of a human embryo of 7–12 days (stage 5). (Source: Adapted from Hertig and 
Rock, 1941.) (C) Dorsal view of a human embryo of 13 days (stage 6) depicting the initial appearance of the primitive streak. (Source: Adapted from O’Rahilly, 1973.) 
(D) Section of the embryonic disc in the region of the primitive streak showing the appearance of embryonic mesoblast cells from the primitive streak.



DEVELOPMENT OF THE NERVOUS SYSTEM ● ● ● 21

0.4 mm in length. Later in development, the  notochordal pro
cess (Fig. 2.3) is concerned with formation of the notochord. 
The notochord indicates the future bony  vertebral column in 
humans but disappears as the developing vertebral bodies 
surround it. Notochordal remnants expand to form the 
nucleus pulposus of the adult intervertebral disc. The noto
chord ends rostrally near the adenohypophysis (anterior lobe 
of the pituitary gland) 14. If remnants of notochord persist, 
they may develop into rare tumors called chordomas. These 
slimy, gelatinous tumors grow slowly, invade adjacent bone 
and soft tissue, and seldom metastasize. They account for less 
than 1% of all CNS tumors. About 50% of chordomas arise in 
the sacrum, 15% in other vertebrae, and the remaining 35% 
are intracranial and frequently originate from the clivus.

2.3.2 Neural plate, groove, folds, 
and neuromeres

The third week of development, distinguished by rapid 
growth, coincides with the first missed menstrual period 
and the initial appearance of the brain. Before somites are 
visible, and when the embryonic disc is 0.5–2.0 mm in 
length, a thickening of ectodermal cells in the median plane 
overlies the notochordal process that measures about 
0.4 mm in length at this time. The ectodermal thickening or 
general area of the neural plate appears early in the third 
week of development7–8. Neural plate formation is induced 
by the prechordal plate, notochord, and surrounding meso
derm. The neural plate invaginates along the median plane 
forming the neural groove (Fig.  2.4A). Appearing during 
the third week of development8, this shallow neural groove 
is the first visible sign of the nervous system before the heart or 
any other organs become visible. Raised margins on either 

side of the neural groove, also distinguishable at this time8b, 
are the neural folds (Fig. 2.4B). The neural groove deepens 
and lengthens toward the end of the third week9. Appearing 
at 3 weeks9 in the open neural folds are the six primary neu
romeres (prosencephalon, mesencephalon, and rhom
bomeres A, B, C, and D). Neuromeres are not “bulges” or 
“segments” but rather transverse subdivisions perpendicu
lar to the longitudinal axis of the developing brain and on 
both sides of the body (O’Rahilly and Müller, 2001). They 
appear at definite times and in a definite sequence. All 16 
neuromeres are present at 5 weeks14 in human embryos. 
The primitive streak and primitive node remain visible on 
the dorsal surface of the embryonic disc. The dorsal surface 
of the disc becomes the dorsal surface of the body.

2.3.3 Three main divisions of the brain

Characteristic of the end of the third week is the appearance 
of one to three pairs of somites. Neural folds elevate and 
become prominent as the neural groove deepens9. Three 
major divisions of the brain (Fig. 2.4E) and also the area of 
the future spinal cord are distinguishable in the completely 
open neural folds. The future brain or encephalon develops 
from the rostral half of the neural folds. The three major 
divisions of the brain identifiable in the neural folds are the 
prosencephalon (forebrain), mesencephalon (midbrain), 
and rhombencephalon (hindbrain). These rostral to caudal 
regions appear as enlargements separated by constrictions. 
The future spinal cord is caudal to the rhombencephalon. 
Recent evidence suggests that the first neurons of the future 
cerebral cortex in humans are in the forebrain of the neural 
folds at this stage. They likely originate from the subpal
lium by a particularly complex process termed tangential 
migration.

2.3.4 Mesencephalic flexure appears

An abrupt bend, the mesencephalic flexure (Fig.  2.5), 
appears9 in the neural folds at the mesencephalic level, 
 making it easier to identify the three major divisions of the 
brain  –  prosencephalon (forebrain), mesencephalon (mid
brain), and rhombencephalon (hindbrain) (Fig.  2.5). At the 
same time, the lips of the neural folds begin to close at the 
cervical flexure situated at the junction between the rhom
bencephalon (hindbrain) and the future spinal cord. The area 
of the future ear, the otic disc (Fig. 2.4E), is recognizable and 
rostral to it areas of neural crest are beginning to develop.

2.4 FOURTH WEEK

2.4.1 Formation of the neural tube

Circulation of blood, cardiac contraction, and fusion of the neu
ral folds forming a neural tube (Fig. 2.6A, B, C, D, F) charac
terize the onset of the fourth week10 of development. Closure of 
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Figure 2.3 ● Third week of human development. Dorsal surface of the 
embryonic disc of a human embryo of 16 days with a visible primitive node 
and extending from it, the notochordal process. (Source: Adapted from 
O’Rahilly, 1973.)



22 ● ● ● CHAPTER 2

the neural tube begins at rhombencephalic or upper cervical 
levels, or both, but soon is identifiable in several sites. 
Consequently, this process does not occur in a zipper‐like 
manner proceeding rostrally and caudally as has often been 
described. By the end of this stage, the neural tube extends 
from the rhombencephalon (hindbrain) in the otic disc (ros
trally) to the latest‐formed somite (caudally). At its rostral 
and caudal ends, the neural tube remains open (Fig. 2.6H). 
The neural groove now becomes the floor of the neural tube. 
The process of neural tube formation is termed primary neu-
rulation. Three main divisions of the brain appear in the 
neural folds before the formation of the neural tube or any of 
its parts. During this stage, the rhombencephalon shows 

four rhombomeres (Rh.A, Rh.B, Rh.C, and Rh.D). Brain and 
spinal cord malformations occurring during the process of 
primary neurulation are neural tube defects.

2.4.2 Rostral and caudal neuropores open

Large areas at the ends of the newly formed neural tube 
remain open. These slits diminish to become rostral and cau-
dal neuropores, respectively (Fig.  2.6D). Primary neurula
tion coincides with embryonic elongation and elevation of 
the cranial part of the neural folds. The upper two‐thirds of 
the embryonic neural tube appear more advanced than the 
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Figure 2.4 ● Third and fourth weeks of human development. 
(A, B, C) Transverse sections of human embryos at stages 8, 9, 
and 10, respectively, showing the formation of the neural tube. 
(Source: Adapted from O’Rahilly and Müller, 1999.) (D) Dorsal 
view of a human embryo of 20 days. (Source: Adapted from 
Ingalls, 1920.) (E) Left lateral view of the embryo in (D), 
showing the three primary brain regions in the rostral half of 
the neural folds and the otic region. (Source: Adapted from 
Bartelmez and Evans, 1926.)
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Figure 2.5 ● Fourth week of human development. A 
median section of a human embryo of 28 days showing the 
cervical flexure (double arrows) at the junction of the 
rhombencephalon with the spinal cord. A single arrow 
indicates the region of the mesencephalic flexure. Future 
sites of the trigeminal, facial, glossopharyngeal, and the 
accessory‐vagal ganglia are present. (Source: Adapted from 
Streeter, 1945.)
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caudal third. Two subdivisions of the forebrain, the telen
cephalon medium and the diencephalon, become 
 recognizable10. The diencephalon begins to show the optic 
sulcus and optic primordium, first signs of a developing 
eye10. The wall of the neural tube is about the same thickness 
throughout its extent. A mesencephalic flexure, having made 
its appearance earlier9, is present in all embryos at this time.

2.4.3 Neural crest cells emerge

During primary neurulation, a very rapid event, the neural 
tube separates from surface ectoderm. In embryos of about 
3½ weeks10, neural crest cells emerge from a wedge‐shaped 
area in the dorsolateral edge of the neural tube, at 

mesencephalic and rhombencephalic levels, and migrate 
ventro laterally reaching either side of the neural tube. 
Neural crest cells are “self‐renewing pluripotential stem 
cells that exhibit extensive migratory capacities” according 
to Kalyani and Rao (1998). The neural crest cells (Fig. 2.6E, 
F, G) in this  location lie on the dorsolateral aspect of the 
neural tube as part of a column of neurectodermal cells that 
extends from the mesencephalon (future midbrain) to the 
caudal neuropore. The neural crest has cranial [V, VII, IX, 
X/XI, XII], cardiac, and truncal constituents (Müller and 
O’Rahilly, 2011). They form cranial, spinal, autonomic 
nerves, their ganglia, and supporting cells (the human ves
tibular and cochlear ganglia arise from neural crest cells 
given off from the wall of the otic  vesicle). The leptomenin
ges, which form part of the coverings of the brain and 
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Figure 2.6 ● Fourth week of human development. (A, B, C, D) Dorsal aspect of human embryos of 22 days showing successive steps in the fusion of the neural folds 
forming the neural tube. (Source: Adapted from Heuser and Corner, 1957.). (E, F, G) Transverse sections of a human embryo of 22 days depicting the emergence of cells of 
neural crest from the lateral edge of the neural folds. (H) Dorsal surface of a human embryo of 24 days with a closed rostral neuropore (Source: Adapted from Streeter, 1942.)
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spinal cord, especially the pia mater, originate from the 
neural crest. The neural crest contributes to the  formation 
of cartilage and bone in the head, smooth muscle, melano
cytes (in skin, hair, and iris of the eyes), and neurosecretory 
cells. Evidence exists that the neural crest plays a major 
role in facial development, including the cartilaginous 
skull and adjacent loose connective tissue of the face. A 
 common cellular origin from ectoderm of the neural folds 
provides a basis for this correlation.

Neural crest syndrome

An apparent abnormality thought to occur in the differentia
tion of neural crest in humans is a nearly complete and hypo
thetically predictable neural crest syndrome. In such 
instances, there is autonomic and sensory impairment, 
meningeal thickening and cavitation, and other clinical 
abnormalities. Other related conditions arise from the abnor
mal development of neural crest cells or from defects in the 
migration, growth, and differentiation of these cells.

2.4.4 Neural canal – the future 
ventricular system

The neural tube determines the form of the embryo at this 
time. The central core of this hollow tube, the neural canal, 
will eventually become the fluid‐filled ventricular system of 
the brain and the central canal of the spinal cord. The neural 
tube forms the entire central nervous system (CNS) or brain 
and spinal cord. The adult CNS, therefore, is a hollow tube 
with well‐developed walls connected by peripheral nerves 
with various parts of the body.

2.4.5 Neuropores close and neural  
tube forms

The rostral (or cephalic) neuropore of the neural tube closes 
during the fourth week11 when 13–20 pairs of somites are 
present. Consequently, there is no communication rostrally 
between the amniotic cavity and the ventricular system. The 
caudal neuropore gradually closes before 4½12 weeks at the 
level of future somite 31 corresponding to the second sacral 
vertebral level. At this level, the closed neural tube extends 
into neural tissue laid down as a neural cord and derived 
from pluripotent mesenchyme. This process is termed sec-
ondary neurulation.

Also during the fourth week of development, the closed 
neural tube separates from the surface ectoderm13. Secondary 
neuromeres appear before10–11 and after12–14 closure of the neu
ral tube. The continuous cavity of the neural tube constitutes 
the future central canal of the spinal cord and early ventricular 
cavity of the brain. The closed neural tube fills with a protein‐
rich ependymal fluid, presumably produced by cells that line 
the ventricular system. Cells of the choroid plexus will not 
appear for another 2 weeks. [The choroid plexus is a 

specialized part of the ventricular system responsible for 
secreting cerebrospinal fluid (CSF) that eventually fills the ven
tricular system.] As the rostral part of the neural tube fills with 
fluid, it expands, widens, and undergoes rostrocaudal enlarge
ment before the choroid plexus appears. As the dorsal aspect of 
the embryo fills out, the embryo assumes a C‐shape with the 
head bent towards the heart and the caudal part of the trunk 
bent towards the anterior surface of the body. The embryo 
maintains this C‐shape throughout the remaining embryonic 
period. Neural crest cells continue to emerge from the rostral 
part of the neural tube. After formation of a completely closed 
neural tube and its separation from the ectoderm, the initial 
formation of a blood vascular supply to the neural tube begins 
closely investing the surface of the neural tube.

Despite these events and the growth that has taken place 
during the first 4 weeks of development, the brain volume is 
only about 0.003 ml and the embryo is 4–6 mm long. Arm 
and leg buds are visible at this time. The neural tube has an 
advanced and enlarged rostral end (the future brain) and an 
attenuated, immature, and elongated caudal end (the future 
spinal cord).

2.4.6 Cervical flexure present

The CNS is still the primary determinant of embryonic form 
with the outer contour of the neural tube the same as that of the 
embryo. Embryos at this stage have a more rostrally located 
mesencephalic flexure (Fig.  2.5, single arrow) and a second 
flexure, the cervical flexure, more caudally located at the 
rhombencephalic‐spinal junction (Fig. 2.5, double arrows). The 
neural tube has areas of decreased cellular proliferation that 
appear as ridges or grooves. These bulges or cranial ganglia 
(Fig. 2.5) constitute reliable landmarks corresponding to future 
sites of the fifth, seventh, eighth, ninth, and tenth cranial 
nerves. The retina, its pigment layer, and a plate of ectoderm 
that will become the lens are evident at this time.

2.5 FIFTH WEEK

2.5.1 Simple tube, complex transformation

In the fifth week, a simple tubular structure transforms into a 
complex organ system. Beginnings of basic functional areas 
are established, major regions are distinguishable, and new 
areas in these regions appear. All this developmental activity 
reflects early brain specialization. In the many weeks before 
birth and continuing to the time that the adult brain devel
ops, the forebrain grows at a faster rate than the remaining 
nervous system.

2.5.2 Five subdivisions of the brain appear

In the fifth week of development, there is continued prolif
eration and enlargement of cells particularly in the rostral 
two‐thirds of the neural tube. Three main divisions of the 
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brain (Fig.  2.4E), evident in the neural folds during the 
third week of development9, are transformed into five 
 subdivisions of the brain (Fig.  2.7). The prosencephalon 
(forebrain) has differentiated into two subdivisions: the 
telencephalon and diencephalon are clearly distinguisha
ble in the fourth week10. The mesencephalon undergoes 
slight change and remains as the midbrain, still distin
guished by the mesencephalic flexure. The rhombencepha-
lon (hindbrain) transforms into the metencephalon (pons 
and cerebellum13,14) and myelencephalon (medulla 
oblongata).

Neurons of the trochlear nucleus that give rise to the 
trochlear nerve [IV] are derived from the relatively  narrow 
part of the neural tube at the junction between the mid
brain and the rhombencephalon known as the isthmus 
rhombencephali – an independent part of the brain during 
development and in the adult. While it contains nuclei 
and intramural and commissural fibers of the trochlear 
nerves, it also participates in the formation of the superior 
 medullary velum dorsally. Its basal part contains cerebel
lar tracts.

Each of these five subdivisions of the brain (telencepha
lon, diencephalon, midbrain, pons, and medulla oblon
gata)15 that can be discerned at 5 weeks has a fluid‐filled 
cavity continuous with the adjacent region and with the 
neural canal of the future spinal cord. The telencephalon, 
recognizable as the future cerebral hemispheres15, is asso
ciated with the lateral ventricles and rostral part of the 
third ventricle, the diencephalon is associated with the 
middle and posterior parts of the third ventricle, and the 
midbrain is associated with the aqueduct. Associated with 
the pons and medulla is the fourth ventricle and rostral 
part of the central canal. The aqueduct, about 1 cm in 
length, connects the third ventricle with the fourth ventri
cle. By growth and expansion of the walls of these five 
subdivisions identifiable during the fifth week of develop
ment15, the adult brain develops. These five subdivisions 
have similar relations and comparable functions in birds, 

fish, mammals (humans, dogs, elephants, and dolphins), 
amphibians, and reptiles.

2.5.3 Brain vesicles versus brain regions

The concept of three brain vesicles arising from studies of 
the developing chick is not applicable to human develop
ment. Superficial to the mesencephalon in the chick are 
paired optic lobes. Comparable structures in mammals, 
the superior (optic) colliculi, are barely larger than the 
inferior (auditory) colliculi. In order to utilize the chick 
nervous system as a model for the mammalian nervous 
system, one has to embrace the concept that the avian optic 
lobes represent a mesencephalic vesicle. Accepting this 
interpretation leads to the misinformed concept of three 
symmetrical vesicles. Although easy to describe and draw, 
such an interpretation is a misunderstanding of events. In 
humans, neural tube formation and closure take place 
without ever having gone through a three‐vesicle stage. 
Although appealing, the concept of three brain vesicles is 
incompatible with events that occur in early human 
development.

Three main divisions of the brain occur during the third 
week of development9 as enlargements of the neural folds 
long before the neural tube closes (completed after the cau
dal neuropore closes during the fourth week12). Table  2.2 
summarizes the divisions of the neural tube and their adult 
derivatives. It also indicates the associated ventricular cavity 
with each of the adult derivatives. The remaining chapters 
cover the structure and certain aspects of the function of 
these adult derivatives.

The brain volume at birth is 27% of the adult value even 
though almost all neurons have formed. By the end of the 
first postnatal year, the brain volume is about 75% of the 
adult value. The increase in brain volume results from 
increases in (1) neuronal size, (2) extent of their dendritic 
tree, (3) axonal length and number of axonal collaterals, 
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Figure 2.7 ● Additional development of the human brain. Lateral view of the brain at about 52 days. (Source: Adapted from O’Rahilly and Gardner, 1971.)
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(4)  formation of myelin layers about individual axons, and 
(5) the number of neuroglial cells and blood vessels.

2.6 VULNERABILITY OF THE DEVELOPING 
NERVOUS SYSTEM
Growth and differentiation of the nervous system take place 
over a prolonged period and involve many different events, 
leaving the brain susceptible to a multitude of injurious agents 
and conditions. Several sensitive developmental periods occur 
when the nervous system is vulnerable to injury. Before ferti
lization occurs, developmental disorders caused by genetic or 
chromosomal alterations may occur in the initial oocyte or sper
matozoon. After fertilization and before implantation (during 
the second week of development), problems of maternal 
metabolism (iodine deficiency, uncontrolled insulin‐dependent 
diabetes, and phenylketonuria) can affect development. After 
implantation and throughout the embryonic period, acute 
 starvation or chronic dietary deficiency in the mother (micro
nutrients) can dramatically influence development.

In the fetal period, developmental vulnerability is asso
ciated with global nutrients consisting primarily of caloric 
intake in the diet. Poor maternal nutrition has a clear and 
substantial effect on birth weight and also length and head 
circumference. Low birth weight often gives rise to neuro
logical impairment and intellectual disability. Exposure 
to  toxins and other harmful agents may also injure the 
developing nervous system. Alcohol‐related birth defects 
(ARBDs) result from maternal alcohol exposure, defined as 
a pattern of excessive alcohol intake characterized by 

substantial, regular intake or by heavy episodic (“binge”) 
drinking (Maier and West, 2001). Children of mothers who 
drink in pregnancy are often born with physical and behav
ioral abnormalities because alcohol readily passes through 
the placenta to the developing fetus. Fetal alcohol syndrome 
(FAS) is an umbrella term for the resulting abnormalities, 
including head and facial deformities, intellectual disabil
ity, and growth deficiency with brain damage. The severity 
of damage depends on the quantity of alcohol consumed 
and the length of time of the alcohol ingestion. If the mother 
continues to drink after the baby is born, alcohol readily 
enters breast milk and can then pass to the nursing infant.

Maternal smoking likely represents the single most 
important developmental neurotoxicant in humans. Over 
700 000 children exposed in utero to tobacco smoke are born 
in the United States each year. Maternal smoking directly 
affects the mother, starting before pregnancy occurs and per
sisting throughout pregnancy. It also affects the fetus, lead
ing to intrauterine growth retardation, low birth weight, 
adverse behavioral outcomes, learning disabilities, cognitive 
deficits, and hyperactivity in addition to perinatal mortality. 
The effect of second‐hand smoke exposure extends into the 
period of postnatal brain development. At the cellular level, 
nicotine is a neuroteratogen that leads to abnormalities of 
neuronal proliferation and differentiation with a loss of neu
rons, further compromising synaptic function.

Physical trauma or placental failure in labor and deliv
ery can cause severe anoxia, resulting in serious insult 
to  the developing fetal brain, leading to neurological 
 damage. Newborns, no longer protected by the security of 

Table 2.2 ● Divisions of the neural tube and derivatives.

Three major divisions 
of the brain

Five major subdivisions 
of the brain Further subdivisions Associated cavities

3 weeks 5 weeks Embryonic period

Prosencephalon  
(forebrain)

Telencephalon Telencephalon medium  
Cerebral hemispheres  
Caudate and putamen 
Rhinencephalon

Lateral ventricles and rostral part 
of third ventricle

Diencephalon Epithalamus  
Dorsal thalamus  
Hypothalamus  
Subthalamusa

Ventral thalamusa

Middle and caudal parts of third 
ventricle

Mesencephalon
(midbrain)

Mesencephalon Midbrain Aqueduct

Rhombencephalon
(hindbrain)

Metencephalon Cerebellum
Pons

Fourth ventricle

Myelencephalon Medulla oblongata Fourth ventricle and central canal

Area of future spinal cord Spinal cord
(medulla spinalis)

Spinal cord Central canal

a Although there are five subdivisions of the diencephalon identifiable in the embryonic period, in the fetal period the ventral thalamus becomes so reduced that the dorsal thalamus 
becomes directly adjacent to the subthalamus. In the adult brain, the term ventral thalamus is generally regarded as synonymous with the subthalamus.
Source: Adapted from O’Rahilly and Müller (2001, 2006).
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maternal membranes, are vulnerable to infections and meta
bolic disorders. With further growth, maturation, and myeli
nation extending into the second year, the developing 
nervous system continues to remain vulnerable to injury.

2.7 CONGENITAL MALFORMATIONS 
OF THE NERVOUS SYSTEM
The term congenital malformation refers to structural abnor
malities existing at birth. About 3% of newborns have congenital 
malformations. About 10% of all such malformations involve the 
CNS (occurring at an average rate of 80–100 per 10 000 births), 
causing considerable infant morbidity and mortality. Most CNS 
malformations arise during the third through the fifth week of 
development; about half are detectable at birth. Genetic trans
mission is the reason for such defects, though discrete environ
mental agents such as drugs and chemicals, infections, metabolic 
disturbances, and ionizing radiation also play a role. In about 
two‐thirds of such malformations, the specific cause is unclear.

2.7.1 Spinal dysraphism

All forms of developmental malformations occurring in the 
median plane of the back are termed spinal dysraphism. This 
term refers to the defective fusion or closure of the neural tube. 
Dysraphia may involve skin, muscles, bones, blood vessels, 

and the brain or spinal cord. These conditions are clinically 
significant when they compress or stretch the spinal cord or 
spinal roots. Spina bifida (rachischisis), the most common 
CNS malformation, refers to a limited cranial or spinal defect. 
Two forms of spina bifida, spina bifida occulta and spina 
bifida cystica, collectively make up about 15% of all develop
mental malformations and about 50% of all CNS malforma
tions. The rate of spina bifida in the United States in 2002 was 
20.13 per 100 000 live births. Faulty closure in the median 
plane in the cerebral region is termed cerebral dysraphism.

Spina bifida occulta

Spina bifida occulta (Fig. 2.8B) is a form of spina bifida in 
which there is a bony spinal defect superficial to a normal 
spinal cord. The cord and its coverings remain in position 
but there is an abnormality of certain mesodermal elements 
surrounding the neural tube. Cleavage in one or more verte
bral arches covered by soft tissue and intact skin makes the 
defect invisible on the surface but identifiable using radiog
raphy, ultrasound, or magnetic resonance imaging. Spinal 
cord and spinal roots may adhere to the outermost menin
geal layer surrounding the spinal cord and attach to the skin 
by means of fibrous connections. These attachments bind 
the spinal cord and its roots in a fixed position, preventing 
them from moving in the vertebral canal during growth of 
the vertebral column and cord. Such a condition is termed a 
tethered cord. Owing to the differential growth rates of the 
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Figure 2.8 ● (A) Horizontal section of the human spinal cord in 
the vertebral canal showing the meningeal coverings and the 
dorsal and ventral roots. (B) Spina bifida occulta. (C) Meningocele. 
(D) Myelomeningocele.
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vertebral column and the spinal cord, considerable tension 
and traction on the slower growing spinal cord and spinal 
roots result, leading to neurological deficits that accompany 
spina bifida occulta.

Spina bifida cystica

In this serious form of spina bifida (Fig. 2.8), membranes sur
rounding the spinal cord herniate through a bony defect in 
one or more vertebral arches. In such instances, there is usu
ally a translucent blue or bluish white sac protruding into or 
through the overlying skin. If only the meninges are involved 
in the cyst and if the cord remains in the normal position, the 
condition is termed a meningocele (Fig. 2.8C). Normally no 
significant loss of neurological function occurs in infants 
with meningocele. If parts of the spinal cord and spinal roots 
are in the meningeal sac, then the term myelomeningocele 
is  used (Fig.  2.8D). The frequency of this malformation is 
approximately 1 in 1200–1400 live births affecting 6000–11 000 
newborns in the United States each year. Myelomeningocele 
appears to be second only to cerebral palsy as a cause of 
chronic locomotor disability in children. If no meningeal sac 
is evident but the spinal cord and spinal roots are evident on 
the surface, then the term myelocele is used.

About 80% of those with myelomeningocele also have 
hydrocephaly (an increase in CSF in the brain ventricles). 
Since the total volume of CSF in the ventricles is about 
140 ml, and since the normal daily production is about 700 ml 
of this fluid, faulty absorption or the obstruction of CSF may 
result in the accumulation of fluid that dilates the ventricles. 
Accompanying this expansion of the ventricles is often thin
ning of the brain and separation of the bones of the skull at 
the suture lines.

If the neural plate in the spinal region fails to form a 
closed neural tube (neurulation defect), neural tissue is 
exposed to the surface (open defect), a condition called 
myeloschisis. The presence of an incompletely formed spinal 
cord in a membranous sac usually leads to severe signs and 
symptoms such as muscle weakness, bowel and bladder dis
turbances, and a variable degree of  sensory loss.

2.7.2 Anencephaly

Another neural tube defect is anencephaly, in which the ros
tral neuropore does not close, resulting in partial or total 
brain absence and obvious defects of the skull (cranioschi
sis). The term anencephalus refers to a person afflicted with 
anencephaly. All bones of the calvaria are present but some 
are small fragments in abnormal positions. There may be an 
accompanying spina bifida. Anencephaly (Fig. 2.9) is a con
spicuous malformation that is incompatible with life. The 
rate of anencephaly in the United States in 2002 was 9.55 per 
100 000 live births. In this malformation, the eyes bulge and 
the vault of the skull and brain are no longer evident. Rather, 
there remains a spongy, vascular mass called the area cere-
brovasculosa, into which proximal parts of the cranial nerves 

disappear. The amount of brain that remains is difficult to 
determine. The rostral part of the neural groove probably 
fails to close in anencephaly. Prolonged exposure of neural 
tissue to harmful excretory substances in amniotic fluid may 
result in degeneration of the brain. Although anencephaly 
may occur early in development, no instance of this malfor
mation has been reported in the literature before approxi
mately 32 postfertilizational days13 (during the fifth week of 
development).

Spina bifida, anencephaly, and hydrocephaly, alone or in 
combination, encompass over 90% of all congenital malfor
mations of the nervous system, and nearly one‐third of all 
major congenital malformations that are recognizable at or 
shortly after birth. Most deaths attributable to CNS malfor
mations occur in infants in the first year of life, with a 
reported incidence in the United States of at least 94 deaths 
per 100 000 individuals under 1 year of age.

2.7.3 Microcephaly

Microcephaly is a rare neurological condition in which the 
circumference of the head is smaller than normal compared 
with children of the same age and sex; this clinical finding 
infers that an individual also has a significant diminution of 
brain volume (Woods, 2004). Many different genetic causes 
or environmental insults to the brain during the prenatal, 
perinatal, or early postnatal period can lead to microcephaly. 

(A)

(B)

Figure 2.9 ● Anencephaly: (A) anterior and (B) lateral views. A spongy, 
vascular mass replaces the vault of the skull and the brain in anencephaly.
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The genetic forms of microcephaly had been under particu
larly intense study in recent years (Mochida, 2009). However, 
a widespread epidemic of infection due to the Zika virus 
took place in 2015 in South and Central America and the 
Caribbean. A major concern associated with this infection is 
the resultant increased incidence of microcephaly in fetuses 
born to mothers infected with Zika (Mlakar et  al., 2016). 
Babies may also be born with microcephaly if their mother 
abused drugs or alcohol during her pregnancy, became 
infected with a cytomegalovirus, rubella, or varicella virus, 
was exposed to certain toxic chemicals, or had untreated 
phenylketonuria (PKU).

Microcephaly is associated with Down syndrome, chro
mosomal syndromes, and neurometabolic syndromes. With 
viral‐induced brain injury, such as with the Zika virus, there 
is often widespread tissue and cell death, leading to brain 
shrinkage rather than simply impaired growth. The Zika 
virus is also associated with retinal lesions in about one‐third 
of cases, often leading to blindness. Depending on the sever
ity of the accompanying syndrome, children with micro
cephaly may have impaired cognitive development, delayed 
motor functions and speech, facial distortions, dwarfism or 
short stature, hyperactivity, seizures, difficulties with coordi
nation and balance, and other brain or neurological abnor
malities (NINDS, 2016).
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One should not assume that the spinal cord need not exist, nor that it would be 
preferable to have it located elsewhere than in the spine, nor, having been located in 
the spine that it was more protected from injuries than it actually is. For if the 
marrow did not wholly exist, one of two things would result: either all the parts of 
the animal located below the head would be completely deprived of movement, or it 
would be absolutely necessary that a nerve descend directly from the brain to 
each part.

Galen (ca 130–200)
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C H A P t e r  3

The Spinal Cord

3.1 eMBrYOLOGICAL CONSIDerAtIONS
In the third week of human development, three main divisions 
of the brain and the future spinal cord are distinguishable in 
the neural folds. Shortly thereafter, during the fourth week, the 
neural tube begins to form. The external surface of the future 
spinal cord at this time is smooth and shows no evidence of 
segmentation (Fig. 3.1). The broader rostral part of this closed 
tubular structure becomes the adult brain and brain stem and 
its long caudal part becomes the adult spinal cord.

If one examines the internal structure of the recently closed 
neural tube in the spinal cord region, a uniform arrangement 
of cells is apparent at all levels (Fig. 3.1A and B). Cells along 
the border of the neural canal (Fig.  3.1B) show numerous 

mitotic figures indicative of their intense proliferative activity. 
Cells formed in this layer migrate out to the surface of the 
neural tube, increasing the bulk of the spinal cord wall and 
giving rise to additional layers of cells. The neural canal in the 
developing spinal cord becomes the central canal of the adult 
spinal cord. As such, the central canal is a caudal continuation 
of the ventricular system of the brain stem (fourth ventricle).

3.1.1 Layers of the developing spinal cord

By the end of the fourth week, the spinal cord wall has several 
cellular layers (Fig. 3.2). A proliferating bed of cells along the 
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edge of the neural canal, the ependymal layer (Fig. 3.2A), is 
the primary source of all spinal cord neurons and most 
neuroglial cells. Near the surface of the developing cord is 
a narrow marginal layer (Fig.  3.2A) that lacks neurons. 
Between the ependymal and marginal layers is the ever‐
expanding mantle layer (Fig. 3.2A). At the end of this fourth 
week, new cells from the ependymal layer called neuro-
blasts, with processes emerging ventrolaterally from the 
cord, are identifiable. By continued growth and expansion 
of the walls of the spinal cord, the central canal elongates 
and a distinct sulcus limitans (Fig. 3.2B) appears along the 
ventricular surface on both sides of the central canal. At the 
beginning of the fifth week, the sulcus limitans is observa-
ble (Fig. 3.2B).

3.1.2 Formation of ventral gray columns 
and ventral roots

Dividing the spinal cord wall into the alar (dorsal) and basal 
(ventral) laminae (Figs 3.2B and 3.3) is the sulcus limitans. 
Proliferation and migration of neuroblasts into the basal 
lamina cause a definitive ventral gray column that forms the 
ventral horn of the adult spinal cord (Fig.  3.3B). Because 
these neuronal populations have a longitudinal arrangement 
that parallels the long axis of the spinal cord, they are termed 

gray columns. Longitudinally oriented fiber bundles in the 
spinal cord are often termed white columns. Hence the use 
of the term “column” is often confusing. The term funiculi is 
a better term for the longitudinally oriented fiber bundles of 
the spinal cord, with the term column best reserved for lon-
gitudinally oriented neuronal populations. Axons of neurons 
in the ventral horns emerge from the cord, form ventral roots, 
and contribute to the formation of spinal nerves. The spinal 
nerves enter skeletal muscles of the trunk and limbs and 
make contact with them at neuromuscular junctions at about 
10 weeks of prenatal age.

3.1.3 Formation of dorsal gray columns

Proliferation and aggregation of neuroblasts in the dorsal 
lamina lead to the formation of the sensory dorsal gray 
column that forms the dorsal horn of the adult cord 
(Fig. 3.3B). Spinal ganglionic cells in the intervertebral fora-
men have central processes that synapse with neurons of 
the dorsal horn.

Neural
crest cells

Neural
tube

Neural
canal

(A)

(B)

Figure 3.1 ● External surface of the neural tube at about 24 days. The spinal 
neural tube has smooth contours and shows no evidence of segmentation. (A) 
Transverse section of the rostral end of the cord more advanced and definitely 
larger than (B), a section of the lower end of the cord. In both sections, the 
spinal cord shows a uniform arrangement of cells. In (A) the cells of neural 
crest have detached from the lateral edge of the neural tube. (Source: Adapted 
from Streeter, 1942.)
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Figure 3.2 ● (A) Transverse section of the human cord at the end of the 
fourth week of development. Its wall has several cellular zones. (Source: 
Adapted from Sensenig, 1951.) (B) With continued growth, the central canal 
changes shape and a distinct sulcus limitans appears dividing the cord wall 
into alar and basal laminae. (Source: Adapted from Sensenig, 1957.)
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3.1.4 Dorsal and ventral horns versus dorsal 
and ventral gray columns

The development of the dorsal and ventral laminae results 
in the formation of the dorsal and ventral gray columns of 
the adult cord and leads to an H‐shaped configuration of the 
spinal gray matter characteristic of all levels of the spinal 
cord (Fig. 3.4). When viewed in transverse section, the dorsal 
and ventral gray columns are termed the dorsal and ventral 
horns (Fig. 3.3B). As the dorsal and ventral columns grow, 
the elongated central canal becomes a slit‐like structure 
(Fig. 3.3B). Growth of the right and left alar and basal lami-
nae toward the median plane indents the dorsal surface of 
the adult cord with a dorsal median septum (Fig. 3.3B) and 
the ventral surface of the cord with a ventral median fissure 
(Fig.  3.3B). Both are visible on the external surface of the 
adult cord.

3.1.5 Development of neural crest cells

During neural tube formation, cells from the lateral edge of 
the neural folds emerge and migrate to a position on either 
side of the neural tube. These neural crest cells (Fig. 3.1A) 

are transitory, pluripotential cells endowed with extensive 
migratory capabilities. They form cranial, spinal, and auto-
nomic nerves, their ganglia, and associated supportive 
cells. The human vestibular and cochlear ganglia, however, 
arise from neural crest cells given off from the wall of the 
otic vesicle. The leptomeninges, especially the pia mater, 
which are part of the coverings of the brain and spinal 
cord, are from neural crest. Neural crest contributes to the 
formation of the cartilaginous skull, adjacent loose connec-
tive tissue, melanocytes in the skin, hair, and iris of the eye, 
and neurosecretory cells. Spinal ganglia initially appear as 
aggregations of neurons dorsolateral to the spinal cord 
(Figs 3.2 and 3.3). Central processes of the spinal gangli-
onic neurons collectively form dorsal roots (Fig. 3.3B) that 
pass to the alar lamina and synapse with dorsal horn 
neurons. Peripheral processes of the spinal ganglionic cells 
contribute to the formation of spinal nerves (Fig.  3.3B). 
Peripheral processes of neural crest‐derived spinal gangli-
onic neurons travel in and contribute to the formation of 
spinal nerves. They transmit impulses from peripheral 
receptors to the spinal cord where such impulses may then 
enter the CNS. Each spinal nerve has a spinal ganglion 
with the possible exceptions of the first cervical nerve and 
the coccygeal nerve.
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(A)
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Figure 3.3 ● (A) Transverse section of the human 
spinal cord at about 52 days. (Source: Adapted from 
Sensenig, 1951.) Migration of neuroblasts into the 
alar and basal laminar areas foreshadows the adult 
condition shown in (B). Definitive dorsal and ventral 
horns occur at the level of the cervical enlargement. 
Axons of these ventral horn neurons form the ventral 
root filaments that contribute to the formation of a 
spinal nerve. Dorsal horn neurons receive fibers from 
spinal ganglionic cells.



34 ● ● ● CHAPter 3

3.1.6 Framework of the adult cord is present 
at birth

Neuronal cell bodies in the ventral horns send processes 
ventrolaterally from the cord to form the ventral roots. Spinal 
ganglionic neurons send processes into the cord by way of 

the dorsal roots, where many of these incoming fibers 
synapse with neurons in the dorsal horns. Sir Charles Bell 
(1811) provided anatomical evidence that the ventral roots 
were primarily efferent or motor in function, whereas Francois 
Magendie (1822) established this fact in living animals, 
observing that the dorsal root fibers are essentially sensory in 
function. The concept that the dorsal roots are essentially 
afferent and the ventral roots essentially efferent is often 
termed the Bell–Magendie law. Peripheral processes of the 
spinal ganglionic neurons that form the dorsal roots join with 
ventral root filaments to form a typical spinal nerve (Fig. 3.5).

3.2 GrOSS ANAtOMY

3.2.1 Spinal cord weight and length

A fresh spinal cord in adult humans weighs about 28.3 g 
(range 23.5–35.8 g) and accounts for 2.06% of the weight of 
the CNS. A fresh brain weighing approximately 1400 g has a 
spinal cord weighing under 30 g. The spinal cord length 
measures 43.1 cm (range 40.7–47.9 cm), with the adult male 
spinal cord (44.8 cm) slightly longer than the adult female 
cord (41.8 cm).

3.2.2 Spinal segments, regions, 
and enlargements

The spinal cord is a thick, tubular structure with two enlarge-
ments, five regions, 31 segments, and 31 pairs of nerves. That 
part of the cord to which the dorsal and ventral roots of any 
one pair of spinal nerves attach is a spinal segment (Fig. 3.5). 
Since the adult spinal cord has 31 pairs of spinal nerves 
(Fig. 3.6), there are also 31 spinal segments. Based on these 
segments, the human spinal cord is divisible into five distinct 
regions  –  cervical, thoracic, lumbar, sacral, and coccygeal. 
Each cervical region has eight segments and eight pairs of 
nerves, the thoracic region 12 segments and an equal num-
ber of pairs of nerves, the lumbar and sacral regions each 
have five segments and five pairs of nerves, and the coccy-
geal region has one to three vestigial segments and a similar 
number of pairs of nerves. A cervical enlargement (C4 to T1) 
is at the level of origin of those ventral roots contributing to 
the formation of the brachial plexus and innervating the 
upper limb (Fig. 3.6). A lumbosacral enlargement (L2 to S3) 
is at the level of origin of those ventral roots contributing to 
the formation of the lumbosacral plexus and innervating the 
lower limb (Fig. 3.6).

3.2.3 Spinal segments in each region 
are of unequal length

A cervical segment averages 12 mm in length (range  
7.2–14.3 mm), a thoracic segment 21 mm (range 12.8–25 mm), a 
lumbar segment 12.3 mm, and a sacral segment 7 mm (range 
4.7–8.4 mm). The cervical cord region accounts for 22% of 
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Figure 3.4 ● Transverse sections of different spinal levels in humans 
showing the characteristic appearance of the gray and white matter. 
(Source: Adapted from Gray, 1973.)
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the length of the cord, the thoracic region about 56%, and the 
lumbar region about 14%, with 8% of the length of the cord 
composed of the sacral and coccygeal regions. Consequently, 
the thoracic region has more segments and is the longest, 
heaviest, and largest region by volume.

3.2.4 Conus medullaris, filum terminale, 
and cauda equina

The vertebral column extends from the base of the skull 
down to the tip of the coccyx. It protects the spinal cord, 
supports the weight of body, and transmits that weight to the 
pelvis and lower limbs. The spinal cord gently tapers to end 
caudally in a cone‐shaped region, the conus medullaris 
(Figs 3.6 and 3.7). The apex of the conus is the caudal end of 
the spinal cord. A fibrocellular strand of non‐neural tissue, 
the filum terminale (Fig. 3.7), descends from the apex of the 
conus and anchors the conus to the coccyx. In the second 
month of intrauterine development, the spinal cord is almost 
equal in length to the surrounding vertebral column. At 
about the third prenatal month, the vertebral column begins 
to grow faster than the spinal cord, causing the cord to end 
opposite the caudal margin of the second lumbar vertebra at 
birth. Such a differential rate of growth continues after 
birth and leads to an adult cord about one‐third shorter than 
the vertebral column. The resulting discrepancy between the 
spinal segments and the corresponding vertebrae is clinically 
significant. Because of the disparity in length of the spinal 
cord and the vertebral column, the lowermost roots extend 
beyond the caudal tip of the spinal cord as a bundle of fibers. 
Collectively, this bundle of fibers is termed the cauda equina 
(Fig. 3.7). The cauda equina have an important relationship 
with the conus, filum, and appropriate vertebrae (Fig. 3.7). 
The inferior roots forming the adult sacral spinal nerves 
often achieve a length of more than 20 cm.

3.2.5 Termination of the adult spinal cord

The spinal cord ends in adults opposite the intervertebral 
disk between the first and second lumbar vertebrae (Figs. 3.6 
and 3.7) with a normal range of variation between the last 
thoracic and the third lumbar vertebrae. The adult spinal 
cord reaches its level of termination about 8 weeks after 
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SegmentFigure 3.5 ● An individual human spinal 
segment showing the formation of a spinal nerve by 
the union of the dorsal and ventral roots. Note the 
presence of the spinal ganglion near the point at 
which the roots join.
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Figure 3.6 ● The human spinal cord in the vertebral canal. Note the 31 pairs 
of spinal nerves and the cervical (C4–T1) and lumbosacral (L2–S3) enlargement 
levels. The cord ends caudally in a cone‐shaped region, the conus medullaris, at 
the level of the intervertebral disc between the first and second lumbar 
vertebrae. Each cervical region has eight segments and eight pairs of nerves, 
the thoracic region 12 segments and an equal number of pairs of nerves, the 
lumbar and sacral regions each have five segments and five pairs of nerves, 
and the coccygeal region has one to three vestigial segments and a similar 
number of pairs of nerves.
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birth, indicating that the vertebral column and the spinal 
cord grow at equal rates in childhood. The overall spinal 
cord length in humans increases 2.7‐fold before reaching its 
adult length of about 18 in (46 cm). In adults, the ratio 
between the length of the cord and the length of the vertebral 
column is 65:100.

3.2.6 Differential rate of growth: vertebral 
column versus the spinal cord

One consequence of the differential rate of growth between 
the vertebral column and the spinal cord is that, as the dorsal 
and ventral roots elongate, they must pass obliquely from 
the cord in order to emerge from the intervertebral foramina. 
One way to appreciate the displacement of the spinal cord 
relative to the vertebral column and its influence on the spi-
nal roots is by examining Fig. 3.8. At the end of the embry-
onic period, the roots of the first sacral nerve, the S1 segment 
of the spinal cord, and the first sacral vertebra are all at the 
same level. The ganglion of the first sacral nerve remains 
fixed in the intervertebral foramen between S1 and S2. As the 
vertebral column grows and lengthens, it takes the first sacral 
ganglion with it. The slower growing cord appears to ascend. 
Thus, the S1 spinal cord segment, initially at the level of the 
first sacral vertebra at 8 weeks of age (Fig.  3.8A), ends up 
opposite the second lumbar vertebra (Fig. 3.8D) at 24 weeks 
with elongated roots of the first sacral nerve. The ganglion of 
the first sacral nerve ends up in the intervertebral foramen 
between S1 and S2. Figure 3.8 also illustrates the change in 
level of the conus medullaris during this period of spinal 
cord and vertebral column growth.
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Figure 3.7 ● Termination of the human spinal cord at the conus medullaris. 
A strand of non‐neural tissue, the filum terminale, descends from the tail of the conus 
and anchors it to the coccygeal vertebrae. Some fibers of the cauda equina are visible. 
The view here is of these fibers projected over the lumbar and sacral vertebrae.
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Figure 3.8 ● Topographical relations at the caudal end of the spinal cord in a series of human fetuses from 2 to 6 months of age (A–D). Note that the spinal 
ganglion of S1 remains fixed in the intervertebral foramen between the first and second sacral vertebrae. As the vertebral column grows, it pulls the S1 spinal 
ganglion with it. Growing at a slower pace, the cord appears to ascend. Initially at the level of the first sacral vertebra, the S1 segment ends up opposite the second 
lumbar vertebra. The dashed line indicates the caudal tip of the spinal cord. (Source: Adapted from Streeter, 1919.)
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3.2.7 Relationship between spinal segments 
and vertebrae

To determine the injured spinal cord level after vertebral 
trauma, it is essential to understand the relation of the spinal 
segments to the bony vertebrae (Fig. 3.6). Cervical segments 
correspond closely to the appropriate cervical vertebrae even 
though there are eight cervical segments and a similar num-
ber of pairs of nerves but only seven cervical vertebrae. 
Thoracic segments and pairs of nerves appear out of position 
relative to the thoracic vertebrae, thus the spinous process of 
vertebra T8 is opposite spinal segment T10. All lumbar seg-
ments align with T11 and T12 vertebrae. Sacral and coccygeal 
segments are level with the first lumbar vertebral body.

3.3 NUCLeAr GrOUPS – GrAY MAtter

3.3.1 General arrangement of spinal cord 
gray matter

The gray matter of the spinal cord is a well‐organized 
population of neurons with a centrally located, H‐shaped 
configuration (Fig. 3.9) surrounded by numerous bundles of 
fibers forming the white matter of the spinal cord. Smaller 
bundles of fibers called funiculi are distinguishable in the 
white matter. The adult spinal cord includes a dorsal funic-
ulus, a ventral funiculus, and a lateral funiculus (Fig.  3.9). 
Connecting right and left halves of the gray matter at all 
spinal levels is a transverse gray commissure with a central 
canal (Fig. 3.9). Each half of the gray matter has dorsal and 
ventral columns arranged in a longitudinal manner parallel-
ing the long axis of the spinal cord. When viewed in transverse 
section, these dorsal and ventral gray columns are termed 
dorsal and ventral horns (Fig. 3.9). Their shape varies from 
one spinal segment to the next (Fig.  3.4), reflecting differ-
ences in the arrangement and size of the nuclear groups 
(neuronal populations) that form the gray columns. In addi-
tion to dorsal and ventral horns, transverse sections of spinal 

segments T1 to L1 or L2 have a lateral horn (Fig. 3.9) formed 
by a longitudinal column of visceral efferent (autonomic) 
neurons that occupies a position lateral and dorsolateral to 
the central canal on either side.

3.3.2 Gray matter at enlargement levels

Because the limbs have more skeletal muscle than the thoracic 
wall, spinal segments that supply the limbs have a much 
larger ventral horn than do those segments that supply 
only trunk musculature (Fig. 3.4). The presence of a greatly 
enlarged ventral horn at limb levels causes grossly visible 
enlargements. The cervical enlargement (C4 to T1) is at the 
level of origin of ventral roots contributing to the formation 
of the brachial plexus and innervating the upper limb. The 
lumbosacral enlargement (L2 to S3) is at the level of origin of 
ventral roots contributing to the formation of the lum-
bosacral plexus and innervating the lower limb (Fig.  3.6). 
The area of skin innervated by sensory fibers is also greater 
at limb levels than at trunk levels. Consequently, more spinal 
ganglionic neurons are available to provide a larger number 
of sensory fibers to this larger area of skin that leads to a 
larger dorsal horn at limb levels.

Nuclear groups of the spinal cord, arranged in longitudi-
nal columns, attain an adult configuration by prenatal week 14. 
The presence or absence of a particular neuronal group 
at a given cord level imparts a distinct appearance to each 
spinal segment. When viewing transverse sections of the 
cord, nuclear groups of the dorsal, ventral, and, when present, 
lateral horn are used to identify a given segment. At certain 
levels, the dorsal horn has four identifiable nuclear groups, 
the lateral horn two, and the ventral horn as many as five 
definable nuclear groups. Such morphological variability is 
a reflection of functional differences. Table  3.1 lists certain 
nuclear groups in the human spinal cord and their approxi-
mate longitudinal extent. The following description presents 
nuclear groups in the human spinal cord as they appear in 
transverse section.

Dorsal
funiculus

Lateral
funiculus

Ventral
funiculus

Central canal in the
gray commissure

Dorsal horn

Lateral horn

Ventral horn

Figure 3.9 ● A transverse section of the human 
spinal cord at the sixth thoracic level. Note the lateral 
horn between the dorsal and ventral horns formed by 
preganglionic sympathetic neurons from T1–L1 or L2 
spinal segments. Also, note the large divisions of the 
white matter.
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3.3.3 Spinal laminae

A scheme of organization of the cat spinal gray matter, called 
spinal laminae (of Rexed), is applicable to the human spinal 
cord (Fig. 3.10). Using the method of Rexed, gray matter of the 
human spinal cord is partitioned into 10 layers or spinal 
laminae designated by Roman numerals I–X (Fig. 3.10). The 
marginal nucleus at the apex of the dorsal horn is spinal 
lamina I, the head of the dorsal horn, corresponding to the sub-
stantia gelatinosa, is spinal lamina II, and the neck of the dorsal 
horn is designated spinal laminae III, IV, and V. The nucleus 
proprius corresponds to spinal laminae III and IV. The base of 
the dorsal horn corresponds to spinal lamina VI and the ven-
tral horn is designated spinal laminae VII–IX. The gray matter 
around the central canal is termed spinal lamina X.

3.3.4 Dorsal horn

The dorsal horn of the spinal cord corresponds to spinal 
lamina I–VI. At the apex of the dorsal horn is the marginal 
nucleus or spinal lamina I. At the head of the dorsal horn, 
extending the length of the spinal cord and being largest at 
limb levels, is the substantia gelatinosa that corresponds to 
spinal lamina II. Beneath the substantia gelatinosa, and in 

the neck of the dorsal horn at all cord regions, is the nucleus 
proprius, corresponding to spinal laminae III and IV. The 
thoracic nucleus, on the medial side of the base of the dorsal 
horn, extends from C7 to L2 spinal levels. Some neurons in 
this nucleus normally have a chromatolytic appearance. The 
secondary visceral gray substance is often difficult to iden-
tify at the base of the dorsal horn, to the lateral side of the 
thoracic nucleus. It extends from T1 to L2 and from S2 to S4 
spinal levels. The secondary visceral substance resembles to 
some extent the substantia gelatinosa.

3.3.5 Intermediate zone

The intermediate zone, found between the dorsal and ventral 
horns, is formed by at least two neuronal groups; an 
intermediolateral nucleus, composed of preganglionic 
sympathetic neurons, extending from T1 to L1 or L2, and a 
sacral parasympathetic nucleus extending from S2 to S4. 
The intermediolateral nucleus forms an extension of gray 
matter lateral to the central canal called the lateral horn. 
Some of these neurons retain a position near the central 
canal as an intermediomedial nucleus. These intermediolat-
eral and the intermediomedial nuclei have neurons of origin 
for the preganglionic fibers of the sympathetic division of the 

table 3.1 ● Certain nuclear groups in the human spinal cord and their approximate longitudinal extents.

Nuclear group type of cells Longitudinal extent

Intermediolateral column Sympathetic neurons From T1 to L1 or L2

Sacral parasympathetic nucleus Parasympathetic nucleus From S2 to S4

Onuf’s nucleus Ventral horn S1, S2, S3

(A)

I
II
III

IV

V

VI

VII

VIII

X

IX

IX
IX

I
II

III

IV

V

VI

VII

VIII
IX

IX
IX

IX

(B)

X

Figure 3.10 ● Two transverse sections of the human 
spinal cord at the level of (A) the first sacral and (B) the 
seventh cervical segments. Roman numerals indicate the 
spinal laminae of Rexed applied to the human spinal cord. 
Spinal lamina X includes the gray matter around the 
central canal. (Source: Adapted from Chambers and 
Liu, 1972.)
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autonomic nervous system. The sacral parasympathetic 
nucleus does not have medial and lateral subdivisions, nor 
does it form a lateral horn. Rather, it lies in an “intermediate” 
position between the dorsal and ventral horns. Preganglionic 
parasympathetic fibers from the sacral parasympathetic 
nucleus travel in the S2 to S4 ventral roots and form the 
pelvic splanchnic nerves before synapsing with postgangli-
onic neurons in, on, or near pelvic structures. Ultimately, 
these postganglionic fibers supply the rectum, urinary blad-
der, erectile tissue of the penis or clitoris, the testes or ovaries, 
uterus, uterine tubes, and parts of the large intestine from 
the splenic flexure to the anus. These parasympathetic fibers 
enable urinary detrusor contraction, trigone and sphincter 
relaxation, erection and vasodilation, and glandular secre-
tion of the gastrointestinal tract, and have an excitatory effect 
on colon motility. These fibers and neurons at sacral levels 
of the spinal cord form the sacral part of the craniosacral 
division of the autonomic nervous system.

3.3.6 Ventral horn

The ventral horn of the spinal cord is divisible into medial, 
lateral, and central divisions. These divisions can be broken 
into subdivisions formed by neuronal clusters that innervate 
small groups of muscles. These subdivisions also represent a 
functional pattern. All major nuclear groups of the ventral 
horn have large multipolar neurons with coarse chromatophil 
(Nissl) substance characteristic of efferent neurons. Axons of 
these ventral horn neurons enter the ventral root.

Medial division of the ventral horn

The medial division of the ventral horn is evident at all cord 
levels. At regions other than the enlargements, it occupies 
almost the entire ventral horn. At enlargement levels, it is in 
the medial parts of the gray matter. Functionally, this divi-
sion is concerned with innervation of the neck, trunk, inter-
costal, and abdominal muscles.

Lateral division of the ventral horn

The lateral division of the ventral horn provides innervation 
to the limbs, is at cervical and lumbosacral enlargement lev-
els, appears as a lateral extension of the ventral horn, and has 
three nuclei. The ventrolateral nucleus, present from about C4 
to C8 and L2 to S2, innervates muscles of the shoulder girdle, 
arm, and the hip and thigh. The dorsolateral nucleus, supply-
ing muscles of the forearm and hand and also the leg and 
foot, extends from C4 to T1 and L2 to S2. The retrodorsolat-
eral nucleus consists of large neurons from C8 to T1 and S1 to 
S3 that innervate intrinsic muscles of the hand and the corre-
sponding small muscles of the foot that move the toes.

Central division of the ventral horn

The central division of the ventral horn consists of three cell 
groups in the middle part of the ventral horn. These groups 
are the phrenic nucleus, accessory nucleus, and lumbosacral 

nucleus. The phrenic nucleus extends from C3 to C5, 
although there is a difference of opinion about these levels. 
The phrenic nucleus innervates the diaphragm. Often, in the 
uppermost cervical region, there is a slight expansion of 
the ventral horn gray matter in a dorsolateral direction. 
In this area, neurons of the accessory nucleus are present. 
The accessory nucleus extends from C1 to about C5 or C6. 
The caudal part of the accessory nucleus supplies the trape-
zius and the rostral part the sternomastoid muscle. After 
emerging from the cord, the spinal part of the accessory 
nerve [XI] ascends in the spinal canal, passes through the 
foramen magnum, and joins the cranial part of the accessory 
nerve [XI]. The accessory nerve, now containing both spinal 
and cranial parts, leaves the skull through the jugular fora-
men. Inferior to the foramen the cranial part of the accessory 
nerve separates from the accessory nerve proper and is distrib-
uted with, and is “accessory” to, the vagal nerve [X].

The lumbosacral nucleus, also called the central nucleus, 
extends from L5 to S2, where it consists of a cluster of 
 neurons lying between the lateral and medial divisions of 
the ventral horn. Although its peripheral distribution is 
uncertain, it may be responsible for the innervation of the 
pelvic diaphragm.

An unusual nuclear group along the ventral margin of the 
human ventral horn of the second sacral segment and 
extending from the inferior part of S1 to the upper part of S3 
is the nucleus of Onuf. Fiber‐stained sections of the human 
sacral cord reveal only sparse myelinated fibers in the neuro-
pil surrounding this nucleus that facilitates its identification. 
This nucleus innervates striated muscles of the external anal 
and the external urethral sphincter in humans.

3.4 FUNCtIONAL CLASSeS OF NeUrONS
Columns of neurons characteristic of the human spinal cord 
give each level of the cord a characteristic shape with a possi-
bility of four functional classes of neurons at any level. Since 
each category of neuron may provide processes into a spinal 
nerve, any spinal nerve may be composed of one to four 
functional types of fibers. Hence the concept of the “functional 
components of a spinal nerve” has as its basis the functional 
class of neuronal cell bodies in the spinal cord that contrib-
utes fibers to the spinal nerve.

3.4.1 Four classes of neurons in the spinal cord

The four classes of neurons in the spinal cord are somatic 
afferent, visceral afferent, somatic efferent, and visceral 
efferent. Sensory or afferent neurons conduct impulses 
towards their neuronal soma. The dorsal horn (alar lamina) 
receives sensory impulses and forms the sensory neuronal 
pool of the spinal cord. Motor or efferent neurons conduct 
impulses away from their cell body to muscles or glands to 
cause contraction or secretion. The ventral horn (basal lam-
ina), with the lateral horn, forms the efferent neuronal pool 
of the spinal cord.
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3.4.2 Somatic afferent versus visceral 
afferent neurons

Somatic afferent neurons conduct impulses for pain, tem-
perature, touch, pressure, and proprioception from areas of 
skin, connective tissue, muscles, tendons, and articular joints. 
Visceral afferent neurons conduct impulses from the large 
organs inside the body (viscera), including the heart, stom-
ach, lungs and intestines and their associated blood vessels. 
Most dorsal horn neurons are secondary somatic afferent 
neurons receiving sensory impulses from primary somatic 
afferent neurons in the spinal ganglia. Visceral afferent neu-
rons, on the lateral aspect of the base of the dorsal horn, form 
the secondary visceral gray substance from T1 to L1 or L2 
and S2 to S4. From the secondary visceral gray, an ascending 
visceral path termed the spinoreticulothalamic tract (SRT) 
ascends on both sides of the spinal cord (a crossed and 
uncrossed path) and travels to the dorsal thalamus (see 
Figs 6.8 and 14.1).

3.4.3 Somatic efferent versus visceral 
efferent neurons

Somatic efferent neurons supply striated, skeletal muscles; 
visceral efferent neurons supply nonstriated muscle, cardiac 
muscle, and glands. Much of the ventral horn consists of 
somatic efferent neurons. Visceral efferent neurons in the 
lateral horn form the intermediolateral nucleus in segments 
T1 to L1 or L2 (Table 3.1) or the thoracolumbar (sympathetic) 
part of the autonomic nervous system (ANS). The sacral para-
sympathetic nucleus, a collection of visceral efferent neurons 
from S2 to S4, does not form a visible lateral horn but does lie 
in an intermediate position between the dorsal and ventral 
horns. Its neurons form the sacral division of the craniosacral 
(parasympathetic) part of the autonomic nervous system.

The dorsal horn includes somatic afferent and visceral 
afferent neurons, the lateral horn has only visceral efferent 
neurons, and the ventral horn has only somatic efferent 
neurons. These four neuronal groups provide the cell bodies 
of origin for all spinal nerves. Thus, a given spinal nerve 
(Fig. 3.6) may have from one to four kinds of functional fibers 
depending on the neurons of origin from which its fibers arise 
(usually efferent) or to which its fibers project (usually affer-
ent). Most neurons in the spinal gray matter are interneurons 
that do not belong to these specific functional categories.

3.4.4 Some ventral root axons are sensory

A basic concept of neurology, established in the early 1800s, 
is the Bell–Magendie law. This hypothesis claims that the 
dorsal spinal roots are sensory and the ventral roots are 
motor. The Bell–Magendie law would no longer be tenable 
based on the recognition that thinly myelinated efferents, 
from neuronal cell bodies in or near the lateral horn, leave 
the cord in the dorsal roots. In humans, about 27% of ventral 

root axons are nonmyelinated and probably sensory. Cell 
bodies of these fibers are in spinal ganglia. Dorsal horn sen-
sory neurons may therefore receive impulses through non-
myelinated fibers that entered by the ventral roots. Perhaps a 
revised Bell–Magendie law could state that the dorsal horns 
of the spinal cord are sensory and the ventral horns are motor.

3.5 FUNICULI/FASCICULI/trACtS – WHIte MAtter
Surrounding the gray matter of the spinal cord, with its 
distinct neuronal columns, are numerous longitudinally 
oriented myelinated fibers that form the white matter of the 
spinal cord. In humans, myelination takes place in spinal 
cord fibers until about the seventh prenatal month. The white 
matter of the spinal cord is divisible into three large bundles 
of fibers called funiculi. These are the dorsal, ventral, and 
lateral funiculus (Fig. 3.9). These three funiculi have smaller 
bundles called fasciculi or tracts. By definition, a tract or 
fasciculus is a bundle of fibers in the CNS with a common 
origin and termination, such as the fasciculus gracilis (FG) or 
the lateral spinothalamic tract (LST) (see Fig. 7.1). A neuronal 
path, however, is a chain of neurons linked at synaptic 
junctions that serve a particular function (see Fig. 6.8). For 
example, the path for discriminatory tactile impulses from 
the toes has several components linked together: the fascicu-
lus gracilis (a tract), the medial lemniscus (another tract), and 
thalamocortical projections (a third tract). Other paths carry 
impulses from peripheral body areas to the spinal cord, brain 
stem, thalamus, and cerebral cortex (see Fig. 6.8). Fibers from 
motor neurons in the cerebral cortex or from subcortical 
areas may pass without interruption to the spinal cord. Among 
the many ascending tracts in the spinal cord are those carry-
ing impulses for pain, temperature, touch, pressure, propri-
oception, and vibration. Also ascending in the spinal cord are 
tracts that carry impulses to the cerebellum.

Descending in the spinal cord are motor tracts that 
influence skeletal muscles plus tracts carrying impulses for 
autonomic reflexes and the regulation of autonomic activity. 
Propriospinal fibers are long and short fibers that may inter-
connect the cervical enlargement with the lumbosacral 
enlargement. Numerous short, ascending, and descending 
intersegmental tracts connect adjacent spinal segments for 
intrinsic and intersegmental activity and reflexes. The pre-
cisely arranged spinal gray matter along with the ascending 
and descending tracts impart a distinctive appearance to 
each segment of the spinal cord. Although the anatomical 
organization of these propriospinal fibers is becoming clear, 
their functional organization in humans remains unclear.

Tracts in funiculi that traverse the spinal cord have names 
that reflect their origin, position in the spinal cord, and site of 
termination. The lateral spinothalamic tract (LST), carrying 
impulses for pain and temperature, travels in the lateral 
funiculus, originates at spinal levels, and terminates in the 
thalamus (see Fig.  7.1). Other tracts carry the name of the 
investigator who first described the path or was associated 
with early studies of the path. In 1855, a German neurologist, 
Heinrich Lissauer, described the dorsolateral tract, which 
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has the alternative name of the “tract of Lissauer.” Those 
interested in the meaning of neuroanatomical eponyms are 
encouraged to consult the reference book by Lockard (1992). 
Several tracts have names reflecting their shape or contour, 
such as the wedge‐shaped fasciculus cuneatus [Latin: wedge].

A well‐organized system of tracts allows the spinal cord 
to contribute to the functioning of the nervous system. 
Appreciation of the origin, course, and termination of certain 
tracts in the spinal cord is essential to understanding the 
organization of the CNS. Knowledge of a tract and its relation 
to specific spinal nuclei and to other paths is of tremendous 
value in making an anatomical diagnosis of a neurological 
disease. Such information is useful in determining the cause of 
the disease and ultimately in determining a course of therapy.

3.6 SPINAL reFLeXeS
Although the nervous system is a functional entity, it is also 
appropriate to speak of different “levels” of function. 
Function occurs at cortical, subcortical, thalamic, brain stem, 
and spinal cord levels. Although each level executes certain 
activities of its own, these activities are modifiable by, or 
correlated with, activities at other levels. The highest level of 
neural functioning, the cerebral cortex plays an essential role 
in modifying or regulating neural activity at all other levels.

When a spinal segment receives sensory impulses, it may 
respond by initiating a well‐localized movement called a 
spinal reflex. Reflex response to a stimulus is the primary func-
tional unit of activity at the spinal level. Figure 3.11 illustrates 

the structural elements in a spinal segment that provide for a 
simple reflex response. A sharp tap on the patellar tendon, 
with the knee slightly flexed, causes contraction of the extensor 
muscle in the thigh, causing the leg to kick forward. In the 
knee jerk reflex (also termed the patellar tendon or quadri-
ceps reflex), tapping the patellar tendon is the initial stimulus 
suddenly stretching its muscle, activating a specialized recep-
tor in that muscle. The receptor transforms this stimulus into 
a nerve impulse that travels in the peripheral process of a 
spinal ganglionic neuron, to that neuron, and then towards 
the spinal cord in the central process of the same spinal gangli-
onic neuron. As the central process of the spinal ganglionic 
neuron enters the dorsal horn, it relays the impulse to a motor 
neuron in the ventral horn that then transmits the impulse to 
the quadriceps femoris, causing it to contract in response 
to the initial stimulus. Although only one spinal segment 
is illustrated, it is probable that neurons in the third and 
perhaps fourth lumbar segments are also involved in the 
quadriceps reflex.

Careful examination of spinal reflexes is basic to assess-
ing the function of individual spinal segments. The quadri-
ceps reflex and other spinal reflexes involve a receptor, 
sensory neuron, and motor neuron. If any part of the reflex 
is injured, interfering with the conduction of impulses, the 
reflex response lessens or is absent. Injury may involve 
the  receptors, peripheral or central process of the spinal 
ganglion, the spinal ganglion itself, ventral horn motor 
neuron, ventral root, peripheral nerve, neuromuscular junc-
tion, or the muscle itself.

Spinal ganglionic
neuron

Receptor

Ventral
horn motoneuron

Figure 3.11 ● Connections in a segment of the human 
spinal cord that provide for a simple reflex response. 
Taping the patellar tendon stretches its muscle and 
stimulates sensory receptors in the muscle. This initiates 
the quadriceps reflex, causing extension of the leg.



42 ● ● ● CHAPter 3

Descending paths may influence spinal reflexes. Increased 
reflex activity may appear as repetitive muscle contractions 
with intervening relaxations. Exaggeration of such reflexes 
may result from a loss of inhibitory influence by higher levels 
of the nervous system. Table 3.2 lists a number of clinically 
useful deep and superficial spinal cord reflexes and their 
segmental level of representation.

Most of the spinal cord reflexes listed in Table 3.2 involve 
tapping of tendons to stimulate stretch receptors in associated 
muscles. When a muscle stretches beyond a certain point, the 
muscle stretch or myotatic reflex causes it to tighten and 
attempt to shorten. You may feel this type of tension during 
stretching exercises. Since receptors that receive the initial 
stimuli involved in myotatic reflexes are deep to the skin, the 
term deep reflex may be used. Myotatic reflexes involve only 
two neurons and a single synapse between them. Hence they 
are also termed monosynaptic reflexes. Superficial reflexes 
involve stimulation of receptors in or near skin. Complex 
reflexes or reactions that involve the participation of recep-
tors, sensory neurons, interneurons, and motor neurons are 
polysynaptic. Many responses, miscellaneous neurological 
signs, defense, postural, and righting reflexes, plus other 
reactions are polysynaptic. Although there is overlap in these 
different categories, many are of diagnostic significance.

Spinal reflexes are part of a steady state of activity that 
underlies the normal functioning of the nervous system. 
Monosynaptic reflexes, essential to the control of muscle 
tone, act to prevent injury by overstretching tendons or 
muscles, and are essential in maintaining upright posture for 
walking and in limb movements. They act as a feedback 
mechanism allowing for the establishment of a delicate bal-
ance between tendon stretch and muscle contraction while 
permitting the muscle to meet any demand by maintaining a 
normal level of tone and activity. Spinal reflexes thus provide 
the structural basis for all spinal cord motor activity.

All necessary elements of a functional spinal reflex (e.g. 
sensory and motor neurons, the muscle, and the connections 
between these structures) develop at or before the eighth pre-
natal week. By the end of that week, the numbers of axoden-
dritic synapses substantially increase. Axosomatic synapses 
rapidly proliferate between 10½ and 13 postovulatory weeks. 
In both instances, the appearance of these synapses coincides 
with the early appearance of behavioral changes in fetuses. 
The appearance of reflexes at certain fetal stages, their pres-
ence at birth, and their presence or disappearance at appro-
priate times in infancy and childhood are useful indicators of 
normal growth and development of the nervous system.

3.7 SPINAL MeNINGeS AND reLAteD SPACeS

3.7.1 Spinal dura mater

Three membranes or meninges surround and protect the 
spinal cord. These include an external spinal dura mater 
(Fig.  3.12) of dense fibrous tissue continuous with the 
inner layer of the intracranial dura. Dura matter surrounds 
the spinal ganglia and nerves as they traverse the interver-
tebral foramina. The dura envelopes the spinal cord and 
ends as the dural sac at the level of sacral vertebra S2 or S3. 
Spinal dura mater is relatively avascular, in contrast to 
cranial dura. Deep to the spinal dura mater is the subdural 
space. In the fetus, there is no separation of the spinal dura 
from the arachnoid. A subdural space appears after birth. 
An epidural space, external to the spinal dura mater, sepa-
rates the cord and its coverings from the bony vertebral 
walls. Filled by loose connective tissue, fat, and a plexi-
form venous bed, the internal vertebral venous plexuses 
communicate with veins in the cervical, thoracic, and 
abdominal regions.

table 3.2 Certain useful human spinal cord reflexes and their segmental level of representation.

reflexes Cord segments Site of stimulus Normal response

Deep reflexes

Biceps C5–C6 Biceps tendon Flexion of forearm or muscle twitch without movement

Brachioradialis C5–C6 Brachioradialis Flexion of forearm tendon with supination

Triceps C6–C7 Triceps tendon Extension of forearm or muscle twitch without movement

Quadriceps L3–L4 Patellar tendon Extension of leg

Triceps sure L5–S1 Tendo calcaneus Plantar flexion of foot or twitch of the triceps surae

Superficial reflexes

Upper abdominal T8–T9 Skin of upper abdominal quadrant Contraction of abdominal muscles

Lower abdominal T11–T12 Skin of lower abdominal quadrant Contraction of abdominal muscles

Cremasteric L1–L2 Skin on upper, medial thigh Elevation of testis

Plantar S1–S2 Plantar surface of the foot Flexion of toes
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3.7.2 Spinal arachnoid

Inside the spinal dura mater, and in continuity with the cere-
bral arachnoid, is a delicate membrane called the spinal 
arachnoid (Fig.  3.12) consisting of fine elastic tissue with a 
smooth internal surface that loosely invests but does not 
adhere to the spinal surface. Extending from the inner surface 
of the arachnoid to the deepest membrane, the spinal pia 
mater, are delicate strands of connective tissue, the arachnoid 
trabeculae. Beneath the arachnoid, and between it and the 
spinal pia mater, is the subarachnoid space that contains cer-
ebrospinal fluid (CSF). CSF in the spinal subarachnoid space 
communicates freely with that in the cranial subarachnoid 
space and that around the spinal roots. Studies of the flow of 
CSF indicate considerable variations in spinal fluid dynamics.

Arachnoid villi occur on nearly every spinal root in the 
thoracic and lumbar regions. These small, finger‐like protru-
sions of arachnoid tissue are internal to the spinal dura mater, 
extend into it, or penetrate it. Epidural venous plexuses are 
intimately associated with these arachnoid villi. Such a close 
relationship allows CSF to leave the subarachnoid space 
through the arachnoid villi and enter the venous system.

3.7.3 Spinal pia mater

The deepest meningeal layer surrounding the spinal cord, the 
spinal pia mater (Fig. 3.12), is intimately bound to the spinal 
cord surface, follows its every contour, and has numerous 
blood vessels. These vessels are vulnerable to injury during the 

performance of a lumbar puncture. If these vessels are injured, 
blood accumulates in the subarachnoid space. Human neural 
crest cells take part in the early formation of the pia mater.

Denticulate or dentate ligaments

Condensations of pial tissue are on either side of the cervical 
and thoracic cord between the dorsal and ventral roots. 
These meningeal specializations, the denticulate ligaments 
(Fig.  3.12), serve to fix the lateral aspect of the cord to the 
inside of the spinal dura mater yet allow movement of the 
cord in an anterior–posterior direction. Maximum flexion of 
the head directs the spinal cord to the anterior part of the 
vertebral canal. The spinal cord, dura, and spinal roots move 
up and down in the vertebral canal in flexion or extension of 
the neck. Such movements are about 1.8 cm at the level of 
spinal roots C8–T5. Flexion causes the length of the vertebral 
canal to increase, stretching the spinal cord and spinal dura 
mater, especially between C2 and T1. The dentate ligaments 
may transmit axial stress or tension between the cord and 
spinal dura mater. Surgical section of the dentate ligaments, 
in the face of adherence of the cord to the floor of the verte-
bral canal because of disease, is a method of surgical treat-
ment to reduce the resulting tension.

3.8 SPINAL COrD INJUrY
In the United States, around 220 000–285 000 people are 
living with spinal cord injuries, with nearly 11 000 new cases 
every year. Although there are a number of experimental 
models of the acute phase (the first 48 h) of spinal cord 
injury and a great deal of neurophysiological, morphologi-
cal, and biochemical data available on this topic, there is no 
satisfactory clinical treatment for this phase of spinal cord 
injury. Treatment may involve the use of corticosteroids, 
osmotic diuretics, antiadrenergic compounds, or other 
miscellaneous drugs, enzyme therapy, hyperbaric oxygena-
tion, hypothermia, or fetal implants. The development of a 
successful treatment for spinal cord injury would bring 
relief to thousands of patients and their families.

3.8.1 Hemisection of the spinal cord

Transverse hemisection of the spinal cord (injury to half of 
the spinal cord) (Fig.  3.13) is termed the Brown‐Séquard 
syndrome [named after Charles Edouard Brown‐Séquard 
(1817–1894), who is known for his work in delineating the 
sensory pathways in the spinal cord]. This condition may 
arise from unilateral compression or penetrating trauma that 
leads to hemisection of the spinal cord. The principal struc-
tures affected include ascending and descending paths and 
also ventral horn motor neurons at the level of injury. This 
includes the descending lateral and ventral corticospinal 
paths (which have already decussated) and the ascending 
pain and temperature path (from the contralateral side). Also 
involved are the ascending gracile and cuneate fasciculi 

Spinal pia mater

Dentate ligament

Spinal arachnoid

Spinal dura mater

Figure 3.12 ● Ventral aspect of part of the human spinal cord showing three 
layers of meninges that cover the cord and the meningeal specializations that 
form the denticulate ligaments.
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(carrying discriminative touch, pressure, proprioceptive, and 
vibratory sensation from the site of the injury) and the ventral 
horn lower motor neurons at that level and on the same side 
as the injury. The accompanying symptoms include an ipsilat-
eral motor and sensory loss (discriminative touch, pressure, 
proprioception, and vibration) on the same side as the lesion 
along with a contralateral loss of pain and temperature.

3.8.2 Syringomyelia

The abnormal development of a cyst in the central part of 
the upper cervical cord (Fig. 3.14) is termed syringomyelia. 
This cyst, called a syrinx, is lined with glia and may expand 
and elongate over time, destroying tissue and impinging 
on spinal cord gray and white matter. The central canal is 
not necessarily the primary site in all cases of syringomy-
elia. About 21 000 American men and women have syrin-
gomyelia. Because of the oblique arrangement of fibers in 

the dorsal funiculi according to the levels at which they 
arise and the kind of impulses carried by them, such an 
injury near the central canal at upper cervical levels affects 
fibers transmitting vibratory impulses at several levels of 
the body, even though the injury is at a single spinal level. 
If the injury expands into the dorsal funiculi, fibers trans-
mitting proprioceptive impulses become involved, as do 
fibers from additional levels of the body. Secondary fibers 
giving rise to the lateral spinothalamic tract and carrying 
painful and thermal impulses decussate in the ventral 
white commissure ventral to the central canal. Hence, in 
syringomyelia of the upper cervical cord, there may be loss 
of pain and temperature in both upper limbs in addition to 
dorsal funicular signs.

3.9 BLOOD SUPPLY tO tHe SPINAL COrD
A thorough knowledge of the spinal cord blood supply is of 
paramount importance in understanding the signs and 
symptoms caused by vascular disease of the cord. More 
information on this subject is provided in Chapter 23.
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Figure 3.14 ● Transverse section of the upper cervical spinal cord depicting 
the location of the syrinx in syringomyelia (hatched area).

Figure 3.13 ● Transverse section of the human spinal cord depicting the location 
of a lesion (dark area of half the cord) leading to a Brown‐Séquard syndrome.





Within the brain stem are concentrated all the motor and sensory paths passing to 
and from the cerebral hemispheres, the nuclei of most of the cranial nerves, and 
centers controlling respiration, circulation, bladder and rectal sphincters and 
deglutition. Because of the great number of functions so closely grouped into such 
a small region, the localization of lesions to the brain stem is rarely difficult.

Walter E. Dandy (1886–1946)
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C H A P t e r  4

The Brain Stem

Later in the third week of human development, three main 
divisions of the brain (encephalon) are recognizable in the 
neural folds: the prosencephalon (forebrain), mesencephalon 
(midbrain) and rhombencephalon (hindbrain). As these three 
main divisions change into five secondary brain subdivi-
sions, the mesencephalon undergoes slight changes and 
remains as the midbrain, whereas the rhombencephalon 
(hindbrain) transforms into the metencephalon and the 
myelencephalon. The metencephalon becomes the pons and 
the cerebellum; the myelencephalon develops into the 
medulla oblongata. The brain stem comprises the midbrain, 
pons, and medulla oblongata (Fig. 4.1); these constituents are 
identifiable by about 5 weeks of development.

4.1 eXterNAL FeAtUreS

4.1.1 Medulla oblongata

The most caudal part of the brain stem, the medulla oblongata, 
is continuous caudally with the spinal cord and rostrally with 
the pons. The pyramids, inferior olive, and the attachment of 

cranial nerves VIII, IX, X, XI, and XII are conspicuous exter-
nal features of the medulla oblongata. The fourth ventricle 
and part of the central canal are associated with the medulla 
oblongata.

Ventral surface of the medulla oblongata

Since the brain stem is bilaterally symmetrical, structures on 
one side only are included in this description. A ventral 
median fissure (Fig.  4.2) defines the ventral surface of the 
medulla oblongata as it runs from the medulla–cord junction 
to the medulla–pons junction. At the caudal border of the 
pons, pontocerebellar fibers passing from the pons to the 
cerebellum delineate the lower pons from the upper medulla 
oblongata. The ventral median fissure continues caudally to 
the spinal cord where it ends, as fibers of the decussation of 
the pyramids (motor decussation) (Fig. 4.2) cross obliquely 
from one side of the brain stem to the other. The caudal limit 
of the medulla oblongata on the ventral surface of the brain 
stem is the middle of these decussating fibers of the motor 
decussation. The pyramids (Fig.  4.2) are protuberances 
lateral to the ventral median fissure, on either side, formed 

4.1 eXterNAL FeAtUreS

4.2 CereBeLLUM AND FOUrtH VeNtrICLe

4.3 OrGANIZAtION OF BrAIN SteM NeUrONAL COLUMNS

4.4 INterNAL FeAtUreS

FUrtHer reADING
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by underlying fiber bundles, the pyramidal tracts, originating 
in the cerebral cortex and ending in the spinal cord. Because 
of the decussation of the pyramids (motor decussation), 
one side of the brain is said to control or influence the oppo-
site side of the body for voluntary motor activity. Each level 

of the brain stem has characteristic external structural features 
that result from the presence internally of specific nuclear 
groups or fiber bundles.

Adjoining each pyramid is an oval mass called the inferior 
olive (Fig. 4.2). The underlying inferior olivary nucleus gives 
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Midbrain

Brain stem

Diencephalon and area
of third ventricle

Medial surface of the brain

Figure 4.1 ● Medial surface of a human cerebral hemisphere including a median section of the diencephalon, brain stem, and cerebellum. The area of the fourth 
ventricle, aqueduct, and third ventricle is lightly shaded. Note the midbrain interposed between the cerebral hemispheres and diencephalon superiorly and the 
remainder of the brain stem inferiorly.
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Figure 4.2 ● Ventral surface of the human brain stem with the cranial nerves labeled.
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rise to this conspicuous surface feature. A ventrolateral sulcus, 
normally occupied by the exiting rootlets of the hypoglossal 
nerve [XII] (Fig. 4.2), separates the inferior olive from the pyra-
mid. Rootlets of this cranial nerve appear as small fascicles of 
fibers leaving the brain stem. The lateral edge of the inferior 
olive is a shallow groove called the retro‐olivary groove. 
A few millimeters lateral to this retro‐olivary groove in the 
retro‐olivary area are the roots of the glossopharyngeal 
nerve [IX], vagus [X], and cranial root of the accessory nerve 
[XI] (Fig. 4.2) from superior to inferior. The abducent nerve 
[VI] emerges in line with, and rostral to, the hypoglossal 
rootlets at the pontomedullary junction (Fig. 4.2). Laterally, 
the facial [VII] and the vestibulocochlear [VIII] nerves lie in 
line with roots of cranial nerves IX, X, and XI (Fig. 4.2).

Dorsal surface of the medulla oblongata

A dorsal view of the medulla oblongata, with the overlying 
cerebellum removed, reveals the medullary width expanding 
as it is followed rostrally (Fig. 4.3). On this dorsal or posterior 
brain stem surface, the medulla oblongata has an inferior, 
closed part, resembling the spinal cord, and a superior, open 
part that forms the floor of the fourth ventricle. The expan-
sion of the central canal into the fourth ventricle causes this 
open part. The point at which the closed part of the medulla 
oblongata begins to open coincides with the obex (Fig. 4.3) – a 
small transverse fold of tissue. The closed part of the medulla 
oblongata has a dorsal median sulcus (Fig. 4.3) in the median 
plane. On either side of it is an elongated eminence formed 
by an ascending tract, the fasciculus gracilis (Fig.  4.3). The 

rostral end of this tract is distinguished by an external swell-
ing, the gracile tubercle (Fig. 4.3), formed by the underlying 
gracile nucleus and terminal fibers of its fasciculus. The 
lateral boundary of the gracile tubercle and fasciculus graci-
lis is the dorsal intermediate sulcus (Fig. 4.3). A second tract, 
the fasciculus cuneatus (Fig. 4.3), has at its rostral end a slight 
swelling, the cuneate tubercle (Fig. 4.3), marking the under-
lying cuneate nucleus. Fibers of the fasciculus cuneatus 
end in the cuneate nucleus and, in doing so, contribute to 
the formation of this swelling. A third elevation, lateral to the 
cuneate tubercle, is the trigeminal tubercle (Fig. 4.3) marking 
the underlying trigeminal spinal tract. Lateral to the trigeminal 
tubercle are entering or emerging roots of the glossopharyn-
geal nerve [IX], vagus nerve [X], and cranial root of the acces-
sory nerve [XI].

The dorsal surface of the open part of the medulla oblon-
gata contributes to the floor of the fourth ventricle, a rhomboi-
dal cavity at the rostral end of the medulla oblongata and the 
caudal end of the pons (Fig. 4.1). The area forming the fourth 
ventricle is lightly shaded in Fig. 4.3. The area of the fourth 
ventricle remains hidden from view by the overlying cerebel-
lum. A dorsal median sulcus divides the ventricular floor at 
this level (Fig. 4.3). On either side of this sulcus is the caudal 
continuation of the medial eminence that includes, at this 
point, two small swellings, the hypoglossal and vagal trigo-
nes. The hypoglossal trigone (Fig. 4.3), adjacent to the dorsal 
median sulcus, marks the underlying hypoglossal nucleus. 
Lateral to the hypoglossal trigone is the vagal trigone (Fig. 4.3), 
formed by the underlying dorsal vagal nucleus. Lateral to 
the vagal trigone and separated from it by the sulcus limitans 
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Figure 4.3 ● Dorsal surface of the human brain stem with the cerebellum removed. The area forming the floor of the fourth ventricle is lightly shaded.
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is the vestibular area (Fig. 4.3), a surface feature marking the 
position of the underlying vestibular nuclei. The rostral 
boundary of the medulla oblongata corresponds to a band 
of fibers, the striae medullares (Fig. 4.3), that cross the floor 
of the fourth ventricle. If these striae are inconspicuous or 
absent, the rostral boundary corresponds to the widest part 
of the fourth ventricle or to the position of the lateral aper-
tures of the fourth ventricle.

4.1.2 Pons

The other part of the metencephalon associated with the 
fourth ventricle, the pons, is continuous with the midbrain 
superiorly and the medulla oblongata inferiorly. In the pons 
are the abducent, facial, and vestibular nuclei and part of the 
trigeminal nuclear complex that are associated with their 
respective cranial nerves. Trigeminal roots (motor, sensory, 
and intermediate) enter or emerge at middle pontine levels; 
the abducent, facial, and vestibulocochlear nerves enter or 
emerge at the pontomedullary junction. Pontine sections 
reveal three levels: rostral, middle, and caudal.

Ventral surface of the pons

The ventral pontine surface in humans has prominent hori-
zontally oriented fiber bundles crossing the median plane 
that project to the cerebellum. These pontocerebellar fibers 
form the prominent middle cerebellar peduncle (MCP) 
(Fig. 4.2). Roots of the trigeminal nerve [V] (Fig. 4.2) enter 
or emerge at pontine levels midway along the middle 
 cerebellar peduncle and in line with the facial nerve [VII]. 
The trigeminal nerve divides the pons into pre‐ and post‐
trigeminal levels; two‐thirds of the pons is post‐trigeminal. 
The abducent [VI] and facial [VII] nerves enter or emerge at 
the pontomedullary junction (Fig. 4.2) from the bulbopon-
tine sulcus. The ventral pontine surface shows a prominent 
depression, the basilar sulcus (Fig.  4.2), occupied by the 
basilar artery.

Dorsal surface of the pons

The dorsal pontine surface is clearly visible with the cere-
bellum removed. On either side of its dorsal median sul-
cus is the medial eminence, the middle part of which often 
has a small swelling, the facial colliculus (Fig. 4.3), formed 
by the underlying abducent nucleus [VI] and intramedul-
lary fibers of the facial nerve [VII] that arch over it. The 
caudal part of the medial eminence, formed by the hypo-
glossal and vagal trigones, extends into the medulla 
oblongata. A vestibular area occupies the remaining lat-
eral ventricular floor caudally in the pons (Fig. 4.3), mark-
ing the position of the underlying vestibular nuclei. These 
nuclei are crossed by the transversely directed fibers of the 
striae medullares that pass to the cerebellum (Fig.  4.3), 
forming the rostral medullary boundary on the dorsal sur-
face of the brain stem.

4.1.3 Midbrain

Many nuclei and tracts, particularly the oculomotor [III] and 
trochlear [IV] nuclei, occur in the midbrain, the most rostral 
part of the human brain stem. The midbrain has a central 
canal, the aqueduct (Fig. 4.1), which communicates rostrally 
with the third ventricle of the diencephalon and caudally 
with the fourth ventricle (Fig. 4.1) at the level of the pons. 
Sections of the midbrain reveal two levels: rostral and caudal.

Ventral surface of the midbrain

The ventral surface of the midbrain presents two cerebral 
peduncles, separated by the interpeduncular fossa (Fig. 4.2). 
Internally, the cerebral peduncle or base of the midbrain con-
sists of a fibrous part termed the cerebral crus and a cellular 
part termed the substantia nigra. Fibers in each cerebral crus 
descend in the pons and into the medulla oblongata, where 
some of them form the medullary pyramids, and then enter 
the decussation of the pyramids. The oculomotor nerves [III] 
emerge from the interpeduncular fossa as numerous blood 
vessels enter it (Fig. 4.2). Removal of these vessels from their 
points of entry collectively delineates an area called the 
posterior perforated substance (Fig.  4.2). Each trochlear 
nerve [IV] emerges dorsally from the brain stem (Fig.  4.3), 
travels along the lateral surface of a cerebral peduncle, and 
appears on the ventral surface of the midbrain (Fig. 4.2).

Dorsal surface of the midbrain

The trochlear nerve [IV], the smallest of the cranial nerves, is 
the only cranial nerve to emerge from the dorsal aspect of the 
brain stem. On the dorsal midbrain are four small eminences – 
two superior and two inferior colliculi (Fig.  4.3). Extending 
obliquely and rostrally from each inferior colliculus is a band 
of fibers, the brachium of the inferior colliculus (Fig.  4.3). 
A much smaller brachium of the superior colliculus (Fig. 4.3) 
passes over the surface of the medial geniculate body. The 
superior cerebellar peduncles (Fig. 4.3), on the dorsal aspect 
of the brain stem, emerge from the cerebellum and continue 
to the midbrain to participate in the formation of the superior 
part of the roof of the fourth ventricle.

4.2 CereBeLLUM AND FOUrtH VeNtrICLe
The cerebellum is one of two specialized metencephalic 
structures. Although not a part of the brain stem, the cere-
bellum and fourth ventricle have a close relation to it.

4.2.1 Cerebellum

The cerebellum, a conspicuous structure attached to the 
dorsal aspect of the pons (Figs 4.1 and 4.2), is composed of a 
cerebellar vermis (Fig. 4.4), a worm‐like structure in the median 
plane with a vertical orientation, and greatly expanded lateral 
parts, the cerebellar hemispheres (Fig.  4.4). The cerebellar 
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surface displays transverse cerebellar folia (Fig. 4.4) that give 
it a laminated appearance. Cerebellar fissures of varying 
depths separate the cerebellar folia. Owing to the extensive 
folding of the cerebellar cortex, about 85% of the cerebellar 
surface area remains buried in the depths of the cerebellar 
fissures. A similar arrangement occurs in the cerebral cortex, 
where cerebral sulci of varying depths separate cerebral gyri 
from one another. Two‐thirds of the surface area of the cere-
bral cortex remains buried in the depths of the cerebral sulci, 
hidden from our view on the lateral surface.

Fissures divide the cerebellar hemispheres into cerebellar 
lobes and the lobes into lobules. The three cerebellar lobes 
are the anterior, posterior (Fig.  4.4), and flocculonodular. 

Each lobe has vermian and hemispheric parts. The primary 
fissure (Fig. 4.4) separates the anterior cerebellar lobe from 
the posterior lobe; the dorsolateral and postnodular fissures, 
which are in essence continuous, separate the posterior lobe 
from the flocculonodular lobe.

The cerebellum has an external layer of gray matter, the 
cerebellar cortex, and several subcortical cerebellar nuclei. 
The white matter of the cerebellum consists of fiber bundles 
that intervene between the cerebellar cortex and these nuclei. 
On leaving the cerebellum, fibers from cell bodies in the 
cerebellar nuclei form three distinct cerebellar peduncles 
connecting the cerebellum with parts of the brain stem and 
spinal cord.
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Figure 4.4 ● (A) Dorsal surface of the human cerebellum. Note in the median plane the vermis, and the large expanded cerebellar hemispheres on either side of 
the vermis. (B) Superior surface of the cerebellum with the anterior lobe, primary fissure, and a part of the posterior lobe.
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4.2.2 Fourth ventricle

The fourth ventricle is a tent‐shaped cavity, the roof of which 
has a superior and an inferior part. The superior cerebellar 
peduncles and the superior medullary velum form the supe-
rior part of the roof of the fourth ventricle whereas the inferior 
medullary velum and choroid plexus form the inferior part. 
The latter consists of a rich capillary bed, pia mater, and single 
continuous layer of choroidal epithelial cells that participate in 
the formation of cerebrospinal fluid. Choroidal epithelial cells 
develop from the ependymal lining of the ventricles. The 
blood vessels and connective tissue core of the choroid plexus 
derive from a vascular fold of pia mater termed the tela cho-
roidea. The dorsal pontine surface and the open part of the 
medulla oblongata (Fig. 4.1) form the floor of the fourth ven-
tricle. The fourth ventricle narrows rostrally into the aqueduct 
and caudally into the central canal of the medulla oblongata. 
The fourth ventricle opens into the surrounding subarachnoid 
space by means of a single median and two lateral apertures.

4.3 OrGANIZAtION OF BrAIN SteM  
NeUrONAL COLUMNS
The organization and arrangement of brain stem neuronal 
groups are similar to those of the spinal cord. Their basic plans 
are similar  –  neuronal columns arranged longitudinally 
throughout their lengths. However, some aspects of brain 
stem development are noteworthy. First, the neural tube near 
the fourth ventricle widens like an opening book, displacing 
the alar laminae laterally in the brain stem. Second, the ves-
tibular and cochlear neurons (VIIIv, c) form a distinct column 
of “special” afferent neurons. Third, some musculature associ-
ated with the brain stem has a “special” embryological origin 
from mesenchyme of the pharyngeal arches. These pharyn-
geal efferent neurons form their own column in the brain stem.

Some afferent and efferent columns are designated “special” 
and/or “visceral” to distinguish them from the four general 
neuronal columns in the spinal cord. Finger (1993) suggested 
abandoning the confusing term “special.” Müller and O’Rahilly 
(2011) took up that suggestion and proposed a plan (Table 4.1) 
wherein the term “special” is omitted, the term “visceral” 
is retained, the term “pharyngeal efferent” (PhE) replaces 
the term branchial (which refers to gills!), and the term 
“vestibulocochlear” (VIIIv, c) is applied to the former “special” 
sensory afferent column.

Based on these considerations, the adult brain stem has 
the same four neuronal columns as the spinal cord together 
with these two other neuronal columns. The four neuronal 
columns of the brain stem are designated somatic efferent 
(SE), somatic afferent (SA), visceral efferent (VE), and vis-
ceral afferent (VA) (Table  4.2 and Fig.  4.5). Two neuronal 
columns unique to the brain stem are the vestibuloco chlear 
(VIIIv, c), and pharyngeal efferent (PhE) columns (Fig. 4.5). 
Vestibulocochlear neurons (VIIIv, c) of the brain stem receive 
sensory impulses from the ear, an ectodermal derivative. 
Pharyngeal efferent (PhE) neurons innervate muscles 

originating from mesenchyme of the pharyngeal arches. 
These are the muscles of mastication (from pharyngeal arch 
1), muscles of facial expression (from pharyngeal arch 2), 
muscles of the soft palate, pharynx, and larynx (from phar-
yngeal arches 3 and 4), and also the sternomastoid and the 
superior (descending) part of the trapezius (from pharyngeal 
arch 5). The inferior (ascending) part of the trapezius receives 
its innervation from somatic efferent neurons in the ventral 
horn of the spinal cord (from cervical somites).

Figure  4.5 illustrates the orderly arrangement of brain 
stem nuclei of cranial nerves into functional columns. 
Understanding this arrangement, coupled with an under-
standing of the position of functionally significant ascending 
and descending fiber paths, will provide a firm foundation 
for understanding the entire brain stem and the functional 
components of the cranial nerves.

4.3.1 Functional components 
of the cranial nerves

Since there are six functional types of nuclei of cranial 
nerves in the brain stem, it is theoretically possible for each 
cranial nerve to have one to six functionally distinct fiber 
types. On this basis, we speak of “functional components” 
or “fiber types” in a cranial nerve. Designation of any cra-
nial nerve as having one or more functional components is 
dependent upon the efferent neurons from which its motor 
or autonomic fibers arise, or on the afferent neurons on 
which its sensory fibers end. Fibers of the trochlear nerve 
[IV] are processes of neurons in the trochlear nucleus, a 
component of the somatic efferent column of the brain stem. 
Hence the trochlear nerve is a somatic efferent (SE) nerve. 
The oculomotor nerve [III], however, includes fibers from 
two nuclear groups: the oculomotor nucleus, a somatic 
efferent nucleus, and the accessory oculomotor nucleus, a 

table 4.1 ● New versus old terminology related to the functional 
components of the cranial nerves.

Former terminology terminology used here

Alar lamina

Special somatic afferent (SSA) Vestibulocochlear (VIIIv, c)

General somatic afferent (GSA) Somatic afferent (SA)

Special visceral afferent (SVA)
Visceral afferent (VA)

General visceral afferent (GVA)

Basal lamina

General visceral efferent (GVE) Visceral efferent (VE)

Special visceral efferent (SVE) Pharyngeal efferent (PHE)

General somatic efferent (GSE) Somatic efferent (SE)

Source: Adapted From Müller and O’Rahilly (2011).



table 4.2 ● Functional components of the cranial nerves.

Brain stem 
neuronal  
column

Cranial nerve

3 4 5 6 7 8 9 10 11
Cranial root

12

Somatic 
efferent (SE)

Oculomotor 
nucleus

Trochlear 
nucleus

Abducent 
nucleus

Hypoglossal 
nucleus

Somatic 
afferent (SA)

Trigeminal 
nuclear 
complex

Trigeminal 
spinal 
nucleus

Trigeminal 
spinal 
nucleus

Trigeminal 
spinal 
nucleus

Visceral 
efferent (VE)

Accessory 
oculomotor 
nucleus

Superior 
salivatory 
nucleus

Inferior 
salivatory 
nucleus

Dorsal 
vagal 
nucleus

Dorsal vagal 
nucleus

Visceral 
afferent (VA)

Nucleus 
solitarius

Nucleus 
solitarius

Nucleus 
solitarius

Vestibulocochlear 
(VIIIv)

Vestibular  
nuclei

Vestibulocochlear 
(VIIIc)

Cochlear  
nuclei

Pharyngeal 
efferent (PhE)

Trigeminal 
motor 
nucleus

Facial 
nucleus

Nucleus 
ambiguus

Nucleus 
ambiguus

Nucleus 
ambiguus

Source: Adapted from Müller and O’Rahilly (2011).
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Figure 4.5 ● Cranial nerve nuclei projected on the human brain stem. Note the orderly arrangement of the brain stem nuclear groups into functional columns. 
Efferent nuclei are shown on the left: somatic efferent (oculomotor, trochlear, abducent, and hypoglossal nuclei), visceral efferent (accessory oculomotor, superior 
salivatory, inferior salivatory, and dorsal vagal nuclei), and pharyngeal efferent (trigeminal motor nucleus, facial nucleus, and nucleus ambiguus). Afferent nuclei are 
on the right: somatic afferent (trigeminal mesencephalic nucleus, trigeminal pontine nucleus, and trigeminal spinal nucleus), VIIIv, VIIIc (vestibular and cochlear 
nuclei), and visceral afferent (nucleus of the solitary tract). (Source: Adapted from Crosby, Humphrey, and Lauer, 1962.)
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visceral efferent nucleus. Therefore, the oculomotor nerve is 
designated a somatic efferent (SE) and visceral efferent (VE) 
nerve. Table 4.3 provides a summary of the functional com-
ponents, nucleus of origin or reception, and functions of the 
cranial nerves in humans.

4.3.2 Efferent columns

Somatic efferent column

The somatic efferent (SE) column of the brain stem is nearest 
the median plane (Fig. 4.5), resembling the somatic efferent 
column in the spinal cord. Its neurons occur in the midbrain, 
pons, and medulla oblongata (Fig. 4.5) and supply skeletal 
muscle. The GSE column includes the following nuclear 
groups: in the rostral part of the midbrain, the oculomotor 
nucleus, in the caudal part of the midbrain, the trochlear 
nucleus, in the lower pons, the abducent nucleus, and at 
medullary levels, the hypoglossal nucleus (Fig. 4.5). These 
four nuclei are in line with one another throughout their 
rostrocaudal extent in the brain stem, are classified as somatic 
efferent (SE) nuclei, and their respective cranial nerves each 
have a somatic efferent component (Table 4.3).

Visceral efferent column

Lateral to the somatic efferent column (Fig. 4.5) is a column 
similar to the spinal cord visceral efferent column. The brain 
stem visceral efferent (VE) column includes preganglionic 
parasympathetic neurons that supply nonstriated and cardiac 
muscle and exocrine glands and consists of the cranial 
division of the craniosacral (parasympathetic) part of the 
autonomic nervous system extending from the midbrain to 
medullary levels (Fig. 4.5). The visceral efferent nuclear groups 
in this brain stem column are the accessory oculomotor 
(Edinger–Westphal) nucleus at rostral levels of the midbrain, 
the superior salivatory nucleus in the lower pons, and the 
inferior salivatory nucleus and the dorsal vagal nucleus 
in the medulla oblongata (Fig. 4.5). Neurons in these four 
visceral efferent nuclei contribute fibers to four or perhaps 
five cranial nerves (Table 4.3).

4.3.3 Afferent columns

Somatic afferent column

Laterally in the brain stem, this column (Fig. 4.5) resembles 
the somatic afferent column at spinal levels. The somatic 
afferent column receives general sensory impulses from 
cutaneous areas of the face and head and consists of the 
trigeminal nuclear complex  –  a discontinuous column of 
neurons from the midbrain to rostral cervical levels (Fig. 4.5), 
where it overlaps the substantia gelatinosa and is divisible 
into three parts: the mesencephalic, pontine, and spinal 
trigeminal nuclei. The trigeminal pontine and trigeminal 
spinal nuclei form an ice cream and cone‐shaped structure 

(Fig. 4.5). Sitting atop the ice cream, like a dunce’s hat, is the 
trigeminal mesencephalic nucleus (Fig. 4.5). The trigeminal 
mesencephalic nucleus (Fig. 4.5) consists of pseudounipolar 
neurons whose peripheral processes carry proprioceptive 
impulses to the brain stem. The trigeminal nuclear complex, 
forming the cone, is a somatic afferent nucleus. Hence the 
trigeminal nerve [V] has a somatic afferent component, as do 
the facial [VII], glossopharyngeal [IX], and vagal [X] nerves 
(Table 4.3).

Vestibulocochlear (VIII v, c) column

The brain stem vestibulocochlear column is situated dorso-
laterally (Fig.  4.5) and has no counterpart at spinal levels. 
This column receives impulses from an ectodermal structure, 
the inner ear. The vestibular nuclei are in the caudal part of 
the pons and the rostral part of the medulla, whereas the 
cochlear nuclei (Fig. 4.5) are exclusively in the rostral part of 
the medulla. These nuclei together form the vestibulococh-
lear (VIIIv, c) column (Table 4.3).

Visceral afferent column (VA)

This brain stem column is lateral to the visceral efferent col-
umn (Fig. 4.5). The visceral afferent column receives visceral 
impulses from the back of the mouth, tongue, tonsil, and 
oro‐ and naso‐pharynx, from the carotid bodies and 
sinuses through the glossopharyngeal nerve [IX], and from 
the pharynx, larynx, and thoracic and abdominal viscera by 
means of the vagal nerve [X] (Table  4.3). The VA nuclear 
group also receives afferent impulses from taste buds on the 
anterior two‐thirds of the tongue through the facial nerve 
[VII], from the posterior third of the tongue by means of the 
glossopharyngeal nerve [IX], and from epiglottic taste buds 
through the vagal nerve (Table  4.3). The solitary nucleus 
(nucleus of the solitary tract) (Fig. 4.5), present in all medullary 
levels and extending into the pons (Fig. 4.5), forms a visceral 
afferent nuclear column. The olfactory nerve [I] is also a 
visceral afferent nerve but its neurons are not in the brain 
stem (Table 4.3).

4.4 INterNAL FeAtUreS
Before describing characteristic internal features at repre-
sentative transverse levels in the brain stem, two general 
comments are in order. First, the term reticular formation 
(RF) refers to areas at all brain stem levels, consisting of 
multipolar neurons of varying size embedded in masses of 
interweaving fibers. The reticular formation has indistinct 
boundaries and extends from the medulla oblongata, pons, 
and midbrain with overlap into the spinal cord and dien-
cephalon. The structural and functional organization of 
the reticular formation is the subject of Chapter 9. Second, 
the term raphé refers to the seam‐like union in the median 
plane where the two halves of the brain stem come together. 
There are several prominent groups of decussating fibers in 
the raphé and also a number of named nuclei, many of which 
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table 4.3 ● Functional components, nucleus of origin or reception, and functions of the cranial nerves.

Cranial nerve
Functional 
components

Brain stem nucleus of 
origin or reception Functions

Olfactory VA Olfactory epithelium of the 
nasal cavity

Sense of smell

Optic SA Retinal ganglionic neurons Visual sensation

Oculomotor SE Oculomotor nucleus Motor supply to levator palpebrae superioris and ocular muscles except 
superior oblique and lateral rectus

VE Accessory oculomotor 
nucleus

Motor supply to sphincter pupillae and ciliary muscle

Trochlear SE Trochlear nucleus Motor supply to the superior oblique

Trigeminal PhE Trigeminal motor nucleus Motor supply to muscles of mastication, in addition to the mylohyoid, 
anterior belly of the digastric, tensor tympani, and tensor veli palatini

SA Trigeminal nuclear complex Superficial and deep sensation from the face and head

Abducent SE Abducent nucleus Motor supply to the lateral rectus

Facial PhE Facial nucleus Motor supply to facial muscles

VE Superior salivatory nucleus Secretions of submandibular, sublingual, lacrimal, oral, nasal, and 
palatine glands

SA Trigeminal spinal nucleus Sensation from external ear and tympanic membrane

VA Nucleus solitarius To blood vessels of the face and some inside the skull

VA Nucleus solitarius Sense of taste from anterior two‐thirds of the tongue

Vestibulocochlear VIIIv Vestibular nuclei Vestibular sensation

VIIIc Cochlear nuclei Auditory sensation

Glossopharyngeal PhE Nucleus ambiguus Motor supply to stylopharyngeus muscle

VE Inferior salivatory nucleus Secretion of parotid gland and serous glands near vallate papillae

SA Spinal trigeminal nucleus Sensation from external and middle ear

VA Nucleus solitarius Sensation from back of mouth, tongue, oral‐ and nasopharynx, carotid 
bodies, and carotid sinus

VA Nucleus solitarius Taste from the posterior third of the tongue

Vagal PhE Nucleus ambiguus Motor supply to constrictor muscles of the pharynx, and intrinsic muscles 
of the larynx

VE Dorsal vagal nucleus Motor supply to cardiac muscle, nonstriated muscle, and glands of 
respiratory and gastrointestinal system

SA Trigeminal spinal nucleus Sensation from back of ear and external auditory meatus

VA Nucleus solitarius Sensation from pharynx, larynx, and thoracic and abdominal viscera

VA Nucleus solitarius Taste from epiglottis

Accessory: Cranial 
root (vagal part)

PhE Nucleus ambiguus Motor supply to the muscles of the soft palate with the exception of the 
tensor veli palatini (innervated by mandibular nerve)

VE Dorsal vagal nucleus Motor supply to nonstriated muscle and glands of respiratory and 
gastrointestinal tract with vagus

Accessory: Spinal 
root (spinal part)

SE Accessory nucleus Motor supply to trapezius and sternomastoid muscles

Hypoglossal SE Hypoglossal nucleus Motor supply to extrinsic and intrinsic muscles of the tongue

SA, somatic afferent; SE, somatic efferent; VA, visceral afferent; VE, visceral efferent; PhE, pharyngeal efferent; VIIIv, c, vestibulocochlear.
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contain serotonin. Nuclei of the raphé belong to the reticular 
formation, especially its medial part. Fibers of the superior 
cerebellar peduncle decussate in the midbrain raphé while 
the sensory decussation of the medial lemnisci occurs in the 
raphé of the lower medulla and the motor decussation of 
pyramidal tract fibers takes place in the raphé at the lower 
medulla/upper spinal cord transition.

4.4.1 Endogenous substances

A unique feature of the organization of the nervous system is 
the presence in different locations throughout the nervous 
system of endogenous substances such as monoamines 
(catecholamines and indoleamines). Examples of catechola-
mines include norepinephrine, epinephrine, and dopamine 
and serotonin is an example of an indoleamine. These 
chemical substances, thought to serve as neurotransmitters, 
are identifiable in neuronal cell bodies, axons, and axon 
terminals of nuclei or tracts in the human brain stem. Serotonin 
occurs throughout the rostral–caudal extent of the brain stem 
in the raphé nuclei in the medial part of the reticular forma-
tion. Some serotonergic neurons are in subdivisions of the 
lateral reticular formation of the brain stem.

The locus coeruleus is the largest collection of norepi-
nephrine‐containing neurons in the mammalian brain. There 
is a loss of neurons in the locus coeruleus with normal aging 
(25–60% by the ninth decade), in elderly patients with 
Alzheimer disease, and in those with Parkinson disease. 
Epinephrine, a catecholamine in the adrenal glands of most 
species, may function as a chemical transmitter at synapses in 
the human brain stem. Its localization there corresponds to 
the localization of phenylethanolamine‐N‐methyltransferase, 
the enzyme for converting norepinephrine to epinephrine. 
The reticular formation in the human brain stem has 
20 ng g–1 of epinephrine. In the medulla oblongata, epineph-
rine is associated with the human hypoglossal and dorsal 
vagal nuclei (35–45 ng g–1). In the human midbrain, the 
superior colliculus has about 5 ng g–1 of epinephrine while the 
area of the oculomotor nuclei has about 15–40 ng g–1.

In the human midbrain, the pars compacta of the substan-
tia nigra has three catecholamines: dopamine (1000 ng g–1), 
norepinephrine (200 ng g–1), and epinephrine (about 2 ng g–1). 
Dopaminergic neurons in the compact part of the substantia 
nigra transport their neurotransmitter to the putamen and 
globus pallidus over nigrostriate fibers. There is progressive 
cell loss of neurons in the substantia nigra of patients with 
Parkinson disease.

4.4.2 Medulla oblongata

In this description of the internal features of the medulla 
oblongata, landmarks provided will help the reader in later 
descriptions of paths that traverse various levels of the 
medulla oblongata. Attention is focused on the relations 

between longitudinal tracts and transverse structures such as 
the cranial nuclei and their intramedullary fibers.

Level of the hypoglossal, cranial accessory, 
and vagal nuclei and nerves

In this and all subsequent sections of the brain stem, the 
ventral surface of the transverse section is near the bottom of 
the figure and the dorsal surface is near the top. On the 
ventral surface in the median plane is the ventral median 
fissure. Lateral to it and on either side are pyramidal tracts 
(Fig.  4.6) composed of corticospinal fibers (from cerebral 
cortex to the spinal cord), corticobulbar fibers (from cerebral 
cortex to cranial nerve nuclei of the brain stem or “bulb”), 
and corticoreticular fibers. Lateral to each pyramidal tract is 
the inferior olivary nucleus (Fig. 4.6), forming a prominent 
external landmark, the olive. Dorsal to each pyramidal tract 
and extending dorsally is a prominent longitudinal bundle, 
the medial lemniscus (Fig.  4.6). The medial lemnisci are 
interolivary in position and are part of a bilateral ascending 
sensory path. Serotonergic neurons are located in the human 
medulla near the median plane between the pyramids and 
the overlying medial lemnisci.

In the median plane and on the dorsal surface of the 
medulla oblongata (Fig. 4.6) is the dorsal median sulcus. On 
either side of this sulcus is the continuation of the medial 
eminence that includes, at this point, two small swellings, 
the hypoglossal and vagal trigones. The hypoglossal trigone 
is nearest the dorsal median sulcus and marks the underly-
ing hypoglossal nucleus (Fig.  4.6)  –  a collection of somatic 
efferent neurons that innervate the intrinsic and extrinsic 
muscles of the tongue. Unilateral injury to one hypoglossal 
nucleus leads to an ipsilateral, flaccid paralysis of the tongue. 
Intramedullary fibers that form the hypoglossal nerve [XII] 
pass ventrally from each nucleus, between the pyramidal 
tract and inferior olivary nucleus, and emerge from the vent-
rolateral sulcus between the pyramid and olive (Fig.  4.6). 
Scattered neurons connect each hypoglossal nucleus with the 
spinal somatic efferent column from which it develops.

Structural information is useful in localizing injury to the 
CNS, particularly if deficits involve two or more related 
structures such as a longitudinal tract along with a cranial 
nerve nucleus or cranial intramedullary fibers. A patient 
with paralysis of the limbs on the right side of the body 
(hemiplegia) and also the left half of the tongue has an injury 
involving the left intramedullary hypoglossal fibers and the 
left pyramidal tract as they lie in relation to each other 
(Fig. 4.6). Since fibers in the left pyramidal tract decussate at 
the medulla–cord junction (for control of voluntary motor 
activity on the right side of the body), a left‐sided injury 
rostral to the motor decussation causes a right‐sided paraly-
sis of the body. When this patient protrudes their tongue, it 
deviates to the left because of (1) the forward pull of the 
nonparalyzed genioglossus muscle, (2) elongation of the 
tongue by the intrinsic muscles on the nonparalyzed side, 
and (3) a lag produced by muscles in the paralyzed half. 
The site of this injury must be in the medulla oblongata 
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where the longitudinally oriented pyramidal tract comes 
into relationship with the transversely oriented intramedul-
lary hypoglossal fibers before the latter emerge from the 
brain stem. Knowledge of this relationship is clinically useful 
in localizing such an injury.

Dorsal and lateral to the hypoglossal trigone is the vagal 
trigone. These trigones contribute to the caudal part of the 
medial eminence in the medulla. The vagal trigone is super-
ficial to the underlying dorsal vagal nucleus (Fig. 4.6). As a 
visceral efferent nucleus, the dorsal vagal nucleus is in line 
with the intermediolateral nucleus in the spinal cord and 

extends from the rostral cervical cord to the rostral part of the 
hypoglossal nucleus or superior to it (Fig. 4.5). Epinephrine 
is associated with the human hypoglossal and dorsal vagal 
nuclei (35–45 ng g–1). Progressive widening of the central 
canal at spinal levels into the medullary fourth ventricle 
causes the dorsal vagal nucleus to shift its position as it 
extends from the caudal into the rostral part of the medulla 
oblongata. At the rostral level of the medulla oblongata, the 
dorsal vagal nucleus remains lateral to the hypoglossal 
nucleus (Fig. 4.5). The dorsal vagal nucleus has two groups 
of neurons: those inferior to the open floor of the fourth 
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ventricle innervating the heart and respiratory system, and 
those innervating abdominal viscera in the caudal half of the 
medulla oblongata. Each dorsal vagal nucleus in nonhuman 
primates supplies fibers to the ipsilateral and contralateral 
vagal nerve [X]. A similar arrangement is likely in humans.

Thinly myelinated fibers from the dorsal vagal nuclei pass 
ventrolaterally and emerge from the brain stem in the retro‐
olivary area as rootlets of the vagal nerve [X]. Some of the 
fibers from the dorsal vagal nuclei may join the glos-
sopharyngeal nerve [IX] and cranial root of the accessory 
nerve [XI]. These preganglionic parasympathetic fibers syn-
apse with postganglionic neurons in ganglia that lie in, on, or 
near the heart, lungs, esophagus, and gastrointestinal tract to 
the left colic flexure.

The nucleus ambiguus is a pharyngeal efferent nucleus in 
the medulla oblongata (Fig. 4.6) whose neurons give rise to 
fibers innervating muscles derived from pharyngeal (visceral) 
arch mesoderm. As a series of neuronal clusters connected by 
scattered neurons, the nucleus ambiguus is satisfactorily 
definable only at certain medullary levels (hence its name). 
Clinical and experimental observations reveal a motor pattern 
in the nucleus ambiguus from rostral to caudal as follows: the 
stylopharyngeus, soft palate, pharyngeal constrictors, and the 
laryngeal muscles. Neurons in the rostral fourth of nucleus 
ambiguus give rise to fibers that travel in the glossopharyn-
geal nerve [IX] to supply the stylopharyngeus muscle. 
Neurons in the caudal fourth of the nucleus ambiguus, whose 
fibers leave the medulla as the cranial root of XI, pass through 
the jugular foramen, and then join the vagal nerve [X]. They 
travel in its recurrent laryngeal branch and distribute to all the 
muscles of the larynx except for the cricothyroid muscle (sup-
plied by the external laryngeal branch of the vagal nerve but 
derived initially from the nucleus ambiguus). Neurons in the 
middle two‐fourths of the nucleus ambiguus provide fibers 
that travel in the vagal nerve. Fibers from these neurons also 
leave the medulla as the cranial root of XI, pass through the 
jugular foramen, and then join the vagal nerve [X] but distrib-
ute as the pharyngeal branches of X supplying the soft palate 
and pharyngeal constrictors. Thus, the nucleus ambiguus pro-
vides motor fibers that travel at some point in three different 
cranial nerves: the glossopharyngeal [IX], vagal [X], and acces-
sory [XI] nerves. Through these three cranial nerves, the 
nucleus ambiguus provides motor nerves to the pharynx, lar-
ynx, and soft palate. Because of this unique motor pattern, 
small injuries in the human nucleus ambiguus may cause 
impaired function of one or more pharyngeal, laryngeal, or 
soft palate muscles. The possibility of involving several mus-
cles innervated by one cranial nerve without involving all the 
muscles innervated by that nerve holds for any motor nucleus 
of the brain stem that exhibits a motor pattern.

Lateral in this section, and at all medullary levels, are the 
trigeminal spinal tract and its accompanying trigeminal 
spinal nucleus (Fig. 4.6). In the caudal part of the medulla 
oblongata, these structures are superficial, forming a trigem-
inal tubercle. The trigeminal spinal nucleus is a somatic 
afferent nucleus concerned with sensations from the face, 
cornea, and oral mucosa, the tongue and dental pulp, the 
nasal mucosa, and the anterior half of the scalp.

Also at this level are the solitary tract and the associated 
solitary nucleus (Fig.  4.6). The solitary tract includes 
descending visceral afferent fibers that enter the brain stem 
in the vagal nerve [X] and descend to the medulla–cord 
junction. Surrounding the longitudinal extent of this 
descending tract is the solitary nucleus (Fig.  4.6). The 
nucleus and the tract form a continuous complex from the 
middle part of the pons to the caudal part of the medulla 
oblongata. Visceral afferents in the vagus [X] end in this 
complex, as do some fibers from the facial [VII] and glos-
sopharyngeal nerves [IX] that contribute to the solitary tract. 
The visceral afferent fibers in this tract and nucleus are 
 gustatory in function. Catecholaminergic neurons occur in 
the solitary tract and at its ventrolateral border in various 
primates. Catecholaminergic fibers are scattered in and near 
the solitary tract of nonhuman primates.

The lateral reticular nucleus, a constituent of the reticular 
formation, is in the lateral medulla oblongata dorsal to the 
dorsolateral edge of the inferior olivary nucleus and ventral to 
the ventrolateral edge of the trigeminal spinal tract (Fig. 4.6).

Level of the glossopharyngeal and vestibulocochlear 
nuclei and nerves

At this level, the fourth ventricle is the widest. The dorsal and 
ventral cochlear nuclei appear on the dorsal, lateral, and 
ventrolateral margins of the inferior cerebellar peduncle 
(ICP) (Figs 4.3 and 4.6). These cochlear nuclei are secondary 
neurons in the auditory path. A decrease in volume of this 
nucleus appearing beyond the fifth decade is due to the loss 
of non‐neuronal elements. Medial to the inferior cerebellar 
peduncle is the vestibular nuclear complex (Fig.  4.6). The 
vestibular part of the vestibulocochlear nerve [VIII] is con-
cerned with the maintenance of body, head, and eye position, 
and our sense of awareness of the position (verticality) or 
movement of the body (self‐motion) caused by the effects of 
gravity, acceleration, and deceleration (equilibrium and orien-
tation). Its nuclei are secondary neurons in the vestibular path.

Two groups of vestibular neurons at this level are the 
medial and inferior vestibular nuclei (Fig.  4.6). The latter 
nucleus is medial to the inferior cerebellar peduncle and has 
noticeable vertically oriented fibers scattered among its 
neurons. The medial vestibular nucleus is medial to the infe-
rior vestibular nucleus (Fig.  4.6). Entering vestibular fibers 
pass diagonally through the peduncle to reach the vestibular 
nuclei. Cochlear fibers pass along the lateral border of the 
inferior cerebellar peduncle before ending in the cochlear 
nuclei. These relations are clinically significant in that a single 
blood vessel (posterior inferior cerebellar artery) supplies all 
structures in the dorsolateral medulla oblongata at this level.

Autonomic fibers traveling in the glossopharyngeal nerve 
[IX] to the otic ganglion and then to the parotid gland have 
their neurons of origin in the inferior salivatory nucleus 
(Fig. 4.6). At this level, the inferior salivatory nucleus is at the 
rostral pole of the dorsal vagal nucleus (Fig. 4.5). Also at this 
level (Fig. 4.6) is the nucleus ambiguus that provides pharyn-
geal efferent fibers by way of the glossopharyngeal nerve to 
the stylopharyngeus muscle.
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The glossopharyngeal nerve [IX] transmits sensory 
impulses from the tongue, tonsils, oral and nasopharynx, 
carotid bodies, and sinuses. These visceral afferent fibers 
enter the brain stem in the glossopharyngeal nerve and con-
tribute to the solitary tract (Fig. 4.6) before ending in the soli-
tary nucleus (Fig. 4.6). Each glossopharyngeal nerve carries 
taste impulses (visceral afferent  –  SVA) from the posterior 
third of the tongue. Central processes of these SVA fibers 
enter the brain stem as part of the glossopharyngeal nerve to 
enter the solitary tract (Fig. 4.6), particularly its ventricular 
part. The glossopharyngeal nerve and the vagus receive 
somatic afferent impulses from a small part of the external 
and middle ear. These somatic afferents enter the brain stem 
with the glossopharyngeal nerve, then join the trigeminal 
spinal tract before ending in its nucleus (Fig. 4.6).

Relations between certain brain stem nuclei at this level 
underlie the gag (pharyngeal) reflex, perhaps in association 
with emesis and other accompanying responses. Vestibular 
connections to the dorsal vagal nucleus, solitary nucleus, 
nucleus ambiguus, inferior salivatory nuclei, and descending 
connections to spinal autonomic neurons provide the basis 
for motion sickness and such accompanying responses as 
reverse peristalsis, nausea, regurgitation, frequent swallow-
ing, pallor, sweating, and salivation.

4.4.3 Pons

Sections of the pons reveal three levels: rostral, middle, and 
caudal (Figs  4.7 and 4.8). Each level shares certain general 
internal features and each is divisible into a dorsal part or pon-
tine tegmentum and a ventral part or basilar pons. The teg-
mentum of the pons is an area of neurons and fiber bundles. It 
is continuous rostrally with the tegmentum of the midbrain. 
Inspection of the basilar pons enables one to identify the 
appropriate pontine level. At all pontine levels the basilar 
pons has longitudinal and transverse pontine fibers that are 
intermingled with the pontine nuclei (Figs 4.7 and 4.8). These 
nuclei (not to be confused with the trigeminal pontine nuclei) 
extend into the pontine tegmentum and serve as relay stations 
in a path from the cerebral cortex to the cerebellum. They are 
separable into secondary nuclear groups according to their 
position in relation to the longitudinal fiber bundles.

Transverse pontine fibers at this level are predominantly 
pontocerebellar fibers (Figs 4.7 and 4.8) that enter and form 
the middle cerebellar peduncles (Fig. 4.7) as they approach 
the cerebellum. Among these fibers and the pontine nuclei 
are longitudinal pontine fibers that have a distinctive 
appearance in transverse sections (Fig.  4.7). Many of these 
longitudinal fibers, such as the corticospinal, corticobulbar, 
corticoreticular, and corticopontine fibers, originate in the 
cerebral cortex. The first two are components of the pyrami-
dal system; the latter are part of a corticopontocerebellar 
system of fibers. The most common synaptic endings in the 
pontine nuclei are corticopontine endings. The fourth ventri-
cle gradually narrows from the caudal part of the pons 
(Fig.  4.7) to the rostral part of the pons (Fig.  4.8), where it 
tapers off before continuing as the aqueduct.

Level of the facial and abducent nuclei (caudal pons)

The abducent nucleus (Fig. 4.7) is in the pontine tegmen-
tum beneath the facial colliculus (a small elevation on the 
floor of the fourth ventricle). No change in neuronal  number 
occurs after birth in the human abducent nucleus, although 
the nucleus nearly doubles in length as the brain grows. 
Fibers from this somatic efferent nucleus turn ventrocau-
dally to emerge at the caudal pontine border (in line with 
the hypoglossal rootlets) to supply the lateral rectus muscle 
of the same side. Abducent fibers pass caudally to leave the 
brain stem inferior to the level of the nucleus itself. In the 
basilar pons, the abducent fibers pass lateral to the longitu-
dinally oriented corticospinal fibers before leaving the 
brain stem. Relations between the transverse abducent 
 fibers and the longitudinal corticospinal fibers are of  clinical 
importance. Destruction of the right abducent nucleus or 
the fibers arising from it will cause paralysis of the right 
lateral rectus muscle; the right eye deviates medially 
towards the nose (esotropia or strabismus) because of 
unopposed action of the right medial rectus. Injury to the 
basilar pons involving the right abducent fibers and right 
corticospinal fibers causes medial deviation of the right eye 
with paralysis of the left upper and lower limbs. Injury to 
both abducent nuclei or to both abducent nerves causes 
bilateral internal strabismus. Because of its long intracra-
nial course, expanding masses such as tumors often injure 
the abducent nerve [VI].

The facial nucleus, in the caudal part of the pontine teg-
mentum (Fig. 4.7) medial to the trigeminal spinal tract and 
nucleus but separated from them by the emerging facial fib-
ers (Fig. 4.7), is the origin of the pharyngeal efferent compo-
nent of the facial nerve [VII] that supplies the facial muscles. 
The latter are derived embryologically from pharyngeal arch 
2. The total number of human facial neurons on one side esti-
mated using an optical fractionator is 10 470. Fibers innervat-
ing lower facial muscles arise from the dorsal part of the 
facial nucleus; fibers supplying upper facial muscles (for 
eyelid closure and wrinkling of the forehead) arise from neu-
rons in the ventral part of the facial nucleus. Fibers from 
neurons in the facial nucleus have an unusual course, pass-
ing to the ventricular floor, medial to the abducent nucleus, 
where they collect in a compact bundle beneath the fourth 
ventricular floor. This compact bundle of facial fibers is 
termed the genu of the facial nerve [VII] (Fig. 4.7). From this 
point, the genu of the facial nerve ascends and turns laterally 
to arch over the abducent nucleus from medial to lateral. 
These pharyngeal efferent fibers then pass ventrolaterally 
between the trigeminal spinal nucleus and the lateral aspect 
of the facial nucleus before emerging from the pontomedul-
lary junction. These exiting facial nerve fibers are rostral to, 
and aligned with, exiting fibers of the glossopharyngeal [IX], 
vagal [X], and accessory [XI] nerves in that rostral to cau-
dal order.

Injuries to the facial nucleus, its intramedullary fibers, or 
its fibers outside the brain stem cause paralysis of all facial 
muscles ipsilateral to the injury. In such cases, the patient 
cannot close one eye, wrinkle the forehead, or smile on that 
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side. The palpebral fissure widens because of paralysis of the 
orbicularis oculi muscle, and the corner of the mouth sags on 
the injured side. Because the pharyngeal efferent facial fibers 
do not join the other facial components until after the facial 
genu, injury before the facial genu involves only this compo-
nent without involving the others. In humans, some facial 
fibers join a layer of fibers beneath the floor of the fourth 
ventricle and contribute to the contralateral facial nerve 
without entering the facial genu.

The superior salivatory nucleus, in the caudal part of 
the pontine tegmentum, provides visceral efferent fibers to 
the facial nerve. Neurons of this nucleus form small clusters, 
lateral to and intermingled with the emerging facial fibers 
(Fig. 4.7). Processes of superior salivatory neurons join the 

facial fibers and distribute to the submandibular ganglion 
that innervates the submandibular, sublingual, and other 
oral salivary glands. Destruction of a superior salivatory 
nucleus is clinically insignificant if other salivary glands are 
unaffected. A special group of neurons in or near the supe-
rior salivatory nucleus termed the lacrimal nucleus supply 
the lacrimal gland. Destruction of these lacrimal neurons 
or their processes in the facial nerve eliminates lacrimal 
secretion and causes a dry eye – a serious symptom accom-
panying facial paralysis.

Visceral afferent facial fibers that carry impulses from 
taste buds on the anterior two‐thirds of the tongue enter the 
pons and separate from the incoming facial fibers to enter the 
solitary tract and then end in that part of the solitary nucleus 
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Figure 4.7 ● (A) A transverse section of the caudal third of the adult human pons at the level of the facial and abducent nuclei and nerves. (B) A transverse 
section of the middle third of the adult human pons at the level of the trigeminal nerve [V], pontine and trigeminal motor nuclei. Both drawings magnified 
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on the ventricular side of the solitary tract. The solitary tract 
and the solitary nucleus are identifiable in the caudal part of 
the pons (Fig.  4.7). Somatic afferent facial fibers that carry 
impulses from a small part of the auricle and perhaps the 
external surface of the tympanic membrane join the trigeminal 
spinal tract on entering the caudal part of the pons.

The superior olivary nucleus, an essential link in the audi-
tory path, is at caudal levels of the pons in the ventrolateral 
tegmentum ventral to the facial nucleus (Fig. 4.7A) and dors-
oventral in its orientation. The human superior olive has a 
conspicuous and well‐developed medial segment (MSO  – 
medial superior olive) that is a uniformly slender column 
consisting of about 10 000–11 000 cells. There is a much 
smaller (2500–4000 cells) and difficult to delineate lateral 
segment (LSO – lateral superior olive) that is roughly oval. 
The human MSO likely plays an important role in human 
spatial hearing (sound localization).

The central tegmental tract (Fig. 4.7A) is a fiber bundle 
with various origins that runs in the tegmentum of the brain 
stem. It contains both ascending and descending fibers, some 
of which end in the inferior olivary nucleus of the medulla 
oblongata.

Level of the entering trigeminal nerve (middle pons)

A transverse section at this level (Fig. 4.7B) reveals fibers of 
the trigeminal nerve [V]. Here at the middle pons level the 
basilar pons resembles that in the caudal part of the pons. 
Corticopontine fibers are greater in number at this level but 
in smaller bundles.

The anterior half of the scalp to the vertex (except for a 
small area at the mandibular angle), the cornea, oral mucosa, 
tongue, dental pulp, and nasal mucosa are innervated by 
somatic afferents in the trigeminal nerve [V] that have neurons 
of origin in the trigeminal ganglion. Central processes of 

these ganglionic neurons pass to the middle pons as the 
trigeminal sensory root. As they enter the brain stem on the 
lateral margin of the pons, they mark the boundary between 
the pons and middle cerebellar peduncle (Fig.  4.7). Fibers 
continue medially into the pontine tegmentum. The trigeminal 
pontine nucleus is a somatic afferent nucleus in the lateral 
part of the pontine tegmentum of the middle pons dorsolat-
eral to the entering trigeminal sensory roots (Fig.  4.7). The 
trigeminal pontine nucleus is about 4.5 mm in rostrocaudal 
length. It receives impulses through the trigeminal sensory 
root whose fibers encapsulate the trigeminal pontine nucleus 
before entering it.

Medial to trigeminal fibers in the dorsolateral pontine 
tegmentum is the trigeminal motor nucleus (Fig.  4.7). 
Although nearer the floor of the fourth ventricle, it is in line 
with other pharyngeal efferent nuclei. Its fibers leave the 
brain stem, form the trigeminal motor root, and innervate the 
muscles of mastication. A pattern of localization is present in 
the trigeminal motor nucleus for the muscles that it inner-
vates, including the muscles of mastication, the mylohyoid, 
tensor veli palatini, tensor tympani, and anterior belly of the 
digastric. Sectioning the trigeminal motor root seriously 
impairs chewing. Because of the pull by the nonparalyzed 
contralateral pterygoid muscles, the resultant paralysis leads 
to mandibular deviation to the injured side. In addition to 
the trigeminal motor and sensory roots, small intermediate 
filaments are situated between these roots in humans. Such 
accessory or intermediate fibers are a component of the 
trigeminal motor root. Clarification of their neuronal origin 
and peripheral and central connections may aid in under-
standing their function. About 27% of ventral root axons 
leaving the human spinal cord are nonmyelinated and are 
likely to be sensory in function. Nonmyelinated fibers make 
up about 12–20% (about 300–1000) of the fibers in the trigem-
inal motor root in humans. Their function is unclear.
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Figure 4.8 ● A transverse section of the rostral 
third of the adult human pons at the level of the 
pontine isthmus (pretrigeminal level). Drawing 
magnified approximately three times.
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The trigeminal mesencephalic nucleus (Fig.  4.7) has 
pseudounipolar neurons that resemble those in spinal ganglia. 
Unlike the latter, the trigeminal mesencephalic neurons did 
not migrate from the developing neural plate but remained 
in the brain stem. They appear in the lateral periaqueductal 
gray from trigeminal to rostral levels of the midbrain. At 
trigeminal levels, they serve as neurons of origin for somatic 
afferent proprioceptive trigeminal fibers.

Peripheral processes of trigeminal mesencephalic neu-
rons have specialized endings in the masticatory muscles. 
These fibers enter the trigeminal motor root but bypass the 
trigeminal motor and pontine nuclei to form the trigeminal 
mesencephalic tract (Fig.  4.7). Neurons of the trigeminal 
mesencephalic nucleus are scattered along the tract in the 
lateral part of the pontine periventricular gray. Fibers of the 
trigeminal mesencephalic tract in humans extend caudally 
to the level of the facial nerve. Some fibers of the facial 
nerve join the trigeminal mesencephalic tract. Such fibers 
may be the proprioceptive component of the facial nerve. 
The trigeminal mesencephalic tract continues into the rostral 

part of the midbrain (superior collicular level). Trigeminal 
mesencephalic neurons send their central processes caudal-
ward to the trigeminal pontine or trigeminal motor nucleus. 
Finally, the solitary nucleus, whose rostral pole extends to 
about the middle of the trigeminal pontine nucleus, appears 
immediately dorsal to that nucleus. Surrounding fibers often 
obscure the rostral part of the solitary nucleus.

Level of the pontine isthmus (rostral pons)

The junction of the pons and midbrain, where the fourth 
ventricle narrows (Fig. 4.8), is termed the pontine isthmus. 
It is the rostral part of the pons, the narrowest part of the 
brain stem, and the narrowest part of the fourth ventricle. 
The basilar pons at this level resembles the basilar pons of 
the middle and caudal parts of the pons in that it has longi-
tudinal and transverse pontine fibers that are intermingled 
with the pontine nuclei (Fig.  4.8). Longitudinal pontine 
fibers are numerous at this level and less compact than at 
other pontine levels.
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Figure 4.9 ● (A) A transverse section of the caudal half of the adult human midbrain at the level of the inferior colliculus and trochlear nucleus. (B) A transverse section of the 
rostral half of the adult human midbrain at the level of the superior colliculus and the oculomotor nucleus and nerve [III]. Both drawings magnified approximately three times.
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The superior medullary velum (Fig. 4.8), a thin layer of 
tissue between both superior cerebellar peduncles (Fig. 4.8), 
forms a roof over the rostral part of the fourth ventricle. Each 
superior cerebellar peduncle has fibers that join the cerebel-
lum with the midbrain and diencephalon. No entering or 
emerging cranial nerves occur at the level of the pontine 
isthmus. Trochlear fibers are identifiable as they cross in the 
superior medullary velum (Fig.  4.8) before emerging from 
the dorsal surface of the pons–midbrain junction. Neurons of 
origin for these trochlear fibers are at caudal levels of the 
midbrain.

The medial longitudinal fasciculus (MLF), a prominent 
coordinating path in the pons, extends rostrally into the mid-
brain (Fig. 4.8) and caudally into the medulla oblongata as a 
well‐circumscribed fiber bundle near the median plane 
(Fig. 4.7B). The trigeminal mesencephalic root and nucleus 
(Fig.  4.8) are identifiable parallel to the lateral wall of the 
progressively decreasing fourth ventricle. Intermingled in or 
medial and ventral to the trigeminal mesencephalic neurons 
are multipolar, pigmented neurons. These two groups of 
neurons are distinguishable in the lateral periventricular 
gray. The locus coeruleus is a conspicuous collection of nor-
epinephrine‐containing neurons in the lateral wall and roof 
of the fourth ventricle in the rostral pons (Fig. 4.8). Neuronal 
cell bodies in the human locus coeruleus have small, spheri-
cal, cytoplasmic, protein bodies, rich in free basic amino 
acids. Their presence serves as a marker for catecholamine‐
synthesizing neurons. Neurons of the locus coeruleus extend 
from the rostral pons into the inferior colliculus level of the 
midbrain (at the level of the trochlear nucleus), where they 
appear to be more densely populated. There is a loss of 

neurons in the locus coeruleus with normal aging (25–60% 
by the ninth decade), in elderly patients with Alzheimer dis-
ease, and in those with Parkinson disease. There is consider-
able individual variability in the number of LC cells observed 
throughout the human brain stem.

4.4.4 Midbrain

The superior and inferior colliculi are rounded eminences 
on the dorsal surface of the midbrain (Figs 4.3 and 4.9) while 
on the ventral surface of the midbrain are large fiber bundles 
termed the cerebral peduncles. Sections of the midbrain 
reveal rostral and caudal levels that correspond to levels of 
the inferior and superior colliculi, respectively. Internally 
from dorsal to ventral, both levels of the midbrain have a 
tectum [Latin: roof] formed by the colliculi, a tegmentum 
and a base (Table 4.4). Between the tectum and tegmentum 
of the midbrain is the periaqueductal gray consisting of 
neurons arranged around the aqueduct (Fig. 4.9). The base 
of the midbrain (basis pedunculi) includes a cellular part, 
the substantia nigra, and a fibrous part, the cerebral crus. 
The tegmentum of the midbrain (Fig. 4.9) is centrally located 
on either side of the median plane and extends from the 
substantia nigra to the aqueduct (Fig.  4.9). The midbrain 
tegmentum is continuous caudally with the tegmentum of 
the pons. The periaqueductal gray is continuous caudally 
with the periventricular gray at pretrigeminal pontine levels 
and rostrally with the periventricular gray lateral to the 
third ventricle. Different neuronal types and three divisions 
of the periaqueductal gray are identifiable in humans: 
nucleus medialis, an inner ring around the aqueduct; nucleus 
dorsalis, a region of smaller neurons dorsal to the aqueduct; 
and nucleus lateralis, an outer layer dorsolateral in position.

The fibrous part of the basis pedunculi, the cerebral crus, 
has numerous longitudinally oriented fiber bundles that 
begin in the cerebral cortex and descend into the midbrain, 
pons, medulla oblongata, and spinal cord. The cellular part of 
the basis pedunculi, the substantia nigra (Fig.  4.9), whose 
neurons have dark brown neuromelanin pigment, extends 
from the midbrain into the diencephalon. Neuromelanin is a 
waste product of catecholamine metabolism and a marker for 
catecholaminergic neurons. It makes its appearance in the 
substantia nigra about the third year of life, reaching its adult 
degree of pigmentation by 10–18 years of age. There is a pro-
gressive increase in the pigmentation of the substantia nigra 
until age 60 years, with a gradual decline from 60 to 90 years. 
While most of the pigmented substantia nigra is the cellular 
compact part, it has a nonpigmented reticular part with many 
dendrites and synaptic endings and also lateral and retroru-
bral parts. The reticular part in humans is a plexiform layer 
whose neurons are immunoreactive for  parvalbumin. The 
compact part is a ganglionic layer. The substantia nigra has 
significant connections with the motor system. The character-
istic pathological feature of Parkinson disease is decreased 
pigmentation and, at times, reduction in the size of the sub-
stantia nigra. The neurons of the  substantia nigra (the largest 
accumulation of neuromelanin‐containing neurons) and 

table 4.4 ● Internal organization of the human midbrain.

Tectum
Roof formed by the colliculi – two levels:

1. Superior colliculi – defines rostral level of the midbrain
2. Inferior colliculi – defines caudal level of the midbrain

Periaqueductal gray
Area of neurons arranged around the aqueduct
At both levels of the midbrain
Continuous rostrally with the periventricular gray

Tegmentum
Centrally located on either side of the median plane
At both levels of the midbrain
Extends from the substantia nigra to the aqueduct

Base of the midbrain
At both levels of the midbrain with cellular and fibrous parts:

1. Substantia nigra – cellular part
A. Pars reticularis – contains many dendrites and synaptic endings 

and is considered the plexiform layer of the substantia nigra; 
composed mainly of GABAergic neurons

B. Pars compacta – cellular and dorsal, considered the ganglionic 
layer; dopaminergic neurons

2. Cerebral crus – fibrous part
Corticospinal, corticobulbar, and corticopontine fibers here
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locus coeruleus (the densest accumulation of neuromelanin‐
containing neurons) normally have a few spherical protein 
bodies that either form clusters among the melanin granules 
or are evenly dispersed in the neuronal cytoplasm and in 
proximal dendrites. A noticeable reduction in these protein 
bodies occurs in the brains of patients who have suffered 
from Parkinson disease. In humans, the substantia nigra has 
three catecholamines: dopamine (1000 ng/g–1), norepineph-
rine (200 ng g–1), and epinephrine (about 2 ng g–1). Only dopa-
minergic neurons occur in the compact part.

Level of the inferior colliculus and trochlear nucleus 
(caudal midbrain)

The inferior colliculi form the tectum of the midbrain at the 
level of the trochlear nucleus (Fig.  4.9A). A layer of neurons 
and fibers surrounds each colliculus and interconnects them by 
way of the commissure of the inferior colliculus (Fig.  4.9A). 
Inside each inferior colliculus is the nucleus of the inferior col-
liculus, a relay station for auditory impulses ascending to 
higher levels. Deafness results from injury involving both infe-
rior colliculi (such as a cyst compressing on these structures).

The trochlear nucleus (Fig.  4.9A), a somatic efferent 
nucleus, is ventral to the periaqueductal gray and the aque-
duct near the median plane of the midbrain tegmentum. 
A  capsule of fibers separating it from the periaqueductal 
gray identifies its rostral extent. Trochlear fibers proceed 
around the periaqueductal gray to the level of the caudal 
part of the inferior colliculi. Bundles of trochlear fibers curve 
dorsal to the aqueduct, cross through the superior medullary 
velum (forming the trochlear decussation), and emerge from 
the dorsal aspect of the junction of the pons and midbrain 
caudal to the opposite inferior colliculus. As the trochlear 
fibers follow this course, they delineate the path of migration 
of the trochlear neurons in development. Because of this 
decussation, left trochlear neurons innervate the right supe-
rior oblique muscle and vice versa. No significant age‐related 
change in neuronal number occurs in the human trochlear 
nucleus. Positive immunostaining for choline acetyltrans-
ferase (ChAT) is demonstrable in the human trochlear 
nucleus. ChAT is a specific marker for mapping cholinergic 
neurons and their paths.

Dorsal to the trochlear nuclei, at inferior collicular levels, 
is the dorsal nucleus of the raphé or the supratrochlear 
nucleus. The trigeminal mesencephalic nucleus and tract 
occur at the edge of the periaqueductal gray. Trigeminal 
mesencephalic neurons, at or near the trochlear nucleus, may 
contribute proprioceptive fibers to the trochlear nerve for the 
superior oblique muscle.

The medial longitudinal fasciculus is near the median 
plane indented by the trochlear nucleus that appears partly 
embedded in it. This fasciculus helps to coordinate the 
activity of certain brain stem nuclei concerned with vestib-
ular and oculomotor functions. The decussation of the 
superior cerebellar peduncles (Fig.  4.9A), occurring at 
inferior collicular levels, is centrally located in the tegmen-
tum of the midbrain ventral to the medial longitudinal 

fasciculus and dorsomedial to the substantia nigra. In gen-
eral, the decussation of the superior peduncles carries cer-
ebellar fibers to the rostral part of the midbrain and then to 
the thalamus (Fig. 6.8).

Level of the superior colliculus and oculomotor 
nucleus (rostral midbrain)

The tectum at this level presents the superior colliculus, 
which shows alternating layers of neurons and fibers, giving 
it a laminated pattern (Fig. 4.9B), suggesting a high degree 
of correlation. Seven layers occur in the superior colliculi in 
humans. A deep white layer is the efferent collicular region, 
a collection of fibers that border the periaqueductal gray. 
Nearly all efferent superior collicular fibers, destined for the 
brain stem and spinal cord, pass, in part, through this layer. 
Many of these efferent fibers cross in the commissure of the 
superior colliculi. The human superior colliculus has about 
5 ng/ g–1 of epinephrine.

Innumerable tracts interconnecting regions rostral and 
caudal to the midbrain characterize the midbrain tegmentum 
at this level. Here also are paired oculomotor nuclei (Fig. 4.9B). 
They are somatic efferent and extend through the caudal 
three‐fourths of the midbrain. Each nucleus is dorsal and 
medial to the medial longitudinal fasciculus (Fig. 4.9). These 
two nuclei fuse caudally and overlap the rostral ends of the 
trochlear nuclei. Fibers from each oculomotor nucleus pass 
in the medial longitudinal fasciculus, then ventrally through 
the medial part of the red nucleus, substantia nigra, and 
cerebral crus (Fig.  4.9). Catecholaminergic neurons are 
interspersed in the median plane among the oculomotor fib-
ers before they emerge from the oculomotor sulcus in the 
interpeduncular fossa. There is a somatotopic arrangement 
of neurons in the oculomotor nucleus supplying different 
ocular muscles. Studies in the baboon indicate that neurons 
supplying the medial rectus, inferior rectus, and inferior 
oblique and most of the neurons supplying the levator palpe-
brae superior contribute fibers to the ipsilateral oculomotor 
nerve, whereas superior rectus neuronal cell bodies contrib-
ute fibers to the contralateral oculomotor nerve. In addition, 
neurons supplying the levator palpebrae superioris overlap 
with medial rectus neuronal cell bodies in the oculomotor 
nucleus. There is also overlap among neurons that supply 
the inferior, inferior oblique, and superior rectus. The area 
of the oculomotor nuclei in humans has a high content of 
epinephrine (15–40 ng/g–1). All of the large neurons in the 
human oculomotor nucleus are cholinergic.

The accessory oculomotor (Edinger–Westphal) nucleus 
has rostral and caudal parts with different connections and 
functions. This nucleus is the source of visceral efferent 
oculomotor [III] fibers (Fig. 4.9). The rostral part is involved 
in light reflexes and the caudal part with accommodation. 
Cholinergic neurons are present in the human accessory 
oculomotor nucleus.

The trigeminal mesencephalic nucleus and its accom-
panying tract are identifiable at superior collicular levels 
lateral to the periaqueductal gray. Processes from trigeminal 
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mesencephalic neurons form the tract  –  a likely source of 
proprioceptive fibers for muscles innervated by the cranial 
nerves. Apart from the periaqueductal gray, the tegmentum 
at this level has large and small neurons, with the larger 
being referred to as tegmental nuclei. A conspicuous nucleus 
at rostral midbrain levels is the red nucleus (Fig. 4.9). In fresh 
brains, this nucleus has a reddish color. Fibers of the superior 
cerebellar peduncle and other paths encapsulate each red 
nucleus. Since the superior cerebellar peduncles decussate 
at  inferior collicular levels, each half of the cerebellum 
influences the contralateral red nucleus. Because of its con-
nections with motor structures, the red nucleus plays an 
essential role in motor activity.
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In the last analysis, the cerebral lobes, the cerebellum and the quadrigeminal bodies, 
medulla oblongata, medulla spinalis, the nerves, all these essentially different parts 
of the nervous system, all have specific properties, proper functions and distinct 
effects. In spite of this marvellous diversity of properties, of function and of effects 
they constitute nonetheless a unitary system.

Pierre Flourens (1794–1867)
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C H A P t e r  5

The Forebrain

The prosencephalon (forebrain) differentiates into the 
telencephalon and diencephalon in the fourth week of 
development. In adults, the telencephalon is composed of 
the telencephalon medium, cerebral hemispheres, two parts 
of the basal ganglia (caudate and putamen), and the rhinen
cephalon. The adult diencephalon consists of the epithalamus 
(Fig. 5.1), hypothalamus, dorsal thalamus, and subthalamus. 
The term “thalamus” is a general term for the entire dorsal 
thalamus (see Fig.  14.1). Table  2.2 summarizes the adult 
derivatives of the human forebrain along with the associated 
ventricular cavity for each part of the adult brain.

The brain weight more than doubles in the first postnatal 
year, quadruples by about 3 years in males and between 
3 and 4 years in females, and takes about 15 years to reach 
the mean highest value for young adults, which is 1340 g for 
females and 1450 g for males. The male brain is greater in 
weight than the female with an average difference at all ages 
of about 9.8%. The structural and functional significance of 
this difference in brain weight is unclear, although the greater 
height and weight of males may account for this difference. 
A progressive decline in brain weight begins at about 45–50 
years of age and continues into advancing age, reaching its 
lowest value after 86 years, by which time mean brain weight 
has decreased by about 11%. Such a decrease in brain weight 
is most likely due to general neuronal wear and tear along 

with some age‐related neuronal loss. The total intracranial 
content (100%) by volume = 1700 ml, which includes the 
brain = 1400 ml (80%); blood = 150 ml (10%); and cerebro
spinal fluid = 150 ml (10%) (Rengachary and Ellenbogen, 2005).

5.1 teLeNCePHALON

5.1.1 Telencephalon medium

The middle of the telencephalon, the telencephalon medium 
(Fig. 5.1), is dorsal to the optic chiasm occupying the rostral 
part of the third ventricle (see Fig. 19.1). The telencephalon 
medium, a small part of the adult telencephalon, consists of the 
preoptic area, anterior commissure, and lamina terminalis 
(Figs 5.1 and 19.1). The preoptic area lies on either side of the 
third ventricle, anterior to a line extending from the ipsilateral 
interventricular foramen to the anterior surface of the optic 
chiasm (Figs 5.1 and 19.1). Although developmentally a part 
of the telencephalon medium, the preoptic area functionally 
belongs with the hypothalamus (a diencephalic region). The 
lamina terminalis is a thin membrane forming the rostral 
wall of the third ventricle. The lamina terminalis interconnects 
the optic chiasm with the anterior commissure (Figs 5.1 and 
19.1) and the preoptic area of one side with that of the other. 

5.1 teLeNCePHALON

5.2 DIeNCePHALON

5.3 CereBrAL WHIte MAtter

FUrtHer reADING
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The anterior commissure is a conspicuous fasciculus com
posed of interconnections between the temporal lobes that 
cross the median plane in the upper lamina terminalis. The 
anterior commissure is 12% larger in females than in males 
even though the male brain is larger than the female brain. In 
homosexual men, it is 18% larger than it is in heterosexual 
women and 34% larger than in heterosexual men. The preop
tic area, anterior commissure, and lamina terminalis are 
obvious on the medial surface of each cerebral hemisphere 
(Figs 5.1 and 19.1).

5.1.2 Cerebral hemispheres

The human brain (one brain) is divisible into two lateral 
telencephalic outgrowths that form the right and left cerebral 
hemispheres (two hemispheres) (Fig.  5.2). Each cerebral 
hemisphere has three poles (frontal, temporal, and occipital), 
four surfaces (superior, lateral, medial, and inferior), and 
four lobes (frontal, parietal, temporal, and occipital) visible 
on the external surface. The cerebral hemispheres completely 
cover the diencephalon and occupy the anterior and middle 
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Figure 5.1 ● A median section of the human brain including two subdivisions of the forebrain, the telencephalon medium, and the diencephalon.
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cranial fossae. The lateral ventricles (ventricles 1 and 2) are 
fluid‐filled cavities in the cerebral hemispheres. As the lateral 
surface of each cerebral hemisphere balloons out, their 
medial surfaces meet in the median plane and flatten 
(Fig.  5.2). Separating the two cerebral hemispheres in the 
median plane is the longitudinal cerebral fissure (Fig. 5.2). 
Each hemisphere has four surfaces, superior, lateral, medial, 
and inferior, distinguished by numerous convolutions or 
cerebral gyri (Fig. 5.2) separated from other gyri by grooves, 
the cerebral sulci (Fig. 5.2). Certain deeper sulci form bound
aries for the largest divisions of each cerebral hemisphere 
termed the cerebral lobes (Fig. 5.3). Figure 5.4 illustrates the 
external appearance of the cerebral hemispheres at monthly 
intervals. Initial fissuring appears at about 24 weeks and is 
completed shortly before birth, at which time all folds, con
volutions, sulci, and gyri that characterize the adult brain are 
present. There is an asymmetry in the developing right and 
left cerebral hemispheres such that the initial frontal and 
temporal gyri in the right hemisphere are evident 1–2 weeks 
earlier than those in the left hemisphere. Secondary gyri also 
appear earlier in the right cerebral hemisphere. Only the 
frontal, temporal, and occipital lobes have identifiable poles. 
These poles are useful landmarks in the adult and can be 
easily identified and followed during development.

Superior and lateral surfaces (superolateral face)

Although each hemisphere has recognizable superior and 
lateral surfaces, it is difficult to say where one ends and the 
other begins. A number of structures are continuous from 
one surface to the other. Hence, for simplicity of description, 
these two surfaces are collectively the superolateral surface 
or face. The central sulcus and the lateral sulcus are two 
prominent sulci on the superolateral surface (Figs  5.2, 5.3, 
and 5.5–5.7) of each cerebral hemisphere. Each central sulcus 

makes a 70° angle as it ascends obliquely across the supero
lateral surface of each cerebral hemisphere separating the 
frontal lobe, anterior to it, from the parietal and occipital 
lobes posterior to it (Fig.  5.3). Each lateral sulcus (Fig.  5.3) 
arises from the base of the frontal lobe, passing posterior to 
separate the temporal lobe inferior to it from the frontal and 
parietal lobes superior to it. Posteriorly, the lateral sulcus has 
a posterior ramus extending into the parietal lobe (Fig. 5.3). 
Anteriorly, it has an anterior ramus and an ascending ramus, 
both of which extend into the frontal lobe (Fig. 5.3). Numerous 
sulci separate the lobes of each cerebral hemisphere into 
smaller subdivisions termed convolutions.

The term cortex [Latin: bark] refers to the “bark” or gray 
matter that covers the cerebral surface whereas the term 
pallium [Latin: cloak] refers to the cerebral cortex and 
the subjacent cerebral white matter (Fig. 5.2). The human 
 cerebral cortex is thin (varying from 1.5 to 4.5 mm in thickness 
in different brain areas) and usually composed of six layers 
of neurons, axons, and dendrites (the number of layers varies 
in different brain areas). Folding of the cerebral cortex 
occurs such that only one‐third of its surface area is visible; 
two‐thirds is invisible and folded, hidden in cerebral gyri 
(Fig. 5.2).

The frontal lobe, essential for voluntary movements of 
the limbs, body, head, and eyes, also participates in certain 
aspects of speech and is responsible for the exceedingly com
plex phenomena of intelligence and behavior in humans. 
The frontal lobe has a frontal pole (Figs 5.4 and 5.5) and a 
characteristic pattern of sulci and gyri. The caudal boundary 
of the frontal lobe is the central sulcus. On the superolateral 
surface, the inferior boundary of the frontal lobe is the lateral 
sulcus (Fig. 5.3). Parallel to the central sulcus, but anterior to 
it, is the precentral sulcus (Fig. 5.5). Between these two sulci 
(central and precentral) is the precentral gyrus. Each frontal 
lobe also has superior and inferior frontal sulci (Fig. 5.5). 
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A middle frontal sulcus is present in some brains. These two 
sulci begin in the precentral sulcus and extend to the frontal 
pole roughly parallel to the lateral sulcus (Fig.  5.5). They 
bound a superior frontal gyrus, dorsal to the superior sul
cus, an inferior frontal gyrus ventral to the inferior sulcus, 
and a middle frontal gyrus between them (Fig.  5.5). Each 

inferior frontal gyrus has three parts, orbital, triangular, and 
opercular, bounded by the anterior and ascending rami of 
the lateral sulcus. The ascending ramus of the lateral sulcus 
(Fig. 5.3) is the anterior boundary of the opercular part of the 
inferior frontal gyrus (Fig.  5.5). The frontal operculum 
[Latin: lid] helps form a lid or covering for the insula. 
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Figure 5.4 ● External appearance of the human left cerebral hemisphere at intervals from the second prenatal month until adult size. (Source: Adapted from 
Lockard, 1948, and Chi, Dooling, and Gilles, 1977.)
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The anterior ramus of the lateral sulcus (Fig. 5.3) is the poste
rior boundary of the orbital part of the inferior frontal gyrus 
(Fig. 5.5), while the triangular part (Fig. 5.5) is between the 
anterior and ascending rami of the lateral sulcus.

The parietal lobe, involved in recognition and discrimi
nation of certain sensations, also associates various types of 
sensory information, permitting the distinction of differences 
in textures, perception of small changes in temperature, 
awareness of position of body parts, and appreciation of 
position of two stimuli simultaneously applied close together 
(two‐point discrimination or discriminative touch). The pari
etal lobe allows the comparison of qualities of sensation, and 
is involved in certain aspects of speech and in automatic or 
following ocular movements (such as occur when the eyes 
automatically follow a tennis ball from one side of the net 
to the other). Immediately behind the central sulcus is the 
postcentral sulcus (Fig.  5.6). Between the central and the 
postcentral sulci is the postcentral gyrus of the parietal lobe 
(Fig. 5.6). Both the postcentral gyrus and its sulcus parallel 
the central sulcus. An intraparietal sulcus (Fig. 5.6) begins in 
the middle part of the postcentral sulcus and runs posteri
orly to separate the superior and inferior parietal lobules 
(Fig. 5.6). Parts of the inferior parietal lobule and the inferior 
frontal gyrus contribute to the upper lip of the lateral sulcus 
termed the frontoparietal operculum (Fig.  5.6). The lower 
part of the inferior parietal lobule includes the supramar
ginal and the angular gyri (Fig.  5.6). The former caps the 
posterior tip of the lateral sulcus (Fig. 5.6) and the latter caps 
the posterior tip of the superior temporal sulcus (Fig.  5.6). 
These two gyri are often indistinct, occurring instead as a 
region contiguous with their respective sulci. The supramar
ginal and angular gyri of the parietal lobe are part of the 
human brain network responsible for speech and language.

The occipital lobe (Fig. 5.7), deep to the occipital bone 
of the skull, is concerned with the awareness of vision, 

including color, form, and motion. The occipital lobe and 
parietal lobe participate in mediating following ocular move
ments. The posterior tip of each cerebral hemisphere in the 
occipital lobe is the occipital pole (Fig.  5.7). About 44 mm 
anterior to the occipital pole, but on the inferior margin of 
the superolateral hemispheric surface, is the preoccipital 
notch (Fig. 5.7). About 5 cm from the occipital pole, but on 
the superior margin of the superolateral surface, is an ascend
ing continuation of the parieto‐occipital sulcus (Fig.  5.7). 
The parieto‐occipital sulcus is on the medial surface of each 
cerebral hemisphere. A line drawn on the superolateral 
surface from the parieto‐occipital sulcus superiorly to the 
preoccipital notch inferiorly is the rostral boundary of the 
occipital lobe (Fig. 5.7).

The temporal lobe (Fig. 5.7) is deep to the temporal bone 
of the skull and is involved in audition, the appreciation of 
sounds, and aspects of vestibular sensation. The last includes 
the maintenance of body, head, and eye position, and our 
sense of awareness of position (verticality) or movement of 
the body (self‐motion) caused by the effects of gravity, accel
eration, and deceleration (equilibrium and orientation). The 
temporal lobe supplements voluntary movements normally 
carried out in the frontal lobe. Finally, the temporal lobe is 
involved in certain autonomic functions and, along with 
parts of the parietal lobe noted in the previous paragraph, 
participates in the human brain network responsible for 
the complex core operations involved in the reception and 
production of language.

The temporal lobe has a temporal pole (Fig. 5.7) at its ante
rior tip. Two sulci, the superior and inferior temporal sulci 
(Fig. 5.7), parallel the lateral sulcus and divide the temporal 
lobe into the superior, middle, and inferior temporal gyri 
(Fig. 5.7). That part of the superior temporal gyrus covering 
the insula is the temporal operculum. Transverse temporal 
gyri, related to audition, extend from the superior temporal 
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Figure 5.6 ● Superolateral surface of the left cerebral hemisphere including the boundaries, major sulci, and gyri of the parietal lobe.
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gyrus into the lateral sulcus. For this reason, these transversely 
oriented gyri are invisible from the superolateral surface but 
are visible upon separation of the lips of the lateral sulcus. 
Only one transverse temporal gyrus is present in the left hemi
sphere but two are in the right hemisphere in most human 
brains. When present, the single, left transverse temporal 
gyrus is shorter and forms a more obtuse angle than the right 
gyri. The right gyri develop earlier, are larger, more often sub
divided, but shorter in rostrocaudal length than the one on the 
left. When one or more transverse temporal gyri occur, they 
have named sulci forming their boundaries. The terminology 
applied to the temporal gyri and sulci is somewhat confusing 
in light of the changes in terminology applied to these struc
tures. The interested reader can refer to Fig. 5.8 for more infor
mation comparing these changing terms.

The insula is in the lateral sulcus covered by the opercular 
parts of the frontal, parietal, and temporal lobes. Removal or 
displacement of the opercular parts of the frontal and pari
etal lobes reveals the insula (Fig. 5.9) as it forms the floor of 
the lateral sulcus. The insula supplements voluntary motor 
activity carried out in the frontal lobe and is concerned with 
the awareness of taste and other visceral sensibilities. The 
insula, bounded by the circular insular sulcus (Fig. 5.9), has 

several gyri, namely a single long insular and several short 
insular gyri. The central insular sulcus (Fig. 5.9) separates 
the long insular gyrus from the short insular gyri. The insula 
is identifiable late in the embryonic period as a flat area on 
the lateral surface of the developing brain that seems to 
indent at eight postfertilization weeks.

Medial surface

The largest structure on the medial surface of each hemi
sphere is the corpus callosum, an enormous bundle of fib
ers interconnecting corresponding areas in the two cerebral 
hemispheres. The size and shape of the corpus callosum 
vary greatly from individual to individual and there are 
gender differences in the shape of callosum. In some cases, 
the corpus callosum is lacking, a condition termed agenesis 
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Figure 5.9 ● Superolateral surface of the left cerebral hemisphere. The 
frontoparietal operculum is dissected away to show the boundaries, major 
sulci, and gyri of the insula.
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of the corpus callosum. There are age‐related changes in 
the corpus callosum during childhood and adulthood. The 
whole of the corpus callosum, termed the body, is in turn 
composed of several parts: a rostrum, genu, trunk, and 
splenium. The splenium is the posterior part of the corpus 
callosum and the genu is its anterior part with the trunk of 
the corpus callosum between them (Fig. 5.10). The splenium 
is more bulbous shaped in women, with a greater maxi
mum width, but it is tubular shaped in men. The genu of 
the corpus callosum turns inferiorly and posteriorly towards 
the anterior commissure (Fig.  5.10) as the rostrum of the 
corpus callosum. Inferior to the genu and rostrum is the sub
callosal area (Fig.  5.10)  –  a collective term including the 
subcallosal gyrus and, inferior to it, the septal area. Callosal 
fibers radiating to the frontal lobe (radiations of the corpus 
callosum) from the genu form the frontal forceps; those 
radiating from the splenium to the occipital lobe form the 
occipital forceps.

Attached to the inferior border of the corpus callosum is 
the thin septum pellucidum (Figs 5.10 and 19.1) – a transparent, 
membranous partition that separates the right and left 
 cerebral ventricles and forms their medial wall. The septum 
pellucidum is bilaminar with a potential space between its 
layers (cavum septi pellucidi) that is normally absent at 
birth but may remain open as a median cleft. There is an 
enormous variability in the reported incidence of cavum 
septi pellucidi (from 2 to 71.5%). Enlargement of the cavum, 
although rare in healthy individuals, has been reported in 
persons with schizophrenia. Dorsal to and following the 

contours of the corpus callosum is the cingulate gyrus (Fig. 5.10), 
which then passes behind the splenium and narrows into the 
cingulate isthmus (Fig.  5.10) before becoming continuous 
with the parahippocampal gyrus (Figs  5.10 and 18.1). 
Separating the cingulate gyrus from the corpus callosum is 
the sulcus of the corpus callosum (Fig. 5.10). The cingulate 
gyrus is continuous rostrally with the subcallosal gyrus (the 
dorsal part of the subcallosal area).

The central sulcus extends from the superolateral surface 
on to the medial surface for a short distance (Fig. 5.10). On 
either side of this sulcus on the medial surface of each 
cerebral hemisphere is the paracentral lobule (Fig. 5.10). It 
has a contribution from the frontal lobe, the precentral or 
anterior part of the paracentral lobule, and a contribution 
from the parietal lobe, the postcentral or posterior part of the 
paracentral lobule. The remainder of the medial surface of 
the frontal lobe consists of the medial frontal gyrus 
(Fig. 5.10). The parieto‐occipital sulcus (Fig. 5.10), the rostral 
boundary of the occipital lobe, intersects at almost a right‐
angle with the rostral end of the calcarine sulcus (Fig. 5.10) 
with the two sulci then continuing caudally as a common 
groove. The calcarine sulcus divides the occipital lobe into 
the cuneus superiorly and the lingual gyrus inferiorly 
(Fig. 5.10). The precuneus, part of the parietal lobe, is ante
rior to the parieto‐occipital sulcus (Fig. 5.10) but posterior to 
the paracentral lobule. The cingulate sulcus (Fig. 5.10) fol
lows the contour of the cingulate gyrus and separates it in 
order from the medial frontal gyrus, the paracentral lobule, 
and the precuneus.
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Figure 5.10 ● Medial surface of the left cerebral hemisphere with certain cerebral sulci and gyri.
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Inferior surface

On the inferior surface of each frontal lobe is the olfactory 
bulb (Figs 5.10 and 5.11). Extending from each bulb is an 
olfactory tract (Figs 5.10 and 5.11) that passes posteriorly 
along the inferior surface of each cerebral hemisphere and 
divides into medial and lateral striae that bound a trian
gular area, the olfactory trigone (Fig.  5.11). Behind the 
trigone is an area perforated by numerous blood vessels, 
the anterior perforated substance (Fig.  5.11). Each olfac
tory bulb and tract lies in relation to the olfactory sulcus of 
the frontal lobe but the olfactory sulcus is itself hidden 
from view by the bulb and tract. Medial to the sulcus is the 
gyrus rectus (Fig. 5.11). Lateral to each bulb and tract are 
several orbital sulci arranged in the shape of a Y or H. 
These sulci separate the surface into various orbital gyri 
(Fig. 5.11).

Each cingulate gyrus passes beneath the splenium of the 
corpus callosum, enters the temporal lobe, and becomes con
tinuous with the parahippocampal gyrus. The rostromedial 
part of the parahippocampal gyrus presents the hook‐like 
uncus (Figs 5.10 and 5.11). The collateral sulcus (Fig. 5.11) 
separates each parahippocampal gyrus from the remainder 
of the temporal lobe. The rostral end of the collateral sulcus 
is the rhinal sulcus (Fig.  5.11). These collateral and rhinal 
sulci may not be continuous. An occipitotemporal sulcus 
may be present on the inferior surface of the occipital and 
temporal lobes (Fig. 5.11) separating the lateral and medial 
occipitotemporal gyri (Fig. 5.11).

5.1.3 Basal ganglia (basal nuclei)

The term basal ganglia refers to the following five structures: 
the caudate nucleus, putamen, and globus pallidus (deep 
telencephalic structures) and also the substantia nigra and 
subthalamic nucleus (parts of the mesencephalon and 
diencephalon, respectively) (Figs 5.12 and 5.13 and Table 5.1). 
This affiliation of these five structures under the heading basal 
ganglia is a functional, not an anatomical or developmental, 
consideration. The basal ganglia and the extrapyramidal areas 
in the cerebral cortex are an important part of the extra
pyramidal motor system.

The basal ganglia are one of the areas of the human nervous 
system that present challenges with regard to terminology and 
nomenclature. It is standard practice among neuroanatomists 
to designate a collection of neurons in the peripheral nervous 
system as a ganglion and a collection of neurons in the 
central nervous system as a nucleus. For this reason, the term 
“basal nuclei” as used by the Terminologia Anatomica (Federative 
Committee on Anatomical Terminology, 1998) would seem 
more appropriate for these five nuclear groups. However, the 
term basal ganglia, used for many of these same structures, is 
widely used and deeply engrained in the research literature.

Caudate nucleus

The caudate nucleus is a constituent of the basal ganglia and 
one of several important C‐shaped structures in the human 
brain. Each caudate nucleus has a relatively large head 
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Figure 5.12 ● A coronal section of the rostral part of the human cerebral hemispheres at the level of the anterior limb of the internal capsule where it separates 
the caudate nucleus from the putamen.

External medullary
lamina

Internal
medullary lamina

Medial globus
pallidusArea of

hypothalamus

Uncus

Amygdaloid
body

Body of caudate
nucleus

Genu of
internal capsuleExtreme capsule

External capsule

Cortex of
insular lobe

Lentiform
nucleus

Putamen

Globus pallidus

Inferior horn of
lateral ventricle

Claustrum

Lateral globus pallidus

Figure 5.13 ● A coronal section of the human cerebral hemispheres at the level of the genu of the internal capsule.

table 5.1 ● Terminology applied to the temporal gyri and sulci.

Oldest term Old term Newest term explanation

First temporal sulcus Superior temporal sulcus Superior temporal sulcus Sulcus on the lateral surface, between the superior temporal gyrus above and 
middle temporal gyrus below

Second temporal sulcus Middle temporal sulcus Inferior temporal sulcus Sulcus on lateral surface, between middle temporal gyrus above and inferior 
temporal gyrus below

Third temporal sulcus Inferior temporal sulcus Occipitotemporal sulcus Sulcus on inferior surface, between lateral and medial occipitotemporal gyri

Fourth temporal sulcus Collateral sulcus Collateral sulcus Sulcus on inferior surface, between parahippocampal gyrus medially and 
medial occipitotemporal gyrus laterally
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(Fig.  5.12) projecting from the lateral side into the frontal 
(anterior) horn of the lateral ventricle of each cerebral hemi
sphere. The head of the caudate narrows into the body of the 
caudate near the interventricular foramina. The body of the 
caudate (Fig. 5.13) narrows considerably as it turns into the 
temporal lobe to become the tail of the caudate that then 
curves along the roof of the ventricle and extends rostrally to 
fuse with the amygdaloid complex (Fig. 5.13).

Putamen

The ventral part of the head of the caudate is continuous 
with the corresponding part of the putamen (Fig.  5.12). 
Functionally and structurally, the caudate nucleus and 
putamen represent a common mass incompletely separated 
in the human brain by a large band of fibers, the anterior 
limb of the internal capsule (Fig. 5.12). A fiber bundle, the 
lateral or external medullary lamina (Figs  5.13 and 5.14), 
separates the putamen from the globus pallidus. As the 
putamen is followed in sections through each cerebral 
hemisphere (Figs  5.13 and 5.14), it begins to disappear at 
caudal levels of the diencephalon.

Globus pallidus

The globus pallidus [Latin: pale] – also called the pallidum – 
has myelinated fibers that give it a pale appearance and its 
name. A band of fibers, the lateral or external medullary 
lamina (Figs 5.13 and 5.14), demarcates the globus pallidus 
on its lateral aspect from the putamen. A second fiber bun
dle, the medial or internal medullary lamina (Figs 5.13 and 
5.14) separates the globus pallidus into a lateral or external 
segment (often abbreviated as GPe) and a medial or internal 
segment (often abbreviated as GPi) (Figs  5.13 and 5.14). 
There may be three segments of the human globus pallidus. 

Viewed together, the putamen and globus pallidus are lens 
shaped and therefore called the lentiform nucleus (Fig. 5.13). 
The caudate and lentiform nucleus (putamen plus the globus 
pallidus) collectively form the corpus striatum.

Dorsal and ventral striatum

The term “corpus striatum” refers collectively to the caudate 
nucleus, putamen, and globus pallidus, whereas the term 
“striatum” or more specifically the dorsal striatum applies 
generally to the caudate nucleus and putamen only. The 
anterior limb of the internal capsule (Fig. 5.12) incompletely 
separates these latter nuclear groups from one another. 
Ventral to the internal capsule the caudate and putamen fuse 
with one another. The rostral and ventral most aspects of the 
fused caudate nucleus and the putamen along with the 
nucleus accumbens (see Fig. 16.3, Ac) form the ventral stria
tum. The human nucleus accumbens is a conspicuous part of 
the ventral striatum.

Subthalamic nucleus

The subthalamus, a constituent of the adult diencephalon, 
is ventral to the dorsal thalamus and hypothalamic sulcus, 
medial to the internal capsule, and lateral to the hypo
thalamus. Structures within the subthalamus include the 
subthalamic nucleus (STN), zona incerta (ZI), and the 
nuclei of the perizonal fields (designated H, H1, and H2). 
The subthalamic nucleus, shaped like a biconvex lens, lies 
along the medial border of the internal capsule, inferior to 
the hypothalamic sulcus (Figs 5.10 and 19.1) but lateral to 
the hypothalamus and third ventricle (Fig. 5.14). It lies in 
close relation to the rostral continuation of the substantia 
nigra and the rostral continuation of the red nucleus and 
has reciprocal connections with the globus pallidus by way 
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Figure 5.14 ● A coronal section of the human cerebral hemispheres at the level of the posterior limb of the internal capsule. Illustrated are the cortical origin and 
partial course of the projection fibers that form the internal capsule including fibers of the corona radiata.
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of a fiber bundle, the subthalamic fasciculus. Clinically and 
functionally, the subthalamic nucleus is an important con
stituent of the basal ganglia.

Substantia nigra

In the unstained human brain, neurons in the substantia 
nigra are identified by their dark brown neuromelanin 
pigment, giving this cell mass a distinctive black color and its 
name. Neuromelanin is a waste product of catecholamine 
metabolism. The substantia nigra, extending through the 
midbrain and into the diencephalon, consists of four parts: 
compact, reticular, lateral, and retrorubral. Neurons of the 
human substantia nigra contain three different catechola
mines of which dopamine (1000 ng g–1) is the most promi
nent. Dopamine synthesized in the pigmented cells of the 
compact part of the substantia nigra reaches the striatum. 
Based on functional grounds, the substantia nigra is an 
important constituent of the basal ganglia.

Claustrum

Immediately lateral to the putamen is a thin but distinct 
band of fibers, the external capsule that separates the puta
men from the claustrum (Figs 5.12, 5.13, and 5.14). Another 
band, the extreme capsule, is between the lateral surface of 
the claustrum and the cortex of the insula (Figs  5.13 and 
5.14). A ventral extension of the claustrum continues into the 
temporal lobe approaching the amygdaloid complex. Usually 
no sharp transition is apparent between these structures, as 
parts of the caudate, putamen, claustrum, and amygdaloid 
complex are closely associated. The claustrum is a constituent 
of the basal forebrain but not the basal ganglia.

5.1.4 Rhinencephalon

The term rhinencephalon [Greek, nose brain] refers to cer
ebral structures related to olfaction, particularly in lower 
animals. In humans, this area of the brain consists of many 
structures on the medial and inferior surfaces of each cere
bral hemisphere. One, the anterior perforated substance, is 
posterior to the olfactory trigone and best visualized on the 
inferior surface of the brain (Fig. 5.11). Another, the subcallosal 
area, is on the medial surface of each cerebral hemisphere 
inferior to the genu and rostrum of the corpus callosum. 
It includes a dorsally located subcallosal gyrus and a ven
trally located septal area. As the cingulate gyrus turns into 
the subcallosal area (Fig. 5.10) it is continuous with the sub
callosal gyrus. These structures are inferior to the rostrum of 
the corpus callosum (Fig. 5.10).

5.2 DIeNCePHALON
In the fourth week of development, the human forebrain dif
ferentiates into the telencephalon and diencephalon. In 
adults, the former is composed primarily of the cerebral 

hemispheres as well as the caudate and putamen. The adult 
diencephalon consists of four divisions: the epithalamus 
(Fig. 5.1), dorsal thalamus, generally termed the “thalamus” 
(Figs 5.10, 5.14, 6.8 and 14.1), subthalamus (Fig. 5.14), and 
the hypothalamus (Figs 5.10 and 5.13). As the central part of 
the forebrain, the diencephalon forms part of the walls in the 
middle and posterior parts of the third ventricle.

5.2.1 Epithalamus

The epithalamus, the smallest part of the diencephalon, is at 
the posterior end of the third ventricle. It includes the pineal 
gland (epiphysis) and habenula (Figs 5.1 and 19.1). The pre
tectal area and pretectal nuclei are parts of the epithalamus, 
as are three fiber bundles: the posterior commissure (Figs 5.1 
and 19.1), the habenular commissure (Fig.  19.1), and the 
habenulo‐interpeduncular tract.

The pineal gland, weighing only 173 mg in humans, is 
a  neuroendocrine transducer that releases a chemical 
substance in response to neural stimuli by means of auto
nomic nerves that stimulate neurons in the pineal gland 
to synthesize and release melatonin. In particular, post
ganglionic neurons from the superior cervical ganglia 
release norepinephrine that stimulates the β1‐adrenergic 
receptors on the pinealocytes. No extrapineal production 
of melatonin is identifiable although it occurs in the 
human retina. High concentrations of melatonin occur in 
the pineal gland during menstruation with lower levels 
occurring during ovulation, suggesting that melatonin 
in  humans is concerned with reproductive function. 
How ever, the nature of the relationship between pineal 
melatonin and reproduction in humans remains contro
versial (Macchi and Bruce, 2004).

In one recent study, involving 518 patients subjected to 
computed tomography of the brain, the overall incidence of 
normal pineal gland calcification was 72%. This calcification 
likely begins after puberty. For this reason, the pineal is a 
useful landmark on plain skull X‐rays. Its location, relative to 
the median plane, serves as an indicator of shifts involving 
intracranial contents.

The rhythmic production of melatonin from the human 
pineal is a marker of the phase of the internal clock. 
Melatonin is a therapy for certain sleep disorders related to 
circadian rhythm abnormalities and as a mild hypnotic. The 
evidence in humans indicates that melatonin serves to rein
force physiological events associated with darkness, such as 
sleep and acts as an internal time cue (Arendt, 2011). After 
pineal resection, humans are less “seasonal” than those who 
have their pineal intact, underlining the predominantly 
photoperiodic role of melatonin (Macchi et  al., 2002). In 
mammals, including humans, the gland has lost direct 
photosensitivity, but responds to light via a multisynaptic 
pathway that includes a subset of retinal ganglion cells con
taining the newly discovered photo‐pigment, melanopsin 
(Macche and Bruce, 2004).
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The habenula, a small nucleus in the posterior dien
cephalon (Fig.  5.1) and another external feature of the 
epithalamus (Fig. 19.1), is involved in correlating olfactory 
and gustatory sensations. Each posterior and habenular 
commissure (Fig. 19.1), which mark the point of attachment 
of the pineal gland to the brain, has a few fibers. Their func
tion in humans is uncertain.

5.2.2 Thalamus

The dorsal thalamus, generally referred to as the thalamus, 
makes up most of the human diencephalon (Figs 5.10, 5.14, 
6.8 and 14.1). The thalamus is in the median plane with 
symmetrical right and left halves with about 120 nuclear 
groups (Table 14.1). The thalamus is a sensory relay station 
for auditory, vestibular, visual, and somatosensory impulses. 
Functionally, the thalamus reinforces and regulates cortical 
activity. Some aspects of extremes of temperature and pain, 
general tactile impulses, vibration, and gustatory sensations 
likely reach consciousness at thalamic levels in humans. 
Discriminative, well‐localized sensations, however, require 
cortical participation. Complex correlations of sensory 
information that lead to feelings of well‐being, pleasure, or 
displeasure depend on normal functioning of the thalamus. 
Certain thalamic nuclei are involved in motor activity. The 
thalamus is essential to the relay of information from all 
directions to specific destinations. The proximity of the thala
mus, surrounding basal ganglia, internal capsule, and third 
ventricle is clinically significant.

5.2.3 Subthalamus

The subthalamus, a constituent of the adult diencephalon, is 
ventral to the dorsal thalamus and hypothalamic sulcus 
(Fig. 5.10), medial to the internal capsule, and lateral and some
what caudal to the hypothalamus. The subthalamus is associ
ated medially with the rostral continuation of the red nucleus 
and inferiorly with the rostral continuation of the substantia 
nigra. Structures within the subthalamus include the subtha
lamic nucleus (STN), zona incerta (ZI), and the nuclei of 
the perizonal fields (of Forel), designated H, H1, and H2. The 
subthalamic nucleus forms the lateral boundary of these peri
zonal fields. The subthalamic nucleus, shaped like a biconvex 
lens and inclined dorsolateral to ventromedial, lies along the 
medial border of the internal capsule, inferior to the hypotha
lamic sulcus (Fig. 5.10) and lateral to the hypothalamus and 
third ventricle (Fig. 5.14). It has reciprocal connections with the 
globus pallidus by way of a fiber bundle, the subthalamic fas
ciculus. Clinically and functionally, the subthalamic nucleus is 
an important constituent of the basal ganglia.

5.2.4 Hypothalamus

Although it is only 4 g of tissue, the hypothalamus is a 
diencephalic constituent that consists of almost 30 named 

nuclei (see Table 19.1) along the walls of the third ventricle 
(Fig.  5.13). In humans, these nuclei are concerned with 
diverse activities such as water balance, hunger, temperature 
regulation, sleep and wakefulness, emotional expression, 
activation and regulation of the autonomic nervous system, 
and neuroendocrine regulation. The junction of the midbrain 
and diencephalon traverses the epithalamic (posterior) com
missure dorsally and the caudal part of the mamillary bodies 
[Latin: mamilla] of the hypothalamus ventrally (Figs 5.1, 5.10 
and 19.1).

5.3 CereBrAL WHIte MAtter
Numerous fiber bundles between the cerebral cortex and the 
basal ganglia form the cerebral white matter (Fig. 5.2). Fibers 
in the white matter are of three types: projection, commis
sural, and association fibers.

Projection fibers arise in the cerebral cortex and end in 
various subcortical regions or vice‐versa. The internal cap
sule, an example of projection fibers (Fig.  5.14), expands 
like an open fan of radiating fibers towards the cerebral 
cortex. Superior to the basal ganglia and thalamus, hori
zontal fibers of the corpus callosum interdigitate with the 
vertically radiating fiber bundles of the internal capsule. 
This interdigitation separates the internal capsule into 
smaller fascicles, creating a crown of fibers called the 
corona radiata (Fig. 5.14). Inferiorly, internal capsular fib
ers collect and funnel into the cerebral crus at the base of 
the midbrain. Based on its relation to the basal ganglia and 
thalamus, the internal capsule is divisible into an anterior 
limb (Fig.  5.12), genu (Fig.  5.13), and a posterior limb 
(Fig.  5.14). Each anterior limb (Fig.  5.12) is between the 
head of the caudate nucleus and the rostromedial border 
of the lentiform nucleus. A genu (Fig. 5.13) is at the level of 
the interventricular foramen and bordered laterally by the 
apex of the globus pallidus, rostrally by the caudate 
nucleus, and posteriorly by the thalamus. Each posterior 
limb has the lentiform nucleus caudolaterally and the 
thalamus caudomedially (Fig.  5.14). Each posterior limb 
has postlenticular and sublenticular parts reflecting the 
relation of the posterior limb to the lentiform nuclei. Injury 
to the internal capsule may involve the basal ganglia and 
parts of the thalamus.

Association fibers interconnect cortical areas in the same 
cerebral hemisphere. They are long or short, depending on 
the distance separating the areas they connect. Short associa
tion fibers (Fig. 5.15) interconnect adjacent gyri and remain 
intracortical or travel through the white matter. Commissural 
fibers, such as the corpus callosum and the anterior commis
sure (Fig. 5.15), interconnect the two cerebral hemispheres. 
Many fibers in the corpus callosum are collaterals of projec
tion and association fibers.

The infinite complexity of brain function in humans is 
the result of rich and varied correlations that occur by 
means of projection, commissural, and association fibers. 
The number of these connections is enormous and the 
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cortical associations that they allow are exceedingly complex. 
Additional study of the functions of these fibers in humans 
would be beneficial.
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A multitude of tracks over which there is run a multitudinous Marathon. Ten to 
fifteen thousand million tracks with branch tracks are in the human brain alone. 
Messages are hurrying everywhere. Each helps to join the north of the body to the 
south, the east to the west, to blend the total into the affairs of planet, galaxies, 
universe, the affairs of the inanimate, the animate.

Gustav Eckstein, 1970
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C H A P t e r  6

Introduction to Ascending 
Sensory Paths

6.1 reCePtOrS
The nervous system is a constellation of neurons and neuro
glial cells that are concerned with the reception of stimuli, 
their transduction into nerve impulses, the conduction of 
such impulses to various parts of the nervous system, and 
the ultimate association, correlation, appreciation, or inter
pretation of these impulses. Receptors in skin, other tissues, 
and organs are continuous, with nerves putting them in 
functional continuity with the nervous system. Individual 
nerve fibers show a spectrum of diameters and it is possible 
to record activity from this entire spectrum in humans. 
Such experiments indicate a close correlation between 
activities in fibers of different sizes and different sensations. 
Nonmyelinated fibers constitute the majority in cutaneous 
nerves. Table  6.1 provides a functional classification of 
fibers in human peripheral nerves based on their diameter 
and conduction velocity.

Although skin in humans has abundant sensory nerves, 
the density of innervation varies. There is a dense innerva
tion of the face and limbs but a sparse innervation of the 
posterior surface of the trunk. Body parts that reach out to 
explore our sensory world, such as our hands and feet, have 
a dense innervation, as does the face and genitalia but not 
the hairy skin of the body, although hairs themselves are 
generously innervated.

6.2 CLASSIFICAtION OF reCePtOrS 
BY MODALItY
Using modality or a specific type of sensation to which a 
given receptor is sensitive as a means of classifying recep
tors, there are several types of identifiable receptors. These 
include mechanoreceptors, thermoreceptors, nociceptors, 
chemoreceptors, photoreceptors, and osmoreceptors.

6.1 reCePtOrS

6.2 CLASSIFICAtION OF reCePtOrS BY MODALItY

6.3 CLASSIFICAtION OF reCePtOrS BY DIStrIBUtION AND FUNCtION

6.4 StrUCtUrAL CLASSIFICAtION OF reCePtOrS

6.5 reFLeX CIrCUItS

6.6 GeNerAL SeNSOrY PAtHS

6.7 OrGANIZAtION OF GeNerAL SeNSOrY PAtHS

FUrtHer reADING
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6.2.1 Mechanoreceptors

Mechanoreceptors respond to nonpainful mechanical dis
placements or forces applied to them. There are musculo
skeletal, cutaneous, visceral, and serosal mechanoreceptors.

Musculoskeletal mechanoreceptors are in muscle, at 
musculotendinous junctions, and in joints. These receptors 
respond to changes in muscle length or tension and move
ments of joints.

Cutaneous mechanoreceptors include a variety of struc
tures; receptors responsive to general or light touch and pres
sure are an example. Brushing a wisp of cotton across the 
skin, pressing on the skin with the head of a pin, or lightly 
touching it with a fingertip stimulates them. Endings in fol
licles of hairs are an example of cutaneous mechanoreceptors 
serving general or light touch. In hairless (glabrous) skin 
there are four identifiable cutaneous mechanoreceptors 
related to tactile perception: tactile disks (of Merkel), tactile 
corpuscles (of Meissner), lamellar corpuscles (of Pacini), and 
Ruffini corpuscles. Each responds to cutaneous motion and 
deformation in a different way.

Visceral mechanoreceptors occur throughout the thorax, 
abdomen, and pelvis. Carotid baroreceptors in the wall of the 
carotid sinus that slow heart rate and lower systolic arterial 
pressure subsequent to changes in blood pressure (via reflex 
action) are an example of visceral mechanoreceptors. The 
aorta and brachiocephalic arteries also have baroreceptors. 
Other visceral mechanoreceptors include lung irritant 

receptors and pulmonary stretch receptors in the lungs 
and airways, and also atrial volume receptors, ventricular 
pressure receptors, and epicardial and pericardial receptors 
in the heart. Visceral mechanoreceptors in nonstriated mus
cle of abdominal viscera respond to steady mechanical stim
uli such as compressing, stroking, or stretching the abdominal 
viscera. We are consciously aware of stomach or bladder 
“fullness” because of the transmission of impulses from the 
walls of these organs. Such receptors help to effect visceral 
reflex activity.

Serosal mechanoreceptors respond to traction on the 
mesentery and to compression or distension of the adjacent 
organs. Serosal mechanoreceptors at the root of the mesen
tery and along the branches of its arteries signal intestinal 
movement. Mucosal receptors, along the urethra, respond to 
the flow of fluid.

Mechanoreceptors in the internal ear receive sound 
waves by means of a complex sequence of movements of 
the tympanic membrane, auditory ossicles, and the associ
ated fluid medium, causing stimulation of sensory hair 
cells in the cochlea. More information on these receptors is 
provided in Chapter  10. Another example of mechanore
ceptors is the vestibular receptors in the inner ear special
ized for the maintenance of body, head, and eye position, 
and our sense of awareness of position (verticality) or 
movement of the body (self‐motion) caused by the effects 
of gravity, acceleration, and deceleration (equilibrium and 
orientation).

table 6.1 ● Classification of peripheral nerve fibers by diameter and conduction velocity.

Fiber  
type Diameter (µm)

Myelinated or 
nonmyelinated

Conduction velocity 
(m s–1) Structures innervated

Aα
(Ia, Ib)

Largest diameter 
(13–22)

Myelinated Fastest conduction
70–120

Alpha motor neurons; neuromuscular spindles (primary fibers for muscle 
length and rate of change of length) and neurotendinous spindles (muscle 
tension)

Aβ
(II)

Large diameter  
(8–13)

Myelinated Fast conduction
69.1 ± 7.4 (range 25–75)

Neuromuscular spindles (secondary fibers), tactile disks (contact, pressure, 
form, texture = light touch), tactile corpuscles (contact, velocity, 
movement = discriminative touch), lamellar corpuscles (pressure, high 
frequency vibration, stretch), Ruffini corpuscles (contact and skin 
stretch = light touch), and nociceptors

Aγ Medium diameter  
(4–8)

Myelinated Medium conduction
15–40

Gamma motor neurons

Aδ
(III)

Small diameter  
(1–4)

Myelinated Slow conduction
10.6 ± 2.1 (range 5–30)

Free nerve endings (sharpness, pinprick or first pain) and free nerve endings 
(coolness, 15–45 °C)

B Very small diameter  
(1–3)

Lightly myelinated Very slow conduction
3–14

Preganglionic autonomic efferents and visceral afferents

C
(IV)

Smallest diameter 
(0.4–1.2)

Nonmyelinated Slowest conduction
1.2 ± 0.2 (range 0.5–2.0)

Postganglionic autonomic, free nerve endings (slow, burning second pain, 
heat pain, cold pain), free nerve endings (warmth, 20–40 °C), blood vessels, 
sweat glands, and arrector pili muscles

Source: Based on studies by various authors, including Hagbarth (1979), Light and Perl (1993), Tran et al. (2001), Djouhri and Lawson (2004), and Mountcastle (2005).
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6.2.2 Thermoreceptors

Thermoreceptors respond to small changes in skin tem
perature, especially cool and warm temperatures, but are 
insensitive to mechanical stimuli. A dual set of such receptors 
probably exists in human skin as separate “cold” and “warm” 
spots, yielding cold or warm sensations with natural or 
electrical stimuli. Hence fibers for cold and warm sensations 
occur in human cutaneous nerves. Thermal sensations 
result from appropriate stimuli over a temperature range 
of 13–45 °C. Small ‐diameter, slowly conducting, myelinated 
Aδ fibers innervate thermoreceptors for cold whereas recep
tors for warmth, active at normal skin temperature (about 
32 °C and above), are innervated by the smallest diameter, 
slowly conducting, nonmyelinated C fibers. The former are 
more numerous, more sensitive, and nearer the surface. 
Thermal sensation is evaluated using test‐tubes containing 
cold (15–20 °C) or warm (40–45 °C) water. “Hot,” a distinct 
sensory quality, results from stimulation of the human skin 
near 46 °C. Temperatures from 47 to 49 °C applied to skin 
result in superficial, well‐localized, intense pain; temperatures 
of 11–13 °C are painful but deeply localized.

6.2.3 Nociceptors

Noxious insults activate nociceptors and evoke pain (with 
possible tissue injury). An example of nociception would 
be driving a pin into or through the skin, causing tissue 
damage. There are several types of nociceptors, including 
thermal nociceptors, which respond to extremes of tem
perature, mechanical nociceptors, which respond to 
mechanical force, chemical nociceptors, which respond to 
certain chemical irritants, and polymodal nociceptors, 
which respond to a combination of thermal, mechanical, 
and chemical stimuli. If such stimuli are prolonged, tissue 
injury takes place with liberation of substances that stimu
late these nociceptors.

Pinching, pricking, or scraping the skin stimulates 
mechanical nociceptors innervated by either nonmyeli
nated C fibers or myelinated, small‐diameter Aδ fibers. 
Nonmyelinated C fibers mediate poorly localized, burn
ing pain, whereas the Aδ fibers serve superficial, local 
pain such as occurs with the prick of a pin (the sense of 
“sharpness”).

Heating skin to more than 46 °C or cooling it below 11–13 °C, 
will stimulate thermal nociceptors. Ordinary thermal receptors 
are distinguishable experimentally from thermal nociceptors. 
Nerves to thermal nociceptors are either nonmyelinated 
C fibers or small myelinated Aδ fibers.

Located in skin, chemical nociceptors are stimulated by 
itching powder, a nettle leaf, acetic acid, and other chemicals 
such as histamine, serotonin, bradykinin, prostaglandins, 
and substance P. These receptors also respond to the by‐
products of substances released from injured tissue. 
Nociceptors in viscera (including the heart, lungs, testes, 
and biliary system), muscle, and joints receive their 

innervation from thinly myelinated Aδ or nonmyelinated C 
fibers. Visceral pain results from the release of a chemical 
substance from injured tissue that stimulates visceral noci
ceptors. An example is cardiac pain (angina pectoris) due 
to inadequate blood flow in the coronary arteries (acute 
coronary insufficiency) that leads to tissue ischemia. As the 
cardiac muscle continues to work, substances released from 
the ischemic tissue concentrate locally, thus stimulating vis
ceral nociceptors.

Visceral pain also results from urinary tract infections 
(e.g., cystitis), gastric ulcerations, gastric distension, and 
forms of gastroenteritis (e.g., colitis, appendicitis). In addi
tion, visceral pain results from inflammation of visceral or 
parietal peritoneum, powerful contractions of abdominal 
organs (spasmodic colic), distention caused by stones in the 
gallbladder, biliary ducts, renal calyces or renal pelves, and 
in the urinary bladder, or by impacted feces in the colon, or 
from uterine contractions during labor. In these examples, 
there is either the production of a substance stimulating 
chemical nociceptors or excessive mechanical force (stretch 
or tension) directly stimulating mechanical nociceptors.

Nociceptors that respond to a combination of thermal, 
mechanical, or chemical stimulation are termed polymodal 
nociceptors. Areas of skin innervated by polymodal nocic
eptors often overlap such that a single noxious stimulus 
activates several nociceptors.

6.2.4 Chemoreceptors

Chemoreceptors (gustatory and olfactory receptors) are 
sensitive to substances in solution. The receptors for gusta
tory sensation in humans are modified epithelial structures 
(taste buds) on specialized papillae of the tongue and soft 
palate. Taste buds contain a number of taste cells (up to 
about 40) and although each cell is sensitive to one kind of 
taste stimulus (salt, sweet, sour, bitter, or umami), most 
taste buds may respond to stimuli from two or three types 
of taste. More information on these receptors is provided in 
Chapter 17.

Chemoreceptors for olfactory sensation occur in the olfac
tory epithelium. They are modified bipolar neurons with 
bulbous endings directed towards the nasal cavity. Interaction 
with odorant molecules takes place at the olfactory receptor 
neuron membrane. Molecules of certain shapes presumably 
fit into specific sites along receptor membranes yielding 
changes in the permeability of the membrane that lead to 
impulses in the olfactory nerves.

The largest collections of chemoreceptors in humans are 
the carotid bodies in the angles of the carotid bifurcation. 
Another collection of arterial chemoreceptors, the aortic 
body, is at the root of the aorta. In humans, the bodies are 
small, flat, ovoid, pale pink structures weighing nearly 4 mg. 
They measure from 1.1 to 3.9 mm on CT angiography, which 
is consistent with the reported values from anatomic dissec
tions (Nguyen et  al., 2011). Chemoreceptors respond to 
changes in composition of their extracellular fluid. Alterations 
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in pH, oxygen tension, and, to a lesser extent, carbon dioxide 
tension in arterial blood will stimulate them, increasing the 
rate and depth of respiration. A prolonged decrease in oxy
gen to the carotid body occurs in pulmonary emphysema, or 
at high altitudes, causing enlargement of the carotid bodies, 
or carotid body hyperplasia. Blood flow in a carotid body per 
unit of tissue may exceed that in any other body organ. These 
peripheral chemoreceptors are capable of rapidly detecting 
blood hypoxia and then adjust the central respiratory drive 
to motor neurons innervating the muscles of respiration. 
Abdominal chemoreceptors in the gastric mucosa are sensi
tive to acid and characteristic of all regions of the gastrointes
tinal tract.

6.2.5 Photoreceptors

Photoreceptors are specialized receptors that respond to 
electromagnetic waves in the visual spectrum of frequen
cies. They are in the retina and considered in detail in 
Chapter 12.

6.2.6 Osmoreceptors

Another special type of receptor, the osmoreceptor, responds 
to changes in the osmolality of solutions or to changes in 
osmotic pressure. They respond to intracarotid injections of 
hypertonic saline solutions and excess sodium ions in the 
third ventricle. Osmoreceptors occur near the hypothalamic 
nuclei along the walls of the third ventricle and in the walls 
of the carotid artery, especially the carotid sinus.

6.3 CLASSIFICAtION OF reCePtOrS 
BY DIStrIBUtION AND FUNCtION
Based on their distribution and function, Sherrington (1906) 
classified receptors into three groups: exteroceptors, intero
ceptors, and proprioceptors.

6.3.1 Exteroceptors

Responding to stimuli in the external environment, exter-
oceptors are at or near the surface of the body. Two catego
ries of exteroceptors are general cutaneous receptors, 
including endings in hair follicles and endings related to 
touch. Special receptors in the nose for smell, in the mouth 
for taste, in the eye for vision, and in the ear for hearing 
are exteroceptors.

6.3.2 Interoceptors

Interoceptors respond to stretch, volume, or pressure in the 
walls of viscera and adventitia of blood vessels and to exces
sive muscle contraction or to overstretching of a visceral 

organ. Interoceptors are essential in regulating blood flow 
and pressure in the cardiovascular system, in controlling 
respiration, and in general homeostasis. They are involved in 
monitoring blood gases, the osmolality of the blood and 
blood glucose. Craig (2002) suggested that interoception is 
the sense of the physiological condition of the entire body, 
not just the viscera.

6.3.3 Proprioceptors

Proprioceptors are essential to coordination of movements 
and maintenance of posture. They respond to stimuli arising 
in muscles, tendons, joints, and musculotendinous junctions. 
Changes in muscle length, tension, or the force of muscle 
contractions, movements of joints, and changes in body and 
limb position are appropriate stimuli for these receptors. 
Neuromuscular and neurotendinous spindles are two exam
ples of proprioceptors. The vestibular nerve [VIII] in this 
context is also an example of a proprioceptor in that it 
receives input leading to the maintenance of body, head, and 
eye position, and our sense of awareness of the position (ver
ticality) or movement of the body (self‐motion) caused by the 
effects of gravity, acceleration, and deceleration (equilibrium 
and orientation).

6.4 StrUCtUrAL CLASSIFICAtION 
OF reCePtOrS
Based on their structure there are three categories of recep
tors: free nerve endings, endings in hair follicles, and termi
nal corpuscles of nerves.

6.4.1 Free nerve endings

Free nerve endings (Fig.  6.1) are nonmyelinated or finely 
myelinated fibers that lose myelin layers and neurilemmal 
cells as they approach the dermal–epidermal junction of the 
skin. These fibers end as fine, naked, axoplasmic filaments 
between cells in the basal layer of the human epidermis and 
papillary dermis. They are also in the epithelia of some 
mucous membranes, synovial membranes in joints, deep 
fascia, joint capsules, tendons, ligaments, periosteum, bone, 
and viscera. These endings serve as thermoreceptors for the 
sense of cooling (range 15–45 °C) and the sense of warming 
(20–40 °C) and nociceptors for various aspects of pain, 
including the sense of sharpness (pinprick or first pain), 
slow, burning pain, heat pain, and cold pain. They are slowly 
adapting and have a high threshold. Nonmyelinated fibers 
also end freely, deep to the epidermis of hairless (glabrous) 
skin where their function is unclear. A neural network of fine, 
wavy nerves with a horizontal orientation is a constituent of 
the human dermis and of mucosal surfaces. Fibers in this 
network end as a mesh of nonmyelinated fibers in a subepi
dermal position.
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6.4.2 Endings in hair follicles

Endings in hair follicles (Fig. 6.2) serve as mechanorecep
tors responding to any displacement of the hair. Consequently, 
they serve as receptors for light touch. These receptors are 
very sensitive and rapidly adapting with low thresholds. 
About 10–15 individual fibers innervate a single hair in 
humans (Fig. 6.2). They approach its follicle and encircle the 
hair before ending as parallel endings (Fig. 6.2). This collar of 
terminals arranged parallel to the root of the hair is itself sur
rounded by circumferential fibers (Fig. 6.2). An abundance of 
such receptors and the large amount of hairy skin in humans 
suggests that they are sensory.

6.4.3 Terminal endings of nerves

Nonencapsulated tactile disks, encapsulated nerve endings, 
neurotendinous spindles, and neuromuscular spindles are 
examples of terminal endings of nerves. Gradations occur in 
the appearance of many of these receptors and they are vul
nerable to age‐related changes.

Nonencapsulated tactile disks

Nonencapsulated tactile disks are concentrated in the 
basal epidermal layer of human digital skin, in nail beds, in 
gingival mucosa, and in the red border of the lips (Fig. 6.1). 
They consist of a disk‐like or crescent‐shaped expansion 
(meniscus) of a slowly‐adapting type 1 nonmyelinated nerve 
fiber that approximates the base of as many as about 100 
tactile epithelioid cells (of Merkel) thus covering an area of 
about 5 mm2. These receptors are termed tactile disks 
(Fig. 6.1). The tactile epithelioid cells are to the same size as 
or larger than keratinocytes, and may be derivatives of 

neural crest. In the palm of the hand, the tactile disks serve 
as mechanoreceptors. Arranged in groups or “touch spots,” 
they function as receptors for contact, pressure, the two‐
dimensional form, and texture of objects that might be 
described collectively as light touch. Tactile disks are slowly 

Epidermis

Free endings
of nerves

Tactile
corpuscle

Tactile disks

Dermis
Figure 6.1 ● A vertical section of human skin with a 
thin epidermis. Note the free nerve endings interdigi-
tated among the basal epidermal cells. A nonmyeli-
nated fiber is visible ending as a tactile meniscus at the 
base of a tactile epithelioid cell and forming a tactile 
disk. A tactile corpuscle is beneath the epidermis 
throughout the depth of a dermal papilla.
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Figure 6.2 ● Many (10–15) fibers innervating a single human hair. Note the 
collar formed by the circumferentially‐arranged fibers that end parallel to the 
hair (×40). (Source: Adapted from Munger, 1971.)
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adapting and have small receptive fields and low thresholds. 
They are sensitive to points, edges, and curvature, and read
ily discriminate surfaces with dots or ridges. (Epithelioid 
cells with a similar appearance but without contact with 
nerve terminals are part of a diffuse neuroendocrine system, 
are not mechanoreceptors, and are likely the origin of a 
primary skin tumor termed the Merkel cell carcinoma.)

Encapsulated endings of nerves

These receptors differ in size, shape, and name. Each has a 
large‐diameter sensory fiber enveloped by a distinct capsule 
or corpuscle. Receptors belonging to this group are tactile 
corpuscles, lamellar corpuscles, corpuscles of Krause, corpus
cles of Ruffini, and Golgi–Mazzoni corpuscles.

Tactile corpuscles (of Meissner) are ellipsoid encapsu
lated receptors in the palm of the hand and tips of the fingers, 
forearms, lips, and the plantar skin of the big toe. They are 
40–70 µm in diameter and up to 150 µm in length. Each cor
puscle is in a dermal papilla (Fig. 6.1) and supplied by two to 
six fibers (Fig. 6.3), one of which is a rapidly adapting affer
ent (Aβ) fiber whereas the others are likely to be C fibers. One 
afferent fiber supplies as many as 25–40 corpuscles over 2–5 
dermal papillae. The myelin layer is lost before each afferent 
enters the corpuscle, which consists of horizontally arranged 
layers of cells apparently epithelial in nature, perhaps 
derived from neurilemmal cells. Between the cells of the cor
puscle, naked nerve fibers ramify forming loops and spirals 
(Fig.  6.3). Therefore, this receptor typically shows parallel 

endings closely surrounded by layers of neurilemmal cells. 
Tactile corpuscles more densely innervate the skin than do 
the Merkel disks (150 per cm2 vs 100 cm2 at the fingertips in 
humans). They respond to localized tactile stimuli particu
larly related to contact, velocity, and vibration (or flutter, best 
at 20–30 Hz) as well as motion across or into the skin and are 
able to distinguish between two similar stimuli simultane
ously applied at different points (often termed two‐point 
discrimination). The tactile receptors are specialized mecha
noreceptors for discriminative aspects of touch and have 
small receptive fields and a low threshold but are rapidly 
adapting. Recent studies suggest that these receptors and 
their afferents provide a neural image of motion signals from 
the whole hand that are important for grip control and the 
motion of objects contacting the skin.

The sensation of discriminative touch varies in different 
parts of the body. Essential aspects of tactile innervation are 
the number and distribution of identifiable mechanorecep
tors (presumably all four types of cutaneous mechanorecep
tors) in various areas of skin. The density of innervation 
increases slightly from palm to fingers, with an appreciable 
increase in the fingertips. Such findings agree with the well‐
known increase in tactile acuity in a proximal–distal direc
tion on the hand with particularly well‐developed acuity at 
the fingertips. The visually impaired often use the distal 
12–15 mm of the fingers to recognize shapes of letters. A 
paper clip bent in the shape of an inverted “V” and applied 
to hairless skin is a simple means of testing discriminative 
touch. The skin is simultaneously stimulated at two points 
by the ends of the bent paper clip.

Lamellar corpuscles (of Pacini) are large, ovoid mechano
receptors that average 1 mm in length, with a diameter of 
0.7 mm. They have an outer capsule of multiple layers of 
simple squamous epithelium (Fig.  6.4) resembling the cut 
surface of an onion that surrounds a smaller, inner core. 
About 70 layers occur in the capsule of the largest human 
corpuscles. These receptors occur between the dermis and 
subcutaneous tissue of the palm (about 800 in the each palm), 
fingers (about 350 in each finger), and soles, in connective 
tissue near tendons and joints, in periosteum, interosseous 
membranes of limbs, fascia covering muscles, pancreas, mes
entery, serous membranes, and the breast, penis, and clitoris. 
They are also in the human middle ear related to all three 
ossicles, and are associated with the tendons of the stapedius 
and tensor tympani. One or two thick myelinated fibers sup
ply each lamellar corpuscle then branch, lose their myelin, 
and enter the inner core of the corpuscle. They are extremely 
sensitive to skin motion and respond to deformation in the 
nanometer range, deep pressure, high‐frequency vibration 
(best at 250 Hz), and stretch. With age, they lose their ovoid 
shape and become larger, coiled, and irregular in shape. The 
lamellar corpuscles are rapidly adapting but have low thresh
olds. They allow us to detect vibration transmitted through 
an object or tool grasped in the hand as though our fingers 
were present at the working surface of the tool. Stimulation of 
the afferents to these lamellar corpuscles yields sensations of 
contact, movement, and high‐frequency vibration.

Connective tissue
lamellae and cells

Nerves

Figure 6.3 ● A human tactile corpuscle deep to the epidermis. For orientation, 
see Fig. 6.1. Note the two types of fibers that leave the base of the corpuscle 
(×400). (Source: Courtesy of Dr. James Hightower.)
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Corpuscles of Krause are in the deep layers of hairless 
skin, oral mucosa, pharyngeal wall, conjunctiva, and the 
external genitalia of both sexes. In the last location, they are 
termed genital corpuscles. They have a well‐defined cap
sule, are oval, 40–150 µm in diameter, and innervated by one 
or two thick myelinated fibers that lose myelin as they enter 
the inner core of the capsule. Genital corpuscles are structur
ally similar to tactile corpuscles according to some observers 
but are distinct entities according to others. They likely serve 
as mechanoreceptors involved in touch.

Corpuscles of Ruffini are simple dermal receptors with a 
thin capsule and a large subcapsular space. They occur in 
hairy and hairless (glabrous) skin, deep fascia and capsules 
of joints, ligaments, tendons, and fibrous sheaths of flexor 
tendons. Corpuscles of Ruffini are mechanoreceptors that 
provide information about direction, magnitude, and rate of 
change of tension in skin, and between skin and deeper 
structures. They respond to stretching of skin, pressure, and 
joint movement, perhaps providing a neural image of skin 
stretch over the whole hand.

Golgi–Mazzoni corpuscles are constituents of the deep 
fascia, joint capsules, ligaments, and periosteum of the fingers 
in humans. They are circular or oval, from 100 to 150 µm in 
diameter, and 250 µm in length. A single myelinated fiber 
usually enters this presumed mechanoreceptor.

6.4.4 Neurotendinous spindles

Neurotendinous spindles are present at musculotendinous 
junctions and consist of fine tendinous (collagen) fascicles 
that are continuous with myocytes (muscle cells) but enclosed 
in a delicate capsule (Fig. 6.5). Tension exerted by a contracted 
muscle directly influences the tendinous fascicles extending 
the length of the neurotendinous spindle. Activation of 
sensory endings on the tendinous (collagen) fascicles (Fig. 6.5) 
causes reflex‐induced muscle relaxation that aids in the 
production of smoothly coordinated contractions. Sensory 
fibers to the neurotendinous spindles belong to the Aα group 
(myelinated group Ib fibers) (Table 6.1).

6.4.5 Neuromuscular spindles

These highly specialized, encapsulated, fusiform receptors 
called neuromuscular spindles have a complex structure 
with 2–14 specialized intrafusal myocytes in a distinct fibrous 
capsule (Fig. 6.6). The entire structure of the neuromuscular 
spindle is parallel to the extrafusal myocytes adjoining the 
spindle capsule (Fig. 6.6). There is a characteristic expanded 
central region of the spindle. Three kinds of intrafusal myo
cytes are identifiable: two types with central clear nuclei 
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Figure 6.4 ● A human lamellar corpuscle. (A) Cut 
parallel to the long axis of the corpuscle. (B) Cut 
perpendicular to the long axis of the corpuscle. Note the 
concentric layers of cells and supporting elements 
resembling the cut face of an onion. Leaving the base of 
the corpuscle is a myelinated sensory fiber (×70). 
(Source: Courtesy of Dr. James Hightower.)
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Figure 6.5 ● A human neurotendinous spindle in series with myocytes. As sensory nerves enter the spindle, they branch along the body of the spindle, lose their 
myelin layer, and end among the collagen fascicles of the tendon. (Source: Adapted from Bridgman, 1970.)
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(nuclear bag intrafusal myocytes  –  about three or four of 
these occur in a spindle in humans) and a third type with a 
central chain of nuclei (nuclear chain intrafusal myocytes). 
Histochemical and ultrastructural variability occurs along 
the length of human intrafusal myocytes. These receptors are 
in all but a few skeletal muscles.

Usually one to three nerves, each containing 5–20 fibers, 
enters the capsule of the neuromuscular spindle and provide 
innervation to this complex region (Fig.  6.6). Both sensory 
and motor fibers are involved, as the structure is a sensory 
receptor with an important motor component. Large, thickly 
myelinated sensory fibers called primary fibers (Fig.  6.6), 
classified as myelinated group Ia fibers, enter the central 
region of the spindle and end on nuclear bag myocytes. 
These primary endings, called annulospiral terminations, 
wrap around the nuclear bag myocytes. Central terminations 
of primary endings make monosynaptic connections with 
spinal cord ventral horn lower motor neurons (alpha motor 
neurons). Smaller secondary fibers, classified as myelinated 
group II fibers, end on nuclear chain myocytes adjoining 
the central region of the spindle. These secondary sensory 
endings (Fig. 6.6) are longer than the primary, and are vari
ously termed flower‐wreath, flower‐like, or flower‐spray 
endings.

Sensory information from neuromuscular spindles travels 
back to the CNS. Since neuromuscular spindles are parallel 
to the muscle, the state of the intrafusal myocytes gives an 
indication of the overall length of the muscle. Stretching the 

muscle stretches the intrafusal myocytes, thus activating the 
sensory receptors in the spindle. When the muscle is relaxed, 
tension on the spindle is relaxed and the appropriate signals 
are sent to the CNS. Although neuromuscular spindles are 
also involved in awareness of position of joints and their 
movement (but not awareness of individual muscles), they 
monitor muscle length and tension in normal posture and 
movement.

Gamma motor neurons in the ventral horn of the spinal 
cord allow neuromuscular spindles to regulate activity origi
nating in muscle and influence the state of muscle contrac
tion. These gamma motor neurons give rise to fine (1–3 µm) 
myelinated gamma efferent fibers (γ‐efferent) that spread 
along the length of myocytes on both sides of the intrafusal 
equatorial region before terminating as gamma motor end
plates. More information on the functional aspects of the 
various elements of the neuromuscular spindle is provided 
in Chapter 15.

6.5 reFLeX CIrCUItS

6.5.1 The monosynaptic reflex

The simplest circuit mediating activity in the nervous  system 
is a monosynaptic reflex (Fig. 6.7), in which a single inter
neuronal synapse exists between two neurons, one sensory 
and the other motor. Incoming sensory information from a 
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Figure 6.6 ● Motor and sensory innervation of the 
human neuromuscular spindle. Primary sensory 
endings on the nuclear bag myocytes are in the 
equatorial region of the spindle. Secondary endings, on 
nuclear chain myocytes, are adjoining the equatorial 
region. Gamma motor end‐plates are on both sides of 
the intrafusal myocyte equatorial region.
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neuromuscular spindle travels over the peripheral process 
of a primary sensory neuron such as a spinal ganglionic cell 
(Fig. 6.7). The central process of the same primary sensory 
neuron carries the resulting impulse into the spinal cord to a 
secondary neuron such as a ventral horn motor neuron 
(Fig. 6.7). This motor neuron sends messages over its periph
eral process to the same muscle from which the sensory 
information originated. The spinal ganglionic neuron in this 
instance is the sensory component of the reflex and the 
ventral horn motor neuron is the motor component of the 
reflex. The myotatic or stretch reflex is an example of a 
monosynaptic reflex participating in maintenance of intrin
sic muscle tone. Passive stretching of the muscle results in a 
reflex response.

6.5.2 Complex reflexes

Receptors also participate in complex reflexes that 
involve many synapses and several levels of the spinal 
cord or brain stem. In such instances, the first neuron is in 
the ganglion of a spinal or cranial nerve. Its central pro
cess enters the CNS and synapses with one or more 
interneurons, which serve as a means of communication 
between the sensory and motor parts of the reflex. 
Interneurons usually send axons to several efferent neu
rons that supply motor units in several muscles. An exam
ple of a complex reflex, involving many neurons and 
several levels of the spinal cord, is the response to thermal 
pain on touching a hot surface. An initial stimulus, trans
mitted through many synapses and spinal levels, causes 
withdrawal of the hand from the hot surface (the efferent 
component of the reflex).

6.6 GeNerAL SeNSOrY PAtHS
Sensory paths are routes by which sensory information from 
peripheral receptors reaches all parts of the CNS. Therefore, 
if the skin of the arm is pinched, the stimulus is transformed 
by a receptor, transmitted into the CNS and on to the cerebral 
cortex, where it is interpreted as a pinch, localized to the arm, 
and a decision is made regarding what to do about it (e.g., 
move away from the pincher). There may be an accompany
ing reflex response. Sensory paths consist of neurons linked 
together at synapses and carrying specific information to 
its proper destination. A sensory path beginning at spinal 
levels may consist of a primary neuron in a spinal ganglion, 
a secondary neuron in the dorsal horn of the spinal cord 
whose central process contributes to an ascending tract 
ending in the thalamus, and a tertiary neuron in the thalamus 
that projects its impulses on to a quaternary neuron in the 
cerebral cortex.

6.6.1 Classification of sensory paths 
by function

Somatic afferent paths transmit impulses for pain, tem
perature, touch, pressure, vibration, and proprioception; 
somatic afferent paths convey visual, auditory, and vestibu
lar impulses. Visceral afferent paths conduct impulses from 
viscera and perhaps from the walls of blood vessels and also 
transmit olfactory and gustatory impulses. Somatic efferent 
paths convey impulses to striated muscles and visceral efferent 
paths conduct impulses to nonstriated muscle, cardiac mus
cle, and exocrine glands. Lastly, the pharyngeal efferent 
paths transmit impulses like those in somatic efferent paths, 
but to striated muscles of specialized embryological origin 
such as the laryngeal muscles.

6.7 OrGANIZAtION OF GeNerAL 
SeNSOrY PAtHS

6.7.1 Receptors

Chapters 7 and 8 include a discussion of several general 
sensory paths. Such paths share certain similarities, as shown in 
Fig. 6.8. The first link in a general sensory path is a specialized 
sensory receptor (Fig.  6.8). Specific receptors for different 
sensations such as pain, temperature, touch, pressure, pro
prioception, and vibration are at the peripheral end of the 
primary neuron (Fig. 6.8) in a general sensory path.

6.7.2 Primary neurons

The primary neuron (Fig. 6.8) in a general sensory path, the 
first‐order neuron or the first neuron in the sensory path, 
has its cell body in a spinal ganglion or in the trigeminal 
ganglion and is always on the same side as the receptor. 
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Figure 6.7 ● A monosynaptic reflex. Only a single interneuronal synapse 
may exist between the two neurons in the simplest reflex circuit.
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Primary neurons have a peripheral process that reaches the 
skin and innervates the specialized sensory receptor and a 
central process that carries impulses from the peripheral 
receptor into the central nervous system (Fig. 6.8).

Peripheral processes of primary neurons

Sensory nerves innervating the skin are peripheral processes 
of primary neurons made up of myelinated fibers 1–14 µm in 
diameter and nonmyelinated fibers 1–4 µm in diameter. Studies 
have shown that the smaller the diameter of the nerve fiber, the 

slower is the conduction velocity in that fiber. Consequently, a 
mechanical nociceptor innervated by a small‐ to medium‐sized 
axon of 3–6 µm, or by a nonmyelinated axon of 1 µm or smaller, 
has a slow conduction velocity compared with a mechanore
ceptor innervated by a myelinated axon of 6–12 µm.

Central processes of primary neurons

Central processes of primary neurons in somatic afferent 
paths enter the central nervous system and end on secondary 
neurons (Fig.  6.8). As central processes of primary neurons 
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Figure 6.8 ● A somatic afferent path from its receptor to its termination in the parietal lobe. Note the location of the neurons along the path and the decussation 
of fibers from secondary neurons.
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enter the spinal cord or brain stem, there is segregation of 
sensory fibers. In the spinal cord, thin fibers carrying painful 
and thermal impulses from the body or painful impulses 
from viscera enter the lateral part of each dorsal horn and 
take up a position at the tip of the dorsal horn. Fibers con
cerned with general or light touch, discriminative tactile 
sensation, and proprioception from muscles, tendons and 
joints are larger in diameter and enter the medial division of 
the dorsal root.

6.7.3 Secondary neurons

The neuronal cell bodies of secondary neurons (Fig. 6.8), the 
second‐order neuron or the second neuron in the sensory 
path, are always in the CNS and on the same side as primary 
neurons (Fig. 6.8). These secondary neurons are in the dorsal 
horn at spinal levels, in the trigeminal nuclear complex, or in 
other nuclear groups of the spinal cord and brain stem.

Central processes of secondary neurons

The central processes of most secondary neurons in somatic 
afferent paths decussate (cross the median plane) and ascend 
on the contralateral side (Fig.  6.8). In so doing they form 
ascending sensory paths (also called “long tracts”) in the 
spinal cord and brain stem that end on tertiary neurons in 
the thalamus (Fig. 6.8). Decussation of fibers from secondary 
neurons is a characteristic of somatic afferent paths.

Secondary neurons have a well‐ordered layered or lami
nar arrangement. The functional significance of this arrange
ment is that other fibers (both local and descending) are able 
to influence them. Dorsal horn neurons are divisible into 
different functional classes depending on their response to 
differing input from cutaneous and muscle receptors.

Secondary neurons in general sensory paths are essential 
sites at which inhibitory mechanisms operate. Descending 
paths inhibit secondary neurons, either directly or through 
interneurons. Interneurons in the spinal cord and brain stem 
may directly inhibit secondary neurons. Although the details 
of such descending and local inhibition are not always clear, 
normal activity in sensory paths is likely the result of a 
delicate balance between excitation and inhibition, with 
descending and local inhibitory systems playing vital roles. 
A variety of complex interactions of both excitation and inhi
bition are possible, resulting in the conduction of modified 
information over this second link in a general sensory path.

6.7.4 Thalamic neurons

Tertiary neurons in somatic afferent paths, the third‐order or 
third neuron in a sensory path, have their neuronal cell bodies 
in the thalamus (Fig.  6.8). Somatic afferent impulses likely 
enter consciousness in humans at the thalamic level. If localiza
tion (“where”) and discrimination (“what”) of these general 
sensations is necessary, then the cerebral cortex must become 

involved. This would require that these impulses project 
from the thalamus to the cerebral cortex (Fig.  6.8), where 
additional processing can take place.

6.7.5 Cortical neurons

The final termination of ascending somatic sensory impulses 
is the parietal lobe. From thalamic neurons, such impulses 
travel by way of thalamoparietal fibers to the primary 
somatosensory cortex corresponding to Brodmann’s areas 3, 
1, and 2 along the postcentral gyrus and posterior part of the 
paracentral lobule (Fig. 6.8). Normally impulses travel in the 
sensory paths only in one direction. Such directional specific
ity of neuronal conduction is a manifestation of the principle 
of polarization whereby each neuron in a chain conducts 
impulses only from its receptor, through its dendrites, to its 
cell body, and out of its axonal process. Impulses traveling in 
all neurons and along all sensory paths follow this principle 
of polarization.

6.7.6 Modulation of sensory paths

Any component of a sensory path, including its receptor 
or the peripheral and central processes of its neurons, may be 
functionally modified or modulated and its effectiveness 
diminished or enhanced by physiological, biochemical, 
pharmacological, and pathological influences.

Repetitive stimulation of an already excited and active 
receptor leads to suppression of sensation. Receptor desen
sitization occurs such that its response to normal stimuli is 
reduced or limited. Receptor desensitization is a versatile 
mechanism for shaping sensory transmission in general sen
sory paths. A receptor may also display a period of enhanced 
excitation after an initial period of stimulation or perhaps an 
increased sensitivity to a specific stimulus. Another aspect of 
modulation is the possibility of inhibition by descending 
paths or by collaterals of other paths exerting local effects 
wherever synapses occur.

Certain polypeptides such as bradykinin, amines such as 
histamine and 5‐hydroxytryptamine (serotonin), and prosta
glandins function as modulators of sensory mechanisms. 
These substances alter receptor sensitivity or interact with 
naturally occurring substances along sensory paths serving 
as an intermediate step in the process of receptor excitation. 
They also interact with substances injected into the body. 
Pharmacological agents may depress sensory paths, causing 
analgesia (freedom from pain). Pharmacological aspects of 
sensory inhibition are of obvious clinical relevance.

Complete transection of a nerve leads to a loss of sensation 
in the region served by that nerve. Such diminished sensation 
is termed hypesthesia (hypoesthesia). Inflammation, infec
tions, expanding tumors, and toxic substances are examples of 
other pathological conditions that can lead to hypesthesia. The 
toxic agents have access to components of sensory paths and 
consequently are able to influence activity throughout the path.
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But the truth is that the word Pain has two senses which must now be distin-
guished. a. A particular kind of sensation, probably conveyed by specialized nerve 
fibers and recognizable by the patient as that kind of sensation whether he dislikes 
it or not (e.g. the faint ache in my limbs would be recognized as an ache even if I 
didn’t object to it). b. Any experience, whether physical or mental, which the 
patient dislikes. It will be noticed that all Pains in sense ‘a’ become Pains in sense 
‘b’ if they are raised above a certain very low level of intensity, but that Pains in 
the ‘b’ sense need not be Pains in the ‘a’ sense. Pain in the ‘b’ sense, in fact, is 
synonymous with ‘suffering,’ ‘anguish,’ ‘tribulation,’ ‘adversity,’ or ‘trouble.’ and 
it is about it that the problem of Pain arises.

C.S. Lewis, 1940
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C H A P t e r  7

Paths for Pain and Temperature

In the human nervous system, there are somatic afferent paths 
that carry impulses for somatic pain and temperature from 
peripheral receptors to the thalamus. From the thalamus, such 
impulses project to the cerebral cortex. In addition to these 
somatic afferent paths, there is a visceral afferent path carrying 
impulses for visceral pain to higher levels of the nervous system.

7.1 PAtH FOr SUPerFICIAL PAIN 
AND teMPerAtUre FrOM tHe BODY
The primary path carrying impulses for sharp and well‐ 
localized somatic pain and temperature from superficial and 
certain deep tissues of the limbs, trunk, neck, and back of the 
head through the spinal cord and brain stem to the thalamus is 
termed the lateral spinothalamic tract. As its name suggests, it 

is lateral in position throughout its course, begins at spinal lev
els, and ends in the thalamus (Figs 7.1 and 7.2). Descriptive ter
minology applied to this and other sensory paths is often very 
helpful in understanding the anatomical aspects of such paths.

7.1.1 Modalities

Superficial or pricking pain and itch from skin and well‐local
ized deep or somatic pain from joints, fascia, periosteum, 
tendons, and muscles, together with different degrees of ther
mal sensation such as warmth or heat and coolness or cold
ness, are examples of the modalities of sensation served by 
the lateral spinothalamic tract. Spinoreticular and  spinotectal 
tracts, accompanying the lateral spinothalamic tract, aid in 

7.1 PAtH FOr SUPerFICIAL PAIN AND teMPerAtUre FrOM tHe BODY
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the transmission of painful impulses. See the note in 
Section 7.2.8 regarding the lateral spinothalamic tract and itch.

7.1.2 Receptors

Receptors involved in the path for pain and temperature from 
the body are nociceptors and thermoreceptors (see Table 6.1); 
nociceptors are probably free nerve endings. In humans, the 
duration of stimulus and size of the stimulated area influence 
the discrimination of pain. Areas of skin innervated by 

polymodal nociceptors (those excited by one or more category 
of stimuli, such as mechanical and thermal stimuli) often 
 overlap in humans, so that a single noxious stimulus activates 
several nociceptors. Although the hot or cold character of a sen
sation is attributable to activity of  specific thermoreceptors, their 
structure is unclear; however, they are likely free nerve endings.

Lightly pricking the skin with a pin results in a pinprick 
sensation or, more accurately, the sense of sharpness, and is 
clinically useful to test for superficial pain. (Driving a pin into 
or through the skin causing tissue damage would be an exam
ple of a painful or injurious sensation termed nociception.) 
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lateral spinothalamic tract at C5. Also, note the pattern for localization of different types of impulses carried along lateral spinothalamic tract shown on C1. 
Figure 7.2 depicts the further course of the lateral spinothalamic tract through the brain stem.
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Squeezing the tendo calcaneus of the heel or the forearm 
muscles is a test of deep or somatic pain. Applying test‐tubes 
containing cold (15–20 °C) and warm (40–45 °C) water to the 
skin is one means of testing thermal sensation.

7.1.3 Primary neurons

Peripheral processes

Cell bodies of primary neurons in the path for superficial and 
somatic pain and temperature from the body are small, dark 
spinal neurons in the spinal ganglia at all levels of the spinal 

cord (Fig. 7.1). These primary neurons utilize glutamate and 
substance P as their neurotransmitter. The peripheral pro
cesses of these primary neurons have thermoreceptors or 
nociceptors at their peripheral termination. Peripheral nerves 
carrying impulses for coolness are myelinated Aδ fibers, 
whereas those supplying receptors for warmth are nonmy
elinated C fibers. These are active at normal skin temperature 
(32 °C upwards). Small‐ to medium‐sized myelinated Aδ fib
ers and nonmyelinated C fibers transmit impulses for cuta
neous pain (Table  6.1). A‐fiber nociceptors in primates 
conducting in the Aβ conduction velocity range are likely 
mechano‐heat units. While the peripheral processes of 
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primary neurons in the path for superficial pain and tem
perature from the body function as dendrites, structurally 
they are axons.

Efforts to relieve certain painful conditions often focus on 
the pain‐carrying fibers in peripheral nerves using injections 
of alcohol and local anesthetics. Other treatments use heat, 
massage, acupuncture, and electrical stimulation, including 
transcutaneous electrical nerve stimulation (TENS) involv
ing the surgical implantation of electrodes on, in, or near 
peripheral nerves. Spinal cord simulation is a commonly 
used method of treatment for chronic low back pain.

Central processes

Upon receiving appropriate stimuli, thermoreceptors or 
nociceptors transform such stimuli into nerve impulses and 
transport them through the peripheral process of a primary 
neuron to its cell body of origin in a spinal ganglion. These 
sensory impulses then travel through the central process 
(Fig.  7.1) of the primary neuron and enter the spinal cord 
through the lateral division of each dorsal root. These central 
processes of primary neurons are thinner than their corre
sponding peripheral processes. Each dorsal root in humans 
divides on average into six rootlets. One method used in the 
surgical management of pain, called selective dorsal rhizo
tomy [Greek: rhiz (o) or root], requires cutting pain‐carrying 
fibers located in the lateral division of the dorsal root at the 
cord–rootlet junction. Complete section of dorsal roots supe
rior and inferior to the painful region is termed dorsal rhi
zotomy. On entering the spinal cord, fibers carrying impulses 
for pain and temperature bifurcate into ascending and 
descending branches. The longer branches ascend at least 
one spinal cord segment and in doing so contribute to the 
formation of the dorsolateral tract (of Lissauer). The dorso
lateral tract (Fig. 7.1) is identifiable at the apices of the dorsal 
horns. Since fibers carrying impulses for pain and tempera
ture enter the spinal cord at all spinal levels, this dorsolateral 
tract is at all spinal levels. About 80% of its fibers come from 
dorsal roots; the remaining 20%, called propriospinal fibers, 
are intrinsic to the cord. About 70–80% of dorsolateral fibers 
are nonmyelinated; the rest are thinly myelinated.

Congenital insensitivity to pain with anhidrosis

The dorsolateral tract varies regionally in transverse spinal 
cord sections, being long and narrow at cervical enlargement 
(C4–T1) levels, but short and wide at lumbosacral enlarge
ment (L2–S2) levels. The extensive surface area of the limbs 
and the corresponding extensive sensory innervation account 
for a greater size of this tract at these levels. Absence of pain 
is a symptom of several disorders, both congenital and 
acquired. One of these conditions, termed congenital insen
sitivity to pain with anhidrosis (absence of painful and 
thermal sensations and a lack of sweating), is distinguished 
by the absence of small neurons in the spinal ganglia and a 
deficiency of the associated small‐diameter myelinated and 
nonmyelinated pain‐carrying fibers. Because of the absence 
of these pain‐carrying fibers, there is also an absence of the 

dorsolateral tract. Free nerve endings in patients with 
 congenital insensitivity to pain are often completely lacking 
in the fold of skin covering the glans of the penis (prepuce). 
Abnormal development of neural crest cells that should 
develop into small pain‐carrying neurons in the spinal gan
glia is a likely cause of this condition. Findings in those with 
this condition confirm the role of free nerve endings, small 
neurons in the spinal ganglia, associated small myelinated 
and nonmyelinated fibers, and the dorsolateral tract in 
 transmission of painful impulses and the innervation of 
sweat glands. Since this condition involves abnormal and 
degenerated peripheral nerve fibers, it is termed a neuropa
thy. Increasingly, the underlying genetic abnormality is the 
means used to classify the different types of hereditary 
 sensory and autonomic neuropathies.

Throughout its length, the dorsolateral tract gives off 
 collaterals to the dendrites and cell bodies of many neurons 
in the adjoining superficial dorsal horn. Near the tract is a 
thin layer of large, flat, marginal neurons and horizontal 
 fibers collectively forming a marginal zone (spinal lamina I), 
ventral to which is a clear region of neuronal somata, the 
substantia gelatinosa (spinal lamina II) (see Fig.  3.10). The 
latter is divisible into a ventral small‐celled inner region and 
a dorsal smaller‐celled outer region. The dorsal part of the 
nucleus proprius (spinal lamina III) is ventral to spinal 
 lamina II (Fig. 3.10). Almost all fine myelinated or nonmyeli
nated primary sensory fibers, entering through the lateral 
division of each dorsal root, end in spinal laminae of the 
superficial dorsal horn. The superficial dorsal horn receives a 
rich and functionally diverse sensory input. Surgical destruc
tion of the dorsal root zone of entry (DREZ), including the 
dorsolateral tract and substantia gelatinosa, is performed to 
relieve chronic pain in the limbs caused by avulsion of the 
cervical dorsal roots. Falls or blows to the head or shoulder 
often tear these roots from the spinal cord.

7.1.4 Secondary neurons

The cell bodies of secondary neurons in the path for superfi
cial pain and temperature are in the dorsal horn (Fig. 7.1) of 
all spinal cord levels. The substantia gelatinosa is one of 
 several nuclear groups where impulses related to pain and 
temperature sensation are subject to modulation. Sensory 
activity in the dorsal root afferents influences the substantia 
gelatinosa. In turn, the substantia gelatinosa receives 
descending inhibitory inputs, and influences its own neu
rons, larger ones in the same or adjacent segments, and those 
in the brain stem. Consequently, the substantia gelatinosa 
has neurons that receive and relay impulses along with 
intrinsic neurons that interact with, modify, or integrate 
incoming sensory stimuli. Thus, the substantia gelatinosa 
serves as a transition zone and integrative region in the pain 
and temperature path.

Secondary neurons in the path for pain and temperature 
have their cell bodies predominately in the marginal zone 
(spinal lamina I) and in the deeper layers of the dorsal horn 
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(spinal lamina IV–VI) (see Fig.  3.10). Lamina I neurons are 
selectively responsive to stimuli that cause pain in humans 
such as noxious heat, cold, and pinch. The ascending 
 projections of these lamina I neurons are essential to the trans
mission of pain and temperature sensation. Three groups of 
these neurons are identifiable: those activated by low‐ intensity 
mechanical stimuli, those activated by nociceptive stimuli, 
and those with intermediate characteristics between the 
other two.

Central processes of secondary neurons form the lateral 
spinothalamic tract

Myelinated and nonmyelinated central processes from these 
secondary neurons cross the median plane (decussate) to the 
opposite side of the spinal cord (Fig. 7.1). These decussated 
fibers swing ventromedially, pass ventral to the central canal 
through the ventral white commissure, and reach the ventral 
part of the opposite lateral funiculus (Fig.  7.1). Such fibers 
decussate in humans in the spinal segment containing their 
parent cell body although they receive sensory information 
from the level below the location of their parent cell body. In 
the contralateral lateral funiculus, they turn and ascend in 
the spinal cord and brain stem to reach the thalamus, and in 
so doing form the lateral spinothalamic tract (Fig. 7.1). These 
ascending secondary fibers give off short collaterals that syn
apse with ventral horn neurons at the same level as the 
decussation of the secondary fibers and for several segments 
rostral to this. Fibers in the human lateral spinothalamic tract 
are less than 10 μm in diameter and have a conduction veloc
ity of 40 m s–1. Cutting decussating fibers in the ventral white 
commissure, a procedure called myelotomy, was a method 
of pain management in the 1920s.

Somatotopic organization of the lateral 
spinothalamic tract

Fiber distribution in the lateral spinothalamic tract (LST) 
occurs according to the parts of the body they serve, an 
arrangement called somatotopic organization. At sacral lev
els, the LST has fibers only of sacral origin (Fig. 7.1). At lum
bar levels, the ascending lumbar fibers join the ascending 
sacral fibers on their medial aspect, pushing the sacral fibers 
dorsolaterally (Fig. 7.1). At thoracic levels, the ascending tho
racic fibers join the ascending lumbar fibers on their medial 
aspect with the sacral fibers ventromedial to the lumbar fib
ers (Fig.  7.1). Fibers from cervical levels join the LST in a 
similar somatotopic manner. Such a grouping of fibers and 
the curvature of the cord cause a layered arrangement of 
ascending fibers in the LST. At rostral cervical levels, the LST 
has sacral fibers dorsal and lateral, cervical fibers ventral and 
medial, with lumbar and thoracic fibers between them 
(Fig. 7.1). Knowledge of this arrangement is of value to neu
rosurgeons contemplating interruption of this path for the 
relief of pain, called anterolateral cordotomy. Percutaneous 
cordotomy employs a lateral approach to the cord at the C1–
C2 vertebral interspace and a special electrode used to make 
a radiofrequency heat lesion in the anterolateral quadrant.

Modality‐topic organization in the lateral 
spinothalamic tract

In addition to the somatotopic arrangement of spinotha
lamic fibers, there is also a modality‐topic organization 
(Fig. 7.1) of fibers in the LST. Spinothalamic fibers carrying 
impulses for cutaneous pain are superficial whereas fibers 
carrying impulses for well‐localized deep pain from mus
cles, tendons, and joints are near the gray matter. Between 
these two groups are fibers transmitting impulses for tem
perature (Fig. 7.1). In the human spinal cord, the descending 
path for automatic respiration, the ventrolateral reticulospi
nal tract, is intermingled with, and deep to, fibers of the 
ventral part of the lateral spinothalamic tract. Although 
unilateral destruction of this tract by way of an anterolateral 
cordotomy causes insignificant respiratory loss, bilateral 
section of this descending path for automatic respiration 
causes severe respiratory embarrassment.

Stimulation at spinal levels of the lateral spinothalamic 
tract in humans evokes sharp pain localized to specific parts 
of the contralateral surface of the body, often described as 
“burning” or “hot pain” and as pain “like needles.” Sensations 
of tingling, warmth, and coolness result from decreasing 
stimulus intensity. In another study, such stimulation resulted 
in sensations localized to both sides of the body 12% of the 
time. A clear‐cut dorsoventral somatotopic organization in 
the human lateral spinothalamic tract is present, as revealed 
by electrical stimulation.

7.1.5 Position of the LST in the brain stem

As the lateral spinothalamic tract ascends in the lateral part 
of the brain stem, it gives off collaterals to many named and 
unnamed nuclei in the medial reticular formation of the 
medulla oblongata and pons and to the periaqueductal gray 
of the midbrain. Through these collaterals, the LST influ
ences brain stem nuclei and is able to modify sensory 
transmission.

In the medulla oblongata, the lateral spinothalamic tract 
is dorsolateral to the inferior olivary nucleus (Fig. 7.2). In the 
pons, the LST lies on the lateral aspect of the medial lemnis
cus (Fig. 7.2) where it is identifiable by stimulation. Surgical 
destruction of the LST at this level is a means of abolishing 
certain types of pain. In the midbrain, the LST is dorsal to the 
lateral part of the substantia nigra (Fig. 7.2), where it joins 
other ascending sensory paths as they approach the thala
mus. Electrical stimulation of the lateral spinothalamic tract 
in the midbrain results in sharp sensations of pain, burning, 
heat, cold, or numbness on the body, contralateral to the 
stimulation. Low‐threshold stimulation here evokes con
tralateral sensations of cool or warm tingling, burning, or, 
rarely, pain; 10% of the responses are on the ipsilateral side of 
the body. The LST ascends from the midbrain to the thala
mus, where it may synapse with tertiary neurons (Fig. 7.2). In 
humans, fewer than one‐third of the fibers in the lateral spi
nothalamic tract reach the thalamus.
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7.1.6 Thalamic neurons

Fibers of the lateral spinothalamic tract terminate on tertiary 
neurons primarily in the lateral part of the ventral posterior 
nucleus (VPL) of the thalamus (Fig.  7.2) and also in the 
intralaminar nuclei, particularly the central lateral (CL) 
nucleus. Spinothalamic fibers end somatotopically in the 
ventral posterior nucleus (VP), with fibers from the upper 
limb ending in the medial part of VPL whereas fibers from 
the lower limb end in the lateral part of VPL (Fig. 7.2). Some 
spinothalamic fibers reach the ventral and posterior part of 
VLp where it lies close to the boundary of VPL. Presumably, 
there is also an orderly termination of spinothalamic fibers 
by modality in VPL. General aspects of pain and extremes of 
temperature in humans likely enter consciousness at the tha
lamic level. If localization (“where”) and discrimination 
(“what”) of these general sensations are necessary then the 
cerebral cortex must become involved. This would require 
the relay of these impulses from the thalamus to the cerebral 
cortex where additional processing can take place.

Thalamic stimulation in humans

Sensations described as warm and cool tingling, and occa
sionally as burning or painful, occur following VPL stimula
tion. Such responses are usually contralateral with a small 
percentage of ipsilateral responses. In a series of patients, 
sensations described as sharp pain, aching pain, or burning 
sensation and localized to the contralateral body followed 
VPL stimulation. Thalamic stimulation in humans reveals a 
discrete somatotopic organization in the ventral posterior 
lateral nucleus with upper limb spinothalamic fibers ending 
in a dorsal position and those from the lower limb ventral, 
near the medial geniculate nucleus (MG).

Thalamic targets in the treatment of painful conditions

Thalamic stimulation as a part of deep brain stimulation 
(DBS) procedures, thalamic destruction, and the interruption 
of thalamofrontal fibers are methods used to treat painful 
conditions. The ventral posterior nucleus, some intralaminar 
nuclei including the parafascicular (PF) and centromedian 
nuclei (CM), and the medial nuclear group of the pulvinar 
(Pul) have all been thalamic targets in the treatment of pain
ful conditions. Chapter 14 provides additional information 
on the nuclei of the thalamus in humans.

7.1.7 Cortical neurons

Primary somatosensory cortex (SI)

The final link in the pain and temperature path consists of 
fibers from tertiary neurons in the dorsal thalamus that pro
ject to the cortex of the parietal lobe. These thalamoparietal 
fibers enter the posterior limb of the internal capsule and end 
in a precise order on neurons in the postcentral gyrus and the 
posterior part of the paracentral lobule of the parietal lobe 
(Fig. 7.2). These parts of the parietal lobe, termed the primary 

somatosensory cortex or SI, correspond to areas 3, 1, and 2 
according to the cortical mapping scheme proposed by 
Brodmann (1909). Brodmann eventually described 52  cortical 
areas (Brodmann’s areas) in the adult human brain based on 
the presence of individual histological elements, their 
 layering, and their parcellation. Brodmann’s area 3 is divisi
ble into cytoarchitectonic areas 3a and 3b in humans. Thus, 
there are four strip‐like somatosensory areas in the human 
primary somatosensory cortex  –  areas 3a, 3b, 1 and 2. SI 
appears to participate in the sensory‐discriminative aspects 
of pain in humans.

In addition to SI, recent imaging studies in humans 
 suggest that the secondary somatosensory cortex (SII) and 
also the cingulate gyrus, anterior insula, and posterior 
insula are involved in pain processing. The cingulate gyrus 
as a constituent of the limbic system (see Chapter 18) plays 
an important role in emotion and, through its many auto
nomic projections, in the expression of that emotion. Brain 
imaging studies have demonstrated that the suffering aspect 
of pain activates the anterior cingulate gyrus in humans. 
hence it is not surprising that pain and emotion come 
together in the cingulate gyrus. SII likely participates in the 
recognition, learning, and memory of painful events 
whereas the anterior insula may play a role in the autonomic 
reactions to painful stimuli. Studies using intra‐cerebral 
recordings suggest that SII in humans also integrates nocic
eptive and non‐nociceptive inputs. Additional evidence for 
this suggestion derives from the input of both pain and tem
perature impulses to SII via the lateral spinothalamic tract 
along with the input of touch and proprioception impulses 
to SII via the medial lemniscus. The posterior insula appears 
to be involved in tactile and innocuous temperature percep
tion. Imaging studies in humans revealed that the ability to 
experience another person’s pain, characteristic of empathy, 
involves activation of the anterior insula and rostral anterior 
cingulate gyrus. In a recent paper focusing on pictures 
depicting pain and evoking empathy, Schott (2015) con
cluded that both mirror neuron and other networks, par
ticularly those subserving cognition likely participate in the 
empathetic response to images of pain. Clearly, multiple 
brain regions are involved in the complex processes under
lying the sensory perception of pain and temperature in 
humans. Table  7.1 summarizes the pain and temperature 
paths from the body and compares them with the paths 
from trigeminal levels.

The sensory homunculus

Electrical stimulation of the postcentral gyrus in conscious 
patients evokes sensations of numbness and tingling; rarely 
reported are sensations of pain or temperature. In 163 
patients, with 800 responses, coldness was reported 13 times, 
pain 11 times, and heat twice. Stimulation along this gyrus 
and the posterior part of the paracentral lobule causes 
 sensations on different areas of the contralateral body. Such 
stimulation reveals a pattern of representation of different 
parts of the body, from toes to tongue, and oriented along the 
postcentral gyrus and paracentral lobule. This pattern of 
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representation of body parts drawn across the postcentral 
gyrus and  paracentral lobule body as a distorted caricature 
of a little man or parts of the body is termed the sensory 
homunculus (Fig. 7.2).

Certain aspects of the human sensory homunculus are of 
special interest. The hand, wrist, forearm, arm, shoulder, and 
neck follow a continuous pattern along the homunculus, as 
do the trunk, hip, leg, foot, and toes. This continuity is lost 
between the face and hand. The larger cortical representation 
given to the face, lips, tongue, and the hand and digits is out 
of proportion to that given to other body parts but is in keep
ing with the greater peripheral sensitivity and the greater 
density of receptors in these parts. The toes, foot, ankle, and 
leg have their representation on the posterior part of the 
paracentral lobule on the medial surface of the brain (Fig. 7.2). 
The representation of the thigh or hip occurs at the medial to 
superolateral surface junction followed in order by the trunk, 
neck, shoulder, arm, forearm, and hand (Fig. 7.2) across the 
superolateral brain surface. Variations occur in the location 
of the hip/trunk boundary. The genitalia and perineum 
likely have their representation on the medial surface of the 
human brain just ventral to the representation of the toes 
(although this representation is unclear). Recent recordings 
of cerebral cortical potentials evoked by stimulation of the 
dorsal nerve of the penis in humans suggest a representation 
of the penis with the hip and upper leg near the junction of 
the medial to superolateral surface. Additional studies 
should help to clarify the location of the cortical representa
tion of the human genitalia and perineum. The cutaneous 

regions adjacent to the median plane in the trunk have a 
bilateral representation in SI. The representation of the fin
gers occurs along the posterior wall of the central sulcus. The 
anterior surface of the body faces the central sulcus.

The multiple representation hypothesis

Contemporary imaging studies in humans confirm that each 
cytoarchitectural component of the primary somatosensory 
cortex corresponding to Brodmann’s areas 3a, 3b, 1, and 2 is 
a separate map of the body, receiving inputs from different 
peripheral receptors. This arrangement is termed the multi
ple representation hypothesis. Areas 3b and 1 represent 
cutaneous regions of the body and are essentially mirror 
images, yet differ enough to suggest that each has a distinct 
role in cutaneous sensation. Area 2 appears to represent pre
dominantly deep receptors, including those signaling the 
position of joints and other deep body sensations, whereas 
area 3a represents sensory input from muscles. Cortical rep
resentation along the postcentral gyrus reflects a composite 
of somatotopically‐organized areas instead of a continuous 
homunculus. Functional imaging studies of the human SI 
show that multiple digit representations occur in the four 
cytoarchitectonic subdivisions of SI (3a, 3b, 1, and 2). In addi
tion to these four cytoarchitectonic subdivisions of SI, there is 
also a columnar cortical organization in the postcentral 
gyrus. The definition of these cytoarchitectural subdivisions 
during imaging studies in humans depends on approxima
tions based on anatomical landmarks.

table 7.1 ● Summary of paths for pain and temperature from the body.

Modalities
Superficial pain, deep pain from joints, itch,  
and temperature Chronic, visceral pain

Receptors Nociceptors and thermoreceptors Visceral nociceptors

Primary neurons Smaller neurons in all spinal ganglia Smallest neurons in all spinal ganglia

Primary peripheral processes To receptors as A-delta and C fibers To receptors as A-delta and C fibers

Primary central processes Via lateral division form dorsolateral tract Enter lateral division may divide before ending

Secondary neurons Lamina I lamina IV–VI Secondary visceral gray substance

Secondary central processes Decussate to form lateral spinothalamic tract Crossed and uncrossed to form spinoreticulothalamic tract

Location of secondary fibers Contralateral Bilateral path

Spinal cord Ventral in lateral funiculus Lateral part of proprius bundles

Medulla Lateral above inferior olive Interolivary position

Pons Lateral to medial lemniscus Between fibers of VI and VII

Midbrain Dorsolateral to medial lemniscus Crossed reticulothalamic fibers from midbrain

Dorsal thalamic neurons Lateral part of ventral posterior nucleus (VPL) of dorsal 
thalamus

VPL, intralaminar, reticular nuclei; may enter 
consciousness here

Thalamoparietal fibers Via posterior limb of the internal capsule Perhaps via posterior limb of the internal capsule

Cortical areas Parietal lobe, areas 3, 1, and 2 in the postcentral gyrus 
and paracentral lobule; primary somatosensory cortex (SI)

Precentral operculum of the frontal lobe, anterior insula, 
anterior cingulate cortex, perhaps prefrontal cortex

Comments Note sensory homunculus; also somatotopic and 
modality‐topic throughout

Emotional component to this type of pain called suffering; 
visceral pain may be referred
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Thermal and painful auras

Loss of discriminative pain or thermal sensation from cortical 
injury is well known. Thermal and painful sensations may 
foreshadow the onset of an epileptic seizure, a phenomenon 
known as an aura. In 267 patients with focal seizures, only 
seven described painful sensations as a part of their seizure. 
A male patient has had seizures since 9 years of age marked 
by sensations of excruciating genital pain.

Sensory Jacksonian seizures

Sensory Jacksonian seizures consist of abnormal, localizable, 
cutaneous sensations without apparent prior stimulation. 
Such sensations spread or progress to adjacent cutaneous 
areas in the body or along a limb, reflecting propagation of an 
epileptic discharge  –  an abnormal firing of neurons in the 
postcentral gyrus. Because they are alert and aware of their 
seizures, such patients are able to describe what and how they 
feel during the seizures. The careful analysis of seizure pat
terns in 42 patients, involving subjective sensory experiences 
without objective signs, revealed a cortical sensory sequence 
with the thumb juxtaposed to the lower lip and corner of the 
mouth but not to the brow and corner of the eyelid as classi
cally described (see Fig. 7.6). Destruction or ablation, includ
ing removal of the postcentral gyrus or parietal lobotomy, 
was once a treatment of choice for the relief of pain.

The nervous system is capable of discriminating and com
paring qualities of pain and slight variations in temperature. 
The ability to recognize, assess, and localize pain and ther
mal sensations requires cortical participation. The frontal 
lobe compares current sensations with those previously 
experienced, thus providing a basis for immediate reactions 
and influencing intended behavior.

7.1.8 Modulation of painful and thermal impulses

Painful and thermal impulses conducted along the pain and 
temperature path are subject to modification at any point 
along the entire path – at the initial receptors or at synapses 
in the spinal cord, brain stem, thalamus, and cerebral cortex. 
Other sites are in or near the nuclei of the raphé in the medulla 
oblongata, caudal part of the pons, and reticular formation 
next to the periaqueductal gray of the midbrain. Stimulation 
of these nuclei inhibits noxious impulses from entering the 
cord through nonmyelinated C fibers. The corticospinal tract, 
a descending motor path in humans, carries fibers from the 
precentral gyrus of the frontal lobe and the postcentral gyrus 
of the parietal lobe that influence neurons in spinal laminae 
IV and V of the dorsal horn. They may be terminals of 
descending fibers from the brain stem involved in modifying 
the transmission of impulses in the lateral spinothalamic tract.

Influence of endogenous substances on the lateral 
spinothalamic tract

Endogenous substances in the brain are naturally occurring 
substances produced by the brain that influence neurons or 
synapses. Those found along the lateral spinothalamic tract 

are capable of facilitating activity along the path. In human 
dorsal roots, fibers containing substance P resemble the 
nonmyelinated C fibers known to transmit painful and ther
mal impulses. Substance P is found in terminals in the 
human substantia gelatinosa, in a few fibers of the gray 
commissures of the cord, in the lateral funiculus parallel to 
the dorsal horn, around ventral horn neurons, and, rarely, in 
the ventral root.

An example of inhibitory effects is the depression of 
activity in spinothalamic neuronal cell bodies from applica
tion of serotonin near them. The origin, course, and termi
nation of such descending inhibitory paths, and the 
substances or mechanisms involved in modifying activity 
in the lateral spinothalamic tract, in humans remain to be 
clarified. Whatever the influence of a descending path on 
an ascending path, be it inhibition or excitation, their com
bined activities are an important part of normal sensory 
processing.

7.2 PAtH FOr VISCerAL PAIN FrOM tHe BODY
Certain painful impulses arising from the viscera are persis
tent, poorly localized, predominantly bilateral, difficult to 
define, and often accompanied by an emotional component. 
Such pain, called visceral pain, is anatomically and physio
logically distinct from the acute, somatic pain served by the 
lateral spinothalamic tract. The path responsible for the 
transmission of visceral pain is composed of neurons with 
bifurcating axons of varying length and many synapses 
extending from the spinal cord to the thalamus (Fig. 7.3). In 
keeping with the terminology first used for these connec
tions in the early 1900s, and in light of its spinal origin, course 
in the reticular formation, and thalamic termination, this 
system is termed the spinoreticulothalamic tract (SRT) 
(Fig. 7.3). Many questions regarding its structure and func
tion in humans remain unanswered.

7.2.1 Modalities and receptors

The modalities carried in the spinoreticulothalamic tract 
include persistent aching, burning, unpleasant, disagreeable, 
or dull pain caused by carcinoma, inflammatory states, 
chemical stimuli, ischemia, distention of hollow organs, or 
excessive muscle contractions. Visceral pain is diffuse and 
poorly localized. When localized to an area distant from the 
actual site of the pain‐causing process, such pain is termed 
referred pain. Hence one quality of visceral pain is its  referral 
to a well‐defined segmental level or to a distant region. There 
is often a delay between the initial stimulus and its conscious 
perception, and persistence of the sensation beyond the ces
sation of its stimulus. Structural and functional evidence for 
specific visceral pain receptors, called visceral nociceptors, 
is lacking; they are probably free nerve endings (Fig.  7.3). 
Nociceptors in visceral organs such as the heart, lungs, tes
tes, and biliary system and also those in muscles and joints 
are responsive to extremes of temperature, mechanical force, 
and certain chemical irritants.
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7.2.2 Primary neurons

Primary neurons in the spinoreticulothalamic tract are 
cells in spinal ganglia with small cell bodies and peripheral 
processes (Fig.  7.3) that travel in somatic nerves, along 
blood vessels, and in autonomic nerves, and perhaps trav
erse the sympathetic trunk and its ganglia. Fibers carrying 
visceral pain are thinly myelinated Aδ or nonmyelinated C 
fibers. Central processes of these primary neurons enter the 
lateral division of each dorsal root; a few fibers enter the 
ventral roots.

Because about 25% of the ventral root fibers are nonmy
elinated (and presumably sensory), pain is often evoked on 
ventral root stimulation in conscious patients. Experiments 
indicated that about two‐thirds of these ventral sensory fib
ers are visceral in nature. Additional studies will likely 
clarify the structural and functional aspects of these vis
ceral sensory fibers in the ventral roots. Cutting only the 
dorsal roots to relieve pain (dorsal rhizotomy) leaves these 
visceral sensory fibers intact. Destruction of the neuronal 
cell bodies that are the origin of these sensory fibers 

prevents sensory impulses from entering the central 
 nervous system through the ventral roots. Since their cell 
bodies are presumably in the spinal ganglia, a multiple 
 spinal ganglionectomy would eliminate, at the source, all 
sensory fibers (and all sensory impulses through these 
 fibers) from entering the spinal cord. Blocking spinal 
 ganglionic neurons with alcohol or destroying them by 
extremes of temperature would also block the transmission 
of sensory impulses. As the thinly myelinated and nonmy
elinated visceral pain‐carrying fibers enter the spinal cord, 
they end in the segment of entrance, or bifurcate and ascend 
or descend to end superior or inferior to this segment on 
the cell bodies of secondary neurons.

7.2.3 Secondary neurons

Impulses carried in central processes of primary visceral 
sensory neurons ultimately influence neurons in the dor
sal  horn. The precise relationship between these entering 
fibers and dorsal horn neurons is unclear. The substantia 
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Figure 7.3 ● Origin and partial course of the human spinoreticulothalamic tract (SRT) from upper thoracic to C1 spinal levels. This bilateral, multisynaptic path 
carries chronic, visceral pain from spinal levels, ascends through the brain stem, and to the dorsal thalamus. Note the probable pattern of localization for fibers in 
the SRT carrying impulses from the bladder and stomach. (Source: Adapted from Crosby, Humphrey, and Lauer, 1962.)
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gelatinosa is likely involved in visceral and somatic pain. 
The cell bodies of origin of some secondary neurons in this 
path, found laterally at the base of the dorsal horn, form the 
secondary visceral substance (Fig.  7.3), that extends from 
T1 to L1 or L2 and from S2 to S4 spinal levels. The central 
processes of the secondary neurons in this path form an 
ascending visceral pain path called the spinoreticulotha
lamic tract.

Central processes of secondary neurons form 
the spinoreticulothalamic tract

Because of its partial origin from neurons in the secondary 
visceral gray, which would be the second‐order neurons in 
the spinoreticulothalamic tract, this tract may also be 
termed the secondary ascending visceral tract. Experi
mental studies suggest that the lateral spinothalamic and 
spinoreticulothalamic tracts are functionally different, 
most of their fibers having separate cell bodies of origin in 
the spinal cord.

A collection of fibers, called the proprius bundles, sur
round the entire spinal gray matter (except in the area near 
the dorsolateral tract) at the junction between the gray mat
ter and fibers in the dorsal, ventral, and lateral funiculi. 
Ascending axons in the visceral pain path arise from second
ary cell bodies and enter the ventral part of the lateral funiculi 
on both sides of the cord. In this position, both crossed and 
uncrossed secondary visceral pain fibers contribute fibers 
that enter the proprius bundles. Fibers related to visceral 
pain and traveling in the spinoreticulothalamic tract (SRT) 
are in the ventral parts of the lateral fasciculus proprius 
(Fig.  7.3). The spinoreticulothalamic tract is a bilateral 
ascending path ideally organized to transmit diffuse, poorly 
localized, chronic visceral pain to brain stem levels. Surgical 
interruption of fibers in the dorsal funiculi (on either side of 
the dorsal median sulcus) carried out in a limited number of 
patients with visceral pain as the result of uterine or colon 
cancer suggests that some visceral pain fibers ascend in the 
dorsal funiculi. The relation of these fibers to the spinoreticu
lothalamic tract is unclear.

Somatotopic organization 
in the spinoreticulothalamic tract

Although experimental evidence regarding the anatomical 
organization of this system is limited, clinical evidence 
suggests that it is somatotopically organized. Ventrally in 
the lateral fasciculus proprius near the central canal are 
ascending fibers for sensory impulses from the bladder. 
They are dorsal to the ascending fibers for sensory 
impulses from the stomach (Fig.  7.3). The ascending vis
ceral fibers in the dorsal funiculi noted in the previous 
paragraph suggest a possible localization there for visceral 
sensory impulses from pelvic and abdominal areas. 
Coursing in the lateral funiculus of the cord and continu
ing perpendicular to the long axis of the brain stem, the 
bilateral spinoreticulothalamic tract conveys impulses to 
the brain stem reticular formation.

Position of the spinoreticulothalamic tract 
in the brain stem

The spinoreticular part of the visceral pain path is in the 
medial reticular formation of the medulla, pons, and mid
brain, where it contributes to the ascending reticular system. 
More on the brain stem reticular formation is provided in 
Chapter 9.

At medullary levels, spinoreticular fibers are between or 
perhaps dorsal to the inferior olives and, in the pons, dorso
medial to the superior olive between the exiting abducent 
and facial intramedullary fibers. Many spinoreticular fibers 
end in the reticular formation at medullary and pontine lev
els, while the majority terminate at the junction of the pons 
and midbrain. The reticular formation of the midbrain 
appears to form the ascending continuation of the spinore
ticulothalamic tract by providing crossed reticulothalamic 
fibers. The spinoreticulothalamic system extends from spinal 
levels (“spino” part), through the brain stem reticular forma
tion (“reticulo” part), and into the thalamus (“thalamic” part).

A few spinomesencephalic fibers end in the dorsolateral 
periaqueductal gray, and some spinotectal fibers end in the 
tectum of the midbrain. Most of these fibers in humans are 
ipsilateral and most accompany the spinoreticulotha
lamic tract.

Opiate receptors, endorphins, 
and the periaqueductal region

The periaqueductal gray in humans exhibits high levels of 
binding of opiate receptors. Opium and its derivative mor
phine are plant products used because of their narcotic and 
analgesic effects. (Analgesia refers to freedom from pain in 
humans and antinociception for the suppression of reflex 
behavior in experimental animals caused by noxious stim
uli.) These substances attach to specialized receptor sites on 
neuronal membranes. Since the incidence of such opiate 
receptor sites varies in the brain, high levels of binding in the 
periaqueductal gray of the midbrain are noteworthy because 
this opiate‐to‐receptor binding either yields analgesia or ini
tiates events that culminate in analgesia.

The endogenous opioid peptides are hormone‐like sub
stances produced in the brain that bind to opiate receptors 
and may reduce sensitivity to pain and stress. The three major 
groups of these natural substances are the endorphins, the 
enkephalins, and the dynorphins and neoendorphins. The 
periaqueductal gray of the midbrain is one of many regions 
in which these opioid peptides are present. These observa
tions suggest that the brain has the ability to furnish its own 
opiates that are in turn capable of producing analgesia.

Stimulation of the periaqueductal and periventricular 
regions

Sensations elicited by stimulation of neurons at the edge of the 
aqueduct and 5 mm laterally, in those undergoing neurosurgi
cal treatment for chronic pain, are described as unpleasant 
and referred to the center of the body, deep in the head, neck, 
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chest (perhaps near the heart), or abdomen. A patient com
plained of periumbilical sensations in addition to sensations 
from the bladder and experienced the desire to urinate during 
periaqueductal gray stimulation. Painful sensations elicited 
by such stimulation have a diffuse and unpleasant quality, 
often accompanied by autonomic and emotional reactions 
including feelings of fear. Such complex sensory reactions to 
periaqueductal stimulation are like spontaneous reactions in 
those undergoing a chronic painful experience. In another 
study, electrical stimulation of the periaqueductal region 
effectively reduced chronic pain with numerous side effects, 
including a sensation of smothering, abnormal ocular 
 movements, nausea, and vertigo. Stimulation of the ventral 
periventricular/periaqueductal gray in 15 awake humans 
undergoing deep brain stimulation for treatment of chronic 
pain caused a mean reduction in systolic blood pressure (in 
seven patients) whereas stimulation of the dorsal periven
tricular/periaqueductal gray caused a mean increase in 
 systolic blood pressure (in six patients).

Chronic pain may be relieved, and normal pain percep
tion blocked, by electrical stimulation of the periventricular 
and periaqueductal gray in humans. This stimulation‐ 
produced relief of pain is reversible by naloxone, a mu‐ opioid 
receptor competitive antagonist that displaces opiates from 
these receptors. Autopsy analysis of the brains of patients 
who had undergone central gray stimulation in the midbrain 
but later died of causes unrelated to the stimulation revealed 
that the ventrolateral periaqueductal gray and periventricu
lar gray at the level of the posterior commissure are an ideal 
target for therapeutic electrical stimulation for opiate‐respon
sive pain in humans.

The intrinsic functional connectivity of the periaqueductal 
gray has been studied in humans using resting functional 
magnetic resonance imaging (fMRI). These experiments 
showed that the periaqueductal gray is functionally  connected 
to the anterior cingulate cortex rostrally and the rostral ven
tromedial medulla caudally. Collectively, these stimulation 
studies, therapeutic efforts, and functional  connectivity 
observations seem to indicate that the periaqueductal and 
periventricular regions may play a role in cardiovascular con
trol, in the transmission of visceral pain, and as an important 
constituent of the opioid‐sensitive pain‐ modulating circuits 
in the human brain.

7.2.4 Thalamic neurons

As ascending reticulothalamic fibers leave the midbrain to 
enter the thalamus, some enter the posterior hypothalamic 
area in a periventricular position near the posterior part of the 
third ventricle. Spinoreticulothalamic fibers end in the 
 intralaminar nuclei, especially the parafascicular and 
 centromedian nuclei, the reticular nucleus, and parts of the 
ventral posterior nucleus. The intralaminar nuclei are the site 
of conscious appreciation of diffuse, poorly localized, nox
ious stimuli. Stimulation or destruction of the intralaminar 
region in humans, and the medial pulvinar, relieves pain 

without detectable sensory loss for 2–12 months. In another 
study, stimulation along the medial aspect of the parafascicu
lar nucleus in the periventricular region resulted in “good‐to‐
excellent” reduction of chronic pain with minimal side effects. 
These patients expressed feelings of relaxation and well‐being 
without overwhelming emotional overtones. Reduction of 
pain was contralateral to the stimulation yet affected bilateral 
peripheral fields, especially in medial regions of the body.

7.2.5 Cortical neurons

Although impulses for visceral pain reach consciousness at a 
thalamic level, areas of the cerebral cortex are also involved 
in visceral sensation. Intralaminar nuclei, part of the “diffuse 
thalamocortical projection system,” relay visceral impulses 
to the cerebral cortex including the cingulate gyrus. The 
 diffuseness of these cortical projections likely accounts for 
the poor localization of visceral pain at the cortical level. 
Cortical neurons for visceral sensation in humans are in the 
precentral operculum of the frontal lobe, in the anterior 
insula, the pregenual anterior cingulate cortex, the anterior 
midcingulate cortex, and perhaps the prefrontal cortices. 
That part of the precentral operculum associated with vis
ceral sensations is outside the SII region but between 
Brodmann’s areas 43 and 44.

7.2.6 Suffering accompanying pain

The calming effects of medial lesions in the midbrain resem
ble the effects of frontal lobotomy for relief of pain. Such 
operations fail to abolish the perception of pain, but modify 
the emotional responses to pain. Their fear of pain seemingly 
disappears due to an alteration in the patient’s attitude. 
Because of adverse changes in personality and intelligence 
produced by this procedure, it is a method of therapeutic 
desperation. Modification of emotional response to pain 
after therapeutic lesions in the midbrain or frontal lobotomy 
emphasizes an affective aspect of pain called suffering that 
accompanies certain types of pain and varies from individual 
to individual. Memories of pain and its anticipation influ
ence the suffering accompanying painful experiences. 
Absence of pain in combat or in emotional stress accompany
ing serious injuries illustrates this aspect of pain. Suffering is 
probably independent of the cause or duration of pain. The 
degree to which pain influences our daily lives, including the 
ability to carry out family responsibilities and to work, has a 
profound effect on the suffering that accompanies pain. 
Some patients use pain for secondary gain such as in com
pensation for injuries to avoid work or to gain sympathy 
from others. Brain imaging studies have demonstrated that 
the suffering aspect of pain activates the anterior cingulate 
cortex in humans. The cingulate gyrus as a constituent of the 
limbic system (see Chapter  18) plays an important role in 
emotion and, through its many autonomic projections, in the 
expression of that emotion.
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7.2.7 Visceral pain as referred pain

The perception of visceral pain is that it comes from a point 
distant from its origin. This phenomenon is termed referred 
pain. Pain arising from cervical skeletal muscle and sur
rounding structures, from the tongue, teeth, and tonsils of the 
oral cavity or from the temporomandibular joint (including 
chewing‐gum earache in children) may seem to originate 
near the auricle. Pain from the nasopharynx and paralaryn
geal region may seem to arise near the epigastrium and to the 
area around the xiphoid process in the median plane (par
ticularly the area of the seventh to the ninth thoracic seg
ments). Pain from the common bile duct and cardiac pain 
(angina pectoris) may seem to originate along the left shoul
der, arm, and side of the neck. Dysmenorrheal pain (from 
hyperactivity of the uterine muscle and myometrial ischemia) 
may seem to arise in the lower back and abdomen, and pain 
in early labor (from stretch of the cervix) is likely felt between 
the umbilicus and pubic symphysis, laterally on the iliac 
crest, and posteriorly on the lower lumbar and upper sacral 
spines. With intense stimulation caused by contraction and 
distention of the uterus in labor, pain seems to originate in 
the umbilical region, upper thighs, gluteal region, and  middle 
sacral area.

The distribution of intra‐abdominal pain in normal 
 subjects and in those suffering from disease of this region has 
received considerable attention. Inflating a balloon intro
duced during colonoscopy leads to pain at several sites along 
the colon. In those without primary pain, this produces 
lower, left‐sided abdominal pain. Inflation in the ascending 
and transverse colon produces periumbilical pain. In similar 
experiments involving control subjects, distention of the 
splenic flexure caused pain in the abdominal left upper 
quadrant at the site of distention. Distention at the splenic 
flexure in some persons evokes a sense of pain or discomfort 
in areas of the body above the diaphragm that may also be 
sites of referral of pain from angina pectoris. In another series 
of normal subjects, balloon distention of the sigmoid colon, 
and occasionally the upper rectum, resulted in pain referred 
to the suprapubic or left iliac region simulating intestinal 
colic (pain due to distention of the bowel by gas). Distention 
of the rectum caused a characteristic sensation of fullness 
referred to the rectum itself or the sacral region.

An appealing theory underlying referred pain is that vis
ceral pain and cutaneous pain, arriving over separate paths, 
converge in the spinal cord or thalamus (convergence theory) 
on common neurons. Sensory fibers from visceral areas may 
converge on spinal neurons with a cutaneous receptive field. 
From this point, impulses travel along separate routes and 
seem to arise from two body locations – at the site of their 
visceral origin and at a cutaneous, referred site.

Referred nonpainful cutaneous sensations elicited by a 
non‐noxious stimulation, such as scraping fingernails on the 
scalp or plucking at hairs, toenails, or minor skin eruptions 
differ in many ways from referred pain. The resultant sensa
tions, usually referred to a relatively distant cutaneous point, 
are never painful, but are sharply localized and startling in 

their suddenness. These nonpainful sensations may occur in 
conjunction with an itch that is relieved by rubbing the site of 
the referred sensation.

7.2.8 Transection of fiber bundles to relieve 
intractable pain

Transection of the lateral spinothalamic tract (anterolateral 
cordotomy) to relieve intractable pain is often unsuccessful. 
One year after cordotomy, approximately half of those 
treated had neither relief from pain nor complete analgesia. 
Impulses for chronic, intractable pain travel to higher levels 
of the central nervous system by the spinoreticulothalamic 
tract. Without interruption of this path on both sides of the 
spinal cord, visceral pain will persist. The position of the lat
eral spinothalamic tract and the spinoreticulothalamic tract 
at spinal levels is fortunate, because fibers of the SRT (con
ducting visceral pain) lie medial to the lateral spinothalamic 
tract (Fig.  7.3). Therefore, transection in the ventrolateral 
quadrant involving the spinoreticulothalamic tract in the 
ventral part of the lateral fasciculus proprius will transect the 
path for visceral pain and that for somatic pain. Even so, 
because of the multisynaptic and bilateral nature of the 
spinoreticulothalamic tract, it is impossible to interrupt vis
ceral impulses ascending in the cord unless bilateral transec
tion occurs. Because the spinoreticulothalamic tract is 
separate from, and medial to, the lateral spinothalamic tract 
in the brain stem, a tractotomy in the pons or midbrain only 
interrupts the lateral spinothalamic tract. Although the peri
aqueductal gray in humans is unsuitable for stimulation 
designed to reduce or control chronic pain, the success of 
analgesia produced by stimulation of the diencephalic 
periventricular region is encouraging. These observations 
suggest the brain stem periaqueductal gray and adjacent 
periventricular region in the posterior third ventricle partici
pate in modulating human pain. Details of the anatomy of 
the paths for pain in humans, an understanding of the differ
ent painful conditions occurring in humans, the precise roles 
of the ever‐growing list of endogenous agents in the percep
tion of pain, and the effectiveness of various therapeutic 
measures in relieving pain need further investigation.

The lateral spinothalamic tract and pruriception (itch)

In their review of the ascending paths for itch, Davidson et al. 
(2014) noted that in addition to blocking pain, anterolateral 
cordotomies block the sensation of pruriception or itch. 
These clinical reports of cordotomies that result in the relief 
of pain and itch provide evidence for the role of the lateral 
spinothalamic tract (LST) in pruriception because axons of 
the LST travel in the lateral funiculus – the area of white mat
ter in which the cordotomies were performed. Davidson et al. 
(2014) cited a number of case reports of cordotomies that 
presumably involved the LST and blocked the sensation of 
itch. They cautioned that there are a number of other pain‐
carrying (and itch‐carrying?) paths that ascend in the lateral 
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funiculus but have not been implicated in the transmission of 
itch. Perhaps these paths may also carry pruriceptive infor
mation to any number of areas of the brain and in doing so 
contribute to the sensory‐discriminative, autonomic, affec
tive, or modulatory systems related to the sensation of itch 
(Davidson et al., 2014).

7.3 tHe trIGeMINAL NUCLeAr COMPLeX
The trigeminal nerve [V] provides sensory innervation to the 
face, cornea, and oral mucosa, including the tongue, dental 
pulp, nasal mucosa, paranasal sinuses, and scalp back to the 
vertex of the skull. The trigeminal nerve and its branches 
carry impulses for pain and temperature from this extensive 
area to the central nervous system. Such sensory impulses 
travel through the brain stem to the thalamus by way of the 
ventral trigeminothalamic tract.

7.3.1 Organization of the trigeminal 
nuclear complex

The trigeminal nuclear complex resembles an ice‐cream 
cone in shape, extending from the middle pons into the spi
nal cord. The ice cream on the cone is the trigeminal pontine 
nucleus, about 4.5 mm in rostrocaudal length; the cone is the 
trigeminal spinal nucleus with its three subnuclei (Fig. 7.4). 
The trigeminal nuclear complex in humans develops in a 
cervicorostral direction (caudal part, interpolar part, then 
rostral part). There is a close correlation between develop
ment and activity in this complex: differentiation in the cau
dal part accompanies the earliest observed reflex response of 
human embryos to trigeminal stimulation. The trigeminal 
pontine nucleus is in the middle pons at the level of entrance 
of the trigeminal nerve (Fig. 7.4) and in the lateral part of the 

pontine tegmentum. Its neurons are small, about 25–28 μm in 
average diameter. The trigeminal spinal nucleus extends 
from the caudal end of the trigeminal pontine nucleus into 
the lower pons and medulla oblongata to reach the spinal 
cord (Fig. 7.4), where it intermingles with spinal laminae II 
and III of the upper cervical cord. Based on cytoarchitectural 
differences, the trigeminal spinal nucleus is divisible into 
caudal, interpolar, and rostral parts (Fig. 7.4). The caudal part 
of the trigeminal spinal nucleus (Fig. 7.4) extends from the 
obex of the medulla oblongata caudally to about C2 (and 
perhaps as low as C3 or C4) where it overlaps and intermin
gles with neurons of the dorsal horn, making this region of 
the spinal cord gray matter conspicuous in stained transverse 
sections. The cytoarchitecture of this caudal part of the 
trigeminal spinal nucleus resembles the apex of the dorsal 
horn in that it has three subnuclei from superficial to deep. 
The interpolar part of the trigeminal spinal nucleus (Fig. 7.4), 
about 6 mm in length, is evident at medullary levels through 
the caudal two‐thirds of the inferior olive (corresponding 
to the level of the accessory cuneate nucleus). The rostral part 
of the trigeminal spinal nucleus (Fig. 7.4) continues from the 
rostral part of the inferior olive at medullary levels to the 
level of abducent [VI] and facial [VII] nuclei in the lower 
pons, lateral to the intrapontine facial fibers. It is then con
tinuous rostrally with the trigeminal pontine nucleus and 
caudally with the interpolar part of the trigeminal spinal 
nucleus.

7.3.2 Organization of entering trigeminal 
sensory fibers

Somatic afferents from the face, cornea, oral and nasal 
mucosa, tongue, dental pulp, paranasal sinuses, and scalp to 
the vertex of the skull have their neuronal cell bodies of origin 
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Figure 7.4 ● Organization of the trigeminal nuclear complex 
projected on the brain stem. Also shown are types of entering 
sensory fibers and their distribution to the trigeminal nuclear 
complex. 1, Largest and most thickly myelinated fibers; 2, smaller 
and less thickly myelinated fibers; 3, smallest fibers with a slight 
amount of or no myelin. (Source: Adapted from Humphrey, 1982.)
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in the trigeminal ganglion. Each human trigeminal ganglion 
has about 27 400 neurons, with some reports of upwards of 
80 000 neurons in each ganglion. Peripheral processes of 
these trigeminal ganglionic neurons pass to appropriate 
peripheral receptors. As their central processes approach the 
brain stem, they form the trigeminal sensory root before end
ing in a well‐organized manner in the trigeminal complex. In 
baboons, about 45% of trigeminal sensory root fibers are non
myelinated. Central processes of these primary neurons pro
ject onto the trigeminal nuclear complex in accordance with 
their function. The largest and most thickly myelinated fibers 
(Fig. 7.4) carry discriminative tactile information and end in 
the trigeminal pontine nucleus. Smaller and less thickly 
myelinated fibers (Fig. 7.4) carry general tactile information, 
and bifurcate on entry, sending one branch to the trigeminal 
pontine nucleus and another caudal branch into the trigemi
nal spinal tract (Fig.  7.4). Even smaller, thinly myelinated, 
and some nonmyelinated fibers (Fig. 7.4) that carry impulses 
for general or light touch, pain, temperature (hot and cold), 
itch, and possible “tickle,” enter the pons, and at once descend 
in the trigeminal spinal tract to end in the trigeminal spinal 
nucleus (Fig. 7.4). The course of the trigeminal spinal tract in 
the lower medulla is evident on the brain stem surface as the 
trigeminal tubercle. The trigeminal spinal tract overlaps the 
dorsolateral tract at cervical levels of the spinal cord.

In addition to these somatic afferents in the trigeminal 
sensory root, there is also a population (about 20%) of small 
(0.3–0.5 μm) nonmyelinated fibers in the human trigeminal 
motor root similar to the nonmyelinated sensory fibers in 
ventral spinal roots. Although the source and function of 
these nonmyelinated fibers are unclear, they are probably 
sensory. Several small trigeminal accessory or intermediate 
fibers, of uncertain function, exist between the trigeminal 
motor and sensory roots in humans.

7.4 PAtH FOr SUPerFICIAL PAIN 
AND tHerMAL eXtreMeS FrOM tHe HeAD

7.4.1 Modalities and receptors

The path carrying impulses for superficial pain (including 
itch), thermal extremes (hot and cold), possibly tickle, and 
general or light touch from areas of the head innervated by 
the trigeminal nerve (including the dental pulp) is the ven
tral trigeminothalamic tract (Fig.  7.5). Receptors involved 
are probably free nerve endings and thermoreceptors 
(Fig. 7.5). The human cornea contains only fine arborizations 
of nerves. Since the cornea responds to light touch and nox
ious stimuli, these fine nerves must be sensitive to both types 
of stimuli. One patient experienced pain in a localized part of 
her gums for 5 years. Following surgical excision of the area 
to relieve the pain, large numbers of free nerve endings were 
in the epithelium and lamina propria of the excised gingival 
tissue. These observations emphasize the relationship of free 
nerve endings to the transmission of painful impulses at 
trigeminal levels.

7.4.2 Primary neurons

The primary neurons (Fig.  7.5) in the path for superficial 
pain and thermal extremes at cranial levels are small neurons 
found in the trigeminal ganglia. Peripheral processes of these 
primary neurons are probably nonmyelinated C fibers and 
myelinated Aδ fibers that respond to innocuous and noxious 
thermal and mechanical stimuli with multimodal nocicep
tors and thermoreceptors, respectively, at their terminations. 
Central processes of these primary neurons enter the central 
nervous system in the trigeminal sensory root. They enter 
the middle pons and turn to descend in the medulla oblon
gata and upper spinal cord as part of the trigeminal spinal 
tract (Figs 7.4 and 7.5).

Primary fibers descending in this tract, and carrying 
impulses for pain and thermal extremes from the head, end 
in the caudal part of the trigeminal spinal nucleus (Fig. 7.5). 
In this location are secondary neuronal cell bodies in the path 
for pain and thermal extremes in the head. Transmission of 
impulses along a sensory path is modifiable by descending 
paths and by endogenous substances. In the trigeminal com
plex, considerable modification of sensory information takes 
place in the caudal part of the trigeminal spinal nucleus.

Somatotopic organization of fibers in the trigeminal 
spinal tract

Three peripheral trigeminal branches  –  mandibular, maxil
lary, and ophthalmic – bring impulses from their respective 
territories and send fibers to the trigeminal spinal tract where 
they descend as far as the second or third cervical segment. A 
dorsoventral, somatotopic organization of fibers is demon
strable in the trigeminal spinal tract, with mandibular fibers 
dorsal, ophthalmic fibers ventral, and maxillary fibers 
between them (Fig. 7.5B). Clinical evidence suggests that fib
ers carrying painful impulses have a lateral position in the 
tract, whereas the fibers carrying impulses for thermal 
extremes are medial (Fig. 7.5B).

Somatotopic organization of fibers to the caudal 
trigeminal spinal nucleus

In addition to the arrangement of fibers in the trigeminal 
spinal tract according to the area innervated and modality 
served, there is also a layered arrangement of fibers associ
ated with impulses for pain and thermal extremes, distribut
ing to the caudal part of the trigeminal spinal nucleus. In 
this arrangement, called the “onion‐skin” pattern (of 
Déjerine), there are five facial zones (Fig. 7.6), beginning with 
a central circumoral zone, three intervening zones, and a 
peripheral facial zone. Sensory fibers from these facial zones 
have a rostrocaudal order as they descend along the caudal 
part of the trigeminal spinal nucleus. In particular, fibers 
supplying peripheral face areas descend to end in the caudal 
part of the trigeminal spinal nucleus in the spinal cord. Fibers 
supplying the circumoral zone end rostrally in the caudal 
part of the trigeminal spinal nucleus of the lower medulla 
oblongata near the obex (Fig. 7.6). Cutaneous branches of the 
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cervical plexus (C2, C3) supply skin over the angle of the 
mandible, a region spared by unilateral injury to the trigemi
nal sensory root.

7.4.3 Secondary neurons

Secondary neuronal cell bodies in the trigeminal path for 
pain and thermal extremes are in the caudal part of the 
trigeminal spinal nucleus and adjacent lateral reticular for
mation. At upper cervical levels, sensory cervical spinal fib
ers and fibers of the descending trigeminal spinal tract 
overlap, as do secondary neurons in the lateral spinothalamic 
tract and the trigeminothalamic system. Painful impulses 
from this region of overlap may travel to higher levels in 
either the spinothalamic or the trigeminothalamic path.

Endogenous opiate‐like substances are identifiable in 
human trigeminal neurons. Fibers, terminals, and neuronal 
cell bodies containing leu‐enkephalin are in the trigeminal 
spinal nucleus in humans at caudal levels of the medulla 
(presumably in the caudal part of the trigeminal spinal 

nucleus). Since equivalent areas of the human spinal cord 
receive their innervation from fibers containing substance P, 
interaction of substance P and enkephalins in the processing 
of painful impulses is likely.

Central processes of secondary neurons form 
the ventral trigeminothalamic tract

Axons of secondary neurons, with cell bodies in the zonal 
and deep magnocellular subdivisions of the caudal part of 
the trigeminal spinal nucleus and in the adjacent lateral 
reticular formation, accumulate in small fascicles, swing 
obliquely forward, and decussate in the brain stem. Rostral 
to their origins these fascicles are in the lateral brain stem 
where they help to form the ventral trigeminothalamic 
tract (VTT) (Fig. 7.5). A precise position for this tract in the 
medulla oblongata is difficult to define, because its fibers 
spread out as they leave the caudal part of the trigeminal 
spinal nucleus. In the lower pons (Fig. 7.7), VTT is a more 
compact bundle, intermingling with the dorsal edge of the 
medial lemniscus, a prominent ascending sensory path. 
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thumb juxtaposed to the lower lip and corner of the mouth.



PAtHS FOr PAIN AND teMPerAtUre ● ● ● 111

In the upper midbrain (Fig. 7.7), VTT remains on the dorsal 
aspect of the medial lemniscus before projecting forwards 
to end in the thalamus (Fig. 7.7).

7.4.4 Thalamic neurons

The ventral trigeminothalamic tract, carrying impulses for 
pain and thermal extremes in the head, ends in the ventral 
posterior medial nucleus (Fig.  7.7) of the thalamus. Some 
ventral trigeminothalamic fibers end in that part of the ventral 
posterior lateral nucleus that is rostrolateral to the ventral pos
terior medial nucleus. A somatotopic organization exists in 
the ventral posterior nucleus with ascending sensory fibers 
from the body ending in the lateral part of this nucleus and 
those from the face ending in the medial part. The representa
tion of the body, face, and head across the ventral posterior 
nucleus forms a “thalamic homunculus.” A contralateral, 
medial to lateral arrangement of sensory responses is demon
strable in the ventral posterior nucleus beginning medially in 
the ventral posterior medial nucleus with representation for 
the oral cavity, followed laterally by labial and facial represen
tation, then that of the fingers, thumb, and the rest of the hand. 
The representation of the forearm, arm, trunk, and leg follows 
in the lateral limit of the ventral posterior lateral nucleus. In 
humans, sensations of crude pain and thermal extremes such 
as those under discussion likely enter consciousness at the 
thalamic level. If localization (“where”) and discrimination 
(“what”) of these crude sensations are necessary, then the cer
ebral cortex must become involved. This would require the 
relay of these impulses from the thalamus to the cerebral cor
tex where additional processing can take place.

7.5 PAtH FOr tHerMAL DISCrIMINAtION 
FrOM tHe HeAD

7.5.1 Modality and receptors

The forehead is the most sensitive to temperature of all cuta
neous areas; it detects an increase of 0.001 °C s–1 cm–2. 
Impulses for thermal discrimination (warmth versus cool
ness) from the face and head reach the trigeminal nuclear 
complex differently to impulses for thermal extremes. Both 
types of thermal impulses, however, project to higher levels 
through the ventral trigeminothalamic tract (Fig. 7.8). The 
structure of the thermoreceptors involved (Fig. 7.8) is unclear.

7.5.2 Primary neurons

Primary neurons in this path for thermal discrimination 
occur in the trigeminal ganglia (Fig. 7.8). Their receptors are 
sensitive to small (less than 1 °C) increases or decreases in 
the temperature of the skin. Their central processes enter the 
pons in the trigeminal sensory root, descend in the trigemi
nal spinal tract, and end in the rostral and interpolar parts of 
the trigeminal spinal nucleus (Fig. 7.8).

7.5.3 Secondary neurons

Secondary neurons in this path for thermal discrimination in 
the head occur in the rostral part of the trigeminal spinal 
nucleus in the lower pons. Fibers from these secondary neu
rons accumulate in small fascicles, swing obliquely forward 
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for the course and position of this tract through the brain stem, its dorsal thalamic relay, and its ultimate termination. (Source: Adapted from Humphrey, 1982.)
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and decussate to join the ventral trigeminothalamic tract 
(VTT) (Fig. 7.8), which continues to ascend through the pons 
and midbrain (Fig. 7.7). Thus, the ventral trigeminothalamic 
tract is made up of fibers carrying impulses for superficial 
pain, including itch, possibly tickle, light touch, thermal 
extremes, and thermal discrimination.

7.5.4 Thalamic neurons

Impulses for thermal discrimination, relayed over fibers of 
the ventral trigeminothalamic tract, synapse with tertiary 
neurons in the ventral posterior medial nucleus (Fig.  7.7). 
Thalamoparietal fibers (Fig. 7.7) travel from here to the area 
of representation of the face in the postcentral gyrus of the 
parietal lobe, where they terminate on fourth‐order cortical 
neurons.

7.5.5 Cortical neurons

Although sensations of thermal extremes and superficial 
pain enter consciousness at a thalamic level in humans, their 
accurate localization and the discrimination of fine thermal 
differences require cortical participation. Thalamoparietal 
fibers from the medial part of the ventral posterior nucleus 
(VPM) reach that part of the postcentral gyrus of the parietal 

lobe designated as the primary somatosensory cortex or SI 
and corresponding to Brodmann’s areas 3, 1, and 2. Impulses 
from the head that reach the ventral posterior medial nucleus 
do not project to the paracentral lobule because it receives 
sensory impulses from lower regions of the body by means 
of the lateral spinothalamic tract. Brodmann’s area 3 is divis
ible into areas 3a and 3b in humans. Area 3a, the floor of the 
central sulcus, is a transition region between Brodmann’s 
area 4 (corresponding to the primary motor cortex) along the 
precentral gyrus and area 3b on the posterior bank of the 
central sulcus. Areas 1 and 2 are on the lateral surface of the 
postcentral gyrus. Areas 3b and 1 are representations of cuta
neous areas and are mirror images of each other, but differ 
enough to suggest distinct functions. Stimulation of the den
tal pulp in humans causes painful sensations that are accu
rately localized, suggesting involvement of the primary 
somatosensory cortex in dental pulp pain in humans.

The area of representation of the face, occupying most of 
the lower half of the postcentral gyrus of the parietal lobe 
(Fig.  7.7), receives trigeminal impulses from the face and 
mouth. Originally, the sensory homunculus depicted that 
part of the face area concerned with the upper face and head 
to be superior to that concerned with the lips and oral cavity. 
The back of the head has its representation caudally in the 
postcentral gyrus: the face orients toward the central sulcus. 
Sensory seizures, analyzed in many patients, indicate that a 
revision of the accepted homuncular pattern along the 

table 7.2 ● Summary of paths for pain and temperature from the head.

Modalities Superficial pain, thermal extremes, light touch thermal discrimination (warmth vs coolness)

Receptors Nociceptors, thermoreceptors, and mechanoreceptors Thermoreceptors

Primary neurons Smaller neurons in trigeminal ganglia Trigeminal ganglia

Primary peripheral processes To receptors A-delta or C fibers to receptors

Primary central processes Enter pons via trigeminal sensory root Enter pons via trigeminal sensory root

Secondary neurons Trigeminal spinal nucleus: note “onion”‐skin pattern Trigeminal spinal nucleus

Secondary central processes Crossed to opposite side of the brain stem Cross to the opposite side of the brain stem

Location of secondary fibers In ventral trigeminothalamic tract In ventral trigeminothalamic tract

Spinal cord Not in spinal cord Not in spinal cord

Medulla Not evident in medulla Not evident in medulla

Pons Dorsal to medial lemniscus Dorsal to medial lemniscus

Midbrain Medial aspect of medial lemniscus Medial aspect of medial lemniscus

Dorsal thalamic neurons Medial part of ventral posterior nucleus (VPM) of dorsal 
thalamus

Medial part of ventral posterior nucleus (VPM) of dorsal 
thalamus

Thalamoparietal fibers Via posterior limb of the internal capsule Via posterior limb of the internal capsule

Cortical areas Facial area of postcentral gyrus in parietal lobe, areas 3, 
1, and 2; primary somatosensory cortex (SI)

Facial area of postcentral gyrus in parietal lobe, areas 3, 1, 
and 2; primary somatosensory cortex (SI)

Comments Note sensory homunculus; somatotopic and modality‐
topic organization throughout

Accurate localization (“where”) and discrimination 
(“what”) of fine thermal differences require involvement 
of the cerebral cortex
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postcentral gyrus is in order. In particular, the thumb is adja
cent to the lower lip and corner of the mouth (Fig.  7.7). 
Table 7.2 summarizes the location of neurons and fibers in 
the paths for pain and temperature from the head.

7.6 SOMAtIC AFFereNt COMPONeNtS OF VII, 
IX, AND X
Although the trigeminal nerve [V] is the sensory nerve of the 
head, the facial [VII], glossopharyngeal [IX], and vagal [X] 
nerves carry impulses for pain and temperature from 
restricted areas in and around the ear. Sensory fibers in the 
posterior auricular branch of the facial nerve [VII] join the 
auricular branch of the vagus [X] to supply skin on the back 
of the auricle, posterior part of the external acoustic meatus, 
and part of the lateral surface of the tympanic membrane. 
The glossopharyngeal nerve [IX] supplies the medial sur
face of the tympanic membrane, mastoid air cells, and audi
tory (pharyngotympanic) tube. A communicating branch 
joins the glossopharyngeal nerve with the vagal auricular 
branch. Cell bodies of primary somatic afferent neurons are 
in the geniculate, superior vagal, and inferior glossopharyn
geal ganglia. Their central processes enter the brain stem in 
certain cranial nerves (VII, IX, or X), descend in the trigemi
nal spinal tract dorsolateral to descending mandibular fibers 
(Fig. 7.5), form the common tract of the facial, glossopharyn
geal, and vagal nerves, and then synapse with secondary 
neurons in the caudal part of the trigeminal spinal nucleus. 
Secondary fibers from these neurons decussate and ascend in 
the ventral trigeminothalamic tract.

7.7 trIGeMINAL NeUrALGIA
Trigeminal neuralgia (or tic douloureux) is an excruciatingly 
painful affliction of the face consisting of sudden, recurring 
attacks of stabbing pain associated with facial contortions 
and grimaces. These attacks (from a few to hundreds per 
day) begin and end abruptly, and last a few seconds to a few 
minutes. Pain is often unilateral and typically involves the 
maxillary division of the trigeminal nerve [V2]. Trigeminal 
neuralgia is common in females and twice as common on the 
right side. Attacks often abate for weeks or months at a time. 
The lightest touch of a “trigger zone,” often near the angle of 
the mouth or nostrils, is likely to set off an attack. 
Consequently, afflicted patients are reluctant to touch the 
face, eat, drink, talk, shave, wash their face, brush their teeth, 
or chew. Usually there is no accompanying objective sensory 
or motor loss.

7.7.1 Causes of trigeminal neuralgia

Several causes of trigeminal neuralgia are likely, including 
compression of the trigeminal sensory root by bony irregu
larities along the petrous temporal ridge, compression of the 
root of the nerve near the pons by arterial loops, tumors, or 
other masses, or irritation by sclerotic plaques. Pathological 

findings in trigeminal neuralgia consist of degenerative 
changes in neuronal cell bodies of the trigeminal ganglion or 
its peripheral branches, including myelin fragmentation, 
segmental demyelination, and hypermyelination. Ectopic 
action potentials generated at the terminal myelinated seg
ment of trigeminal fibers are another possible mechanism of 
trigeminal neuralgia. At such sites, the velocity of an action 
potential slows enough to re‐excite the adjacent axonal 
membrane at a time when it is no longer refractory, thus giv
ing rise to an ectopic or reflected action potential. Generation 
of ectopic action potentials is a property of normal trigemi
nal sensory fibers occurring where axonal size changes, at 
its terminal myelinated segment, or at the point at which a 
large myelinated fiber gives off a nonmyelinated collateral 
branch.

7.7.2 Methods of treatment for trigeminal 
neuralgia

There are various medical and surgical methods for treating 
trigeminal neuralgia. Relief of pain, without sensory loss, 
often occurs following vascular decompression of the 
trigeminal sensory root by loops of the superior cerebellar 
artery, anterior inferior cerebellar artery, an unnamed artery, 
or a small vein.

Partial section of the trigeminal sensory root at the pons 
causes permanent relief of pain because the transected fib
ers do not regenerate. There is an accompanying numbness 
in the corresponding facial region. Transection of the 
trigeminal sensory root near the pons for trigeminal neural
gia assumes that sensory impulses travel only in the sensory 
root. If there is postoperative preservation of sensation, it is 
likely due to nonmyelinated sensory fibers in the trigeminal 
motor root.

The injection of alcohol into the trigeminal sensory root 
may cause partial destruction of the fibers in that root. 
Although loss of light touch and cutaneous pain is likely to 
result, in one series tactile sensation returned in the previous 
area of neuralgia. If painful sensations return, trigeminal 
neuralgia is likely to recur. Alcohol and other chemicals 
injected into the trigeminal ganglion may be helpful in the 
treatment of trigeminal neuralgia. Difficulty in controlling 
the spread of such substances may lead to postoperative 
complications, such as persistent anesthesia of the cornea, 
leading to inflammation (keratitis).

Trigeminal neuralgia is treatable by thermocoagulation 
of the trigeminal ganglion or its peripheral branches. Small, 
myelinated Aδ and nonmyelinated C fibers in the trigeminal 
peripheral branches are destroyed differentially using a ther
mal level that spares thickly myelinated Aα fibers carrying 
tactile information, thus eliminating the perception of pain 
but preserving tactile perception in a restricted facial zone. 
The effect is likely temporary because peripheral trigeminal 
fibers retain the ability to regenerate. Indeed, after thermoco
agulation, the recurrence of trigeminal neuralgia tends to 
increase with the passage of time.



114 ● ● ● CHAPter 7

Another procedure, medullary tractotomy, involves 
 transection of the trigeminal spinal tract, rostral to the motor 
decussation but caudal to the obex, resulting in the elimina
tion of pain with sparing of tactile sensation on the face; 
 corneal responses are maintained. A modification of this 
procedure involves surgical removal of the trigeminal spinal 
tract. Excised tissue, examined with the aid of an electron 
microscope, reveals striking and regular changes in myelin 
layers. Degenerative hypermyelination is characteristic of 
trigeminal neuralgia.

Stereotactic trigeminal nucleotomy involves destruction 
of the caudal part of the trigeminal spinal nucleus. The 
“onion‐skin” pattern of distribution of trigeminal fibers to 
the caudal trigeminal spinal nucleus, described earlier in this 
chapter, is physiologically identifiable with electrical stimu
lation performed prior to nucleotomy for accurate identifica
tion. Many who suffer from trigeminal neuralgia think that 
their pain is of dental origin and therefore seek the services of 
a dental practitioner. Unfortunately, they often have repeated 
extractions without relief from pain before receiving appro
priate medical or surgical therapy.

7.8 GLOSSOPHArYNGeAL NeUrALGIA
Glossopharyngeal neuralgia resembles trigeminal neural
gia but is less common. The term vagoglossopharyngeal 
neuralgia (in recognition of a possible role of the vagal 
nerve in this painful condition) refers to this type of rare 
pain that is slightly more common in those over 50 years of 
age. Onset of severe pain in the throat or auricle (or in the 
sensory area innervated by either nerve) is abrupt and lasts 
from a few seconds to a minute. Such pain is sharp, cutting, 
shooting, stabbing, or like an electric shock; others report a 
persistent, dull, aching, or burning pain often precipitated 
by swallowing, chewing, coughing, or other similar activi
ties. Temporary relief from pain for 1–2 hours after applica
tion to the painful site of a 10% solution of cocaine or other 
surface anesthetic is a dependable aid in diagnosis of 
 glossopharyngeal neuralgia. Patients with pain limited to 
the auricle often have a facial neuralgia involving facial 
somatic sensory fibers. Stimulation of the facial nerve [VII] 
with production of spontaneous pain will identify the nerve 
involved. Glossopharyngeal neuralgia results from trauma, 
vascular compression by a loop of a blood vessel, an abnor
mal styloid process or stylohyoid ligament, tumors, or local 
infection.

Surgical treatment of glossopharyngeal neuralgia 
involves transection of the glossopharyngeal nerve [IX] and 
the upper two or three vagal rootlets at the jugular foramen. 
Because of the proximity of the trigeminal spinal tract and 
common tract of the facial, glossopharyngeal, and vagal 
nerves, it is possible to eliminate pain in glossopharyngeal 
or vagal sensory areas by selective medullary tractotomy of 
the common tract. In those with recognizable vascular com
pression of glossopharyngeal or vagal nerves at their 
entrance into the brain stem, vascular decompression may 
be effective.
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Despite all the accumulated knowledge, all the tracing of skin paths, all the 
mapping of sensory cortices, who in hell or heaven could account for the feeling of 
velvet rubbed against him in the dark?

Gustav Eckstein, 1970
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C H A P t e r  8

Paths for Touch, Pressure, 
Proprioception, and Vibration

8.1 PAtH FOr GeNerAL tACtILe SeNSAtION 
FrOM tHe BODY
The path conveying general tactile impulses from the 
limbs, trunk, neck, and back of the head through the spinal 
cord and brain stem to the thalamus is the ventral spi-
nothalamic tract (VST). Throughout its course, VST is 
ventral in position, begins at spinal levels, and ends in the 
thalamus. Many authors combine the ventral and lateral 
spinothalamic tracts under the collective term “spinotha-
lamic system.” In the following description, the ventral 
spinothalamic tract is a distinct path carrying general tac-
tile impulses.

8.1.1 Modalities and receptors

The ventral spinothalamic tract carries general tactile sensa-
tion (also called general or light touch). Light stimuli (there-
fore the term “light touch”) without pressure: a wisp of cotton 
or the head of a pin applied to the skin, stroking of hairs, or 
blowing on the skin are examples of appropriate stimuli used 
to test general tactile sensation. Endings in hair follicles and 
tactile disks (of Merkel) are examples of cutaneous mechano-
receptors (Fig.  8.1) that respond to general tactile stimuli. 
Endings in hair follicles (Fig. 6.2) respond to displacement of 
a hair. Tactile disks (Fig.  6.1) occur in groups forming 

8.1 PAtH FOr GeNerAL tACtILe SeNSAtION FrOM tHe BODY

8.2 PAtH FOr tACtILe DISCrIMINAtION, PreSSUre, PrOPrIOCePtION, AND VIBrAtION FrOM tHe BODY

8.3 PAtH FOr tACtILe DISCrIMINAtION FrOM tHe HeAD
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8.6 trIGeMINAL MOtOr COMPONeNt
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functional “touch spots.” These disks are specialized com-
plexes of nerve fibers with a disk‐like ending that terminates 
on modified epithelial cells. Areas innervated by branches of 
individual axons overlap considerably. These general tactile 
receptors in humans are slowly adapting (SA‐I) units with 
large receptive fields having obscure borders. These tactile 
disks are sensitive to edges, corners, and curvature.

8.1.2 Primary neurons

Primary neurons serving light touch have large cell bodies 
and are in all spinal ganglia (Fig. 8.1). Peripheral processes of 
these primary neurons supply the appropriate receptors and 
their central processes pass through the medial division of 
each spinal root to enter the spinal cord (Fig. 8.1). As they 

enter the ipsilateral dorsal funiculus (Fig.  8.1), each fiber 
bifurcates into a longer ascending branch (Fig.  8.1) and a 
shorter descending branch. These afferent fibers terminate 
on secondary neurons in the dorsal horn over six to eight 
segments, resulting in a great deal of overlap.

8.1.3 Secondary neurons

Secondary neurons in this general tactile path occur in the 
dorsomedial part of nucleus proprius (spinal lamina III) at 
all spinal levels. Their axons swing ventromedial through the 
ventral white commissure (Fig.  8.1), decussate, accumulate 
along the ventrolateral margin of the spinal cord near the 
ventral roots, and ascend (Fig. 8.1). The resultant ascending 
bundle carrying general tactile information from spinal 

Ventral spinothalamic
tract

Medial lemniscus

Ventral spinothalamic
tract

Ventral white
commissure

Ventral white
commissure

Ventral spinothalamic
tract

Ventral spinothalamic
tract

Ventral spinothalamic
tract

Dorsal
funiculus

Dorsal funiculus

LST
VST

Ascending branch of
entering thoracic fiber

Ascending branch of
entering lumbar fiber

Endings in hair follicles

Entering sacral
fiber

Primary neuron

Tactile disk

Secondary
neuron

Ascending branch of
entering sacral fiber

Entering thoracic fiber

Entering
lumbar fiber

Upper
sacral

LST

LST

LST

Lower
medulla
oblongata

C1

L1

Middle
thoracic

Figure 8.1 ● The human ventral spinothalamic tract (VST) including its origin and course in the spinal cord. Figure 8.2 depicts its course in the brain stem. As the 
central processes of the primary neurons enter the spinal cord, they bifurcate in the dorsal funiculus into a longer ascending branch and a short descending branch 
that turns inferiorly, medial to the fasciculus gracilis.
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levels is the ventral spinothalamic tract (VST) (Fig. 8.1). A 
close relationship and overlap between this tract and the lat-
eral spinothalamic tract in the cord is the basis for consider-
ing a single spinothalamic system in humans serving pain 
and temperature as well as general tactile sensation. The fact 
that primary fibers from one spinal ganglionic cell related to 
general tactile sensation on entering the spinal cord may be 
distributed over six to eight cord segments precludes any 
sharp localization in the ventral spinothalamic tract.

Position of the ventral spinothalamic tract 
in the brain stem

In the human brain stem, the VST is in the lateral medulla 
oblongata, medial to the lateral spinothalamic tract (Fig. 8.2). 
The close relationship at medullary levels of the lateral and ven-
tral spinothalamic tracts supports the concept of a single spi-
nothalamic system in humans. In the middle pons at the level of 
entry of trigeminal sensory fibers, the ventral  spinothalamic 
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Figure 8.2 ● Continued ascending course (from Fig. 8.1) of the ventral spinothalamic tract (VST) in the medulla, pons, and midbrain and its end in the ventral 
posterior lateral nucleus (VPL) of the dorsal thalamus. General tactile impulses transmitted over this path in humans enter consciousness at a dorsal thalamic level. 
Not shown are the projections to the cerebral cortex.
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tract is medial to the lateral spinothalamic tract and on the lat-
eral edge of the medial lemniscus (Fig. 8.2) – a tract transmitting 
more discriminative tactile sensation from all levels of the body. 
In the midbrain, the ventral spinothalamic tract is dorsal and 
lateral to the medial lemniscus but ventromedial to the lateral 
spinothalamic tract (Fig. 8.2).

8.1.4 Thalamic neurons

Tertiary neurons serving general tactile sensations occur in 
the ventral posterior lateral nucleus (Fig. 8.2) and in the 
 caudal part of the intralaminar nuclei. General tactile 
impulses enter consciousness at the level of the thalamus 
in humans. Accurate localization and discrimination of 
these impulses would require that they project onto the 
cerebral cortex. Table 8.1 summarizes the path for general 
tactile sensation from the body and compares it with the 
body path for discriminative touch, pressure, propriocep-
tion, and vibration.

8.2 PAtH FOr tACtILe DISCrIMINAtION, 
PreSSUre, PrOPrIOCePtION,  
AND VIBrAtION FrOM tHe BODY
In addition to the ventral spinothalamic tract, there is a path 
carrying discriminative touch and other information from 
the limbs, trunk, neck, and back of the head to appropriate 
levels of the nervous system in humans. Such impulses travel 

in the fasciculus gracilis and fasciculus cuneatus (FGCF) of 
the spinal cord (Fig. 8.3) and relay through the brain stem in 
the medial lemniscus (ML) before reaching the thalamus. 
From the thalamus, such impulses project to the postcentral 
gyrus of the parietal lobe.

Reports of patients with dorsal funicular lesions but intact 
vibration and proprioception, or in whom no clinical deficits 
occur, suggest the presence of another path in the lateral 
funiculus serving discriminative touch, pressure, proprio-
ceptive, and vibratory sensation. Its existence in humans is 
unclear. Participation of other paths in the transmission of 
discriminative touch, pressure, proprioceptive, and vibra-
tory impulses, particularly in light of injury to the dorsal 
funiculi, requires additional investigation.

8.2.1 Modalities and receptors

The fasciculus gracilis–fasciculus cuneatus and medial lem-
nisci transmit impulses for tactile discrimination, pressure, 
proprioception, and vibration. The term proprioception 
refers to the subjective awareness of the position and move-
ment of joints, limbs, and other body parts, but not the direct 
awareness of the muscles in these parts. Proprioceptive sen-
sation is essential for the coordination of movement and the 
maintenance of posture.

Two aspects of proprioceptive sensation are the awareness 
of movement, or kinesthesia, and positional sense. An exam-
ple of the former is detection of movement of one or two 

table 8.1 ● Summary of paths for touch, pressure, proprioception, and vibration from the body.

Modalities Light touch Discriminative touch, pressure, proprioception, and vibration

Receptors Endings in hair follicles; tactile disks Neuromuscular and neurotendinous spindles, joint receptors, tactile 
corpuscles, lamellar corpuscles

Primary neurons Fairly large neurons in all spinal ganglia Largest spinal ganglionic neurons; mushroom shaped with coiled glomerulus

Primary peripheral process To receptors To receptors in skin, muscles, tendons, and joints

Primary central processes Via medial division enter dorsal funiculus 
bifurcate; cover 6–8 segments

Thickly myelinated, enter medial division and ipsilateral dorsal funiculus, 
bifurcate here

Secondary neurons Dorsomedial part of nucleus proprius Nucleus gracilis and nucleus cuneatus

Secondary central processes Decussate via ventral white commissure Enter and contribute to internal arcuate system of fibers, then decussate 
in sensory decussation

Location of secondary fibers In ventral spinothalamic 
tract – contralateral

Form gracile and cuneate components of the medial lemniscus

Spinal cord Ventral funiculus adjoining LST Secondary fibers not present in spinal cord

Medulla Medial to LST Dorsal to pyramidal fasciculi

Pons Between ML and LST In the pontine tegmentum

Midbrain Ventromedial to LST Superior to substantia nigra, lateral to red nucleus

Dorsal thalamic neurons Lateral part of ventral posterior nucleus (VPL), 
also intralaminar nuclei

Caudal part of ventral posterolateral nucleus (VPL); somatotopic and 
modality topic arrangement; strictly contralateral representation

Thalamoparietal fibers May enter consciousness in dorsal thalamus In posterior third of posterior limb of the internal capsule

Cortical areas Contralateral in SI; bilateral in SII, inferior 
parietal lobule (area 40)

Primary somatosensory cortex (SI); Brodmann’s areas 3a, 3b, 1, and ; note 
sensory homunculus here; also multiple representation hypothesis
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degrees at the interphalangeal joints. One method of testing 
proprioceptive sensation is by lightly grasping the finger or 
toe of the patient, without applying pressure, and then pas-
sively moving the digit, while avoiding contact between them. 
Recognition of the position of a digit, its direction, and its 
range of movement are all part of the sense of proprioception.

Proprioceptors

These receptors respond to stimuli arising in muscles, 
 tendons, and joints and at muscle–tendon junctions. 
Neuromuscular spindles (Fig.  6.6), neurotendinous spin-
dles (Fig. 6.5), and joint receptors function as proprioceptors. 
These receptors are stimulated by changes in muscle length, 
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Figure 8.3 ● Fasciculus gracilis and fasciculus cuneatus in humans as they originate and then ascend in the spinal cord to enter the lower medulla. Each entering 
fiber divides into a short descending branch and a conspicuous branch ascending in the cord. Not shown are these short descending fibers. At lower medullary 
levels, the fibers of secondary neurons in this path cross the median plane in the sensory decussation to form the gracile and cuneate components of the medial 
lemniscus. Figures 8.5 and 8.6 illustrate the course of the medial lemniscus in the brain stem.
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tension, or movement, changes in the angle of joints, and by 
changes in limb or body position. Continuous input arises in 
these proprioceptors causing awareness of the relative posi-
tion and movements of our body parts. The contribution of 
different proprioceptors to proprioception varies on different 
parts of the body such that patients with prostheses of finger 
joints retain normal positional sense postoperatively. 
Anesthetizing the skin and deep tissues of the fingers or toes 
in normal patients severely impairs or eliminates normal 
positional sense. Anesthetizing the knee joint capsule, skin of 
the joint, or both the skin and joint has no influence on posi-
tional sense of the knees. Therefore, positional sense of the 
knee is likely dependent on input from intramuscular recep-
tors. A striking demonstration of the importance of such 
receptors for normal positional sense is the observation that 
their activation by vibrating tendons causes an illusion that a 
stationary limb is moving or is in a position different from its 
real position.

Tactile corpuscles

Tactile corpuscles (Fig. 8.3) are receptors for discriminative 
or two‐point touch – the ability to distinguish the sensations 
at each point when two points are simultaneously stimu-
lated. Large fibers innervating tactile corpuscles branch 
repeatedly – in young adults, a single axon often innervates 
20 receptors. Areas innervated by axonal branches overlap. 
Because of this, age‐related reduction in receptors, or that 
caused by pathological conditions, does not alter tactile 
discrimination.

Discriminative touch is testable with a bent paper clip 
applied to the skin in such a way as to avoid motion of hairs. 
Areas of hairless skin (the lips, the area around the nostrils, 
and the palmar surface of the fingers) are the best sites on 
which to demonstrate discriminative touch. The least dis-
tance for discriminative touch in humans is 1.7 mm on the 
ring finger in the third decade of life. Since the ability to 
distinguish two points as two points varies on different 
parts of the body, when testing discriminative touch a com-
parison between similar areas on both sides of the body is 
in order.

Discriminative tactile receptors in humans are termed 
rapidly adapting (RA) units, with small and well‐defined 
cutaneous receptive fields of relatively uniform sensitivity 
that tend to be smaller distally. The higher the tactile acuity 
of a cutaneous region, the higher will be the density of RA 
units. An increase in concentration of tactile corpuscles from 
palm to fingertips in humans correlates with increased tactile 
acuity in the proximal–distal direction on the hand with the 
highest acuity at the fingertips. In the visually impaired, a 
limited area of the fingers (the distal 12–15 mm) participates 
in the recognition of letter shapes. Braille, a system of tactile 
reading for the visually impaired, uses characters made up of 
clusters of one to six raised dots with 64 possible patterns 
arranged in arrays of three by two. Six raised dots are the 
normal limit for discriminating separate points by a single 
digit (usually the index finger). These dots are set at a 

distance of 2.5 or 3.0 mm apart – within the normal threshold 
of tactile discrimination (normally about 2.0 mm on the fin-
gertips). In reading a page of Braille, at an average rate of 
80–100 words per minute, mechanoreceptors in the moving 
fingers receive information from about 2500 dots per minute, 
and relay that information to the cerebral cortex of the Braille 
reader in an orderly fashion where it is discriminated and 
interpreted.

Actions of a skilled Braille reader emphasize the impor-
tance of movement in tactile recognition. In this context, it is 
logical to refer to touch as the only “active” sense. Although 
a stationary finger recognizes a cluster of raised dots, a hori-
zontal sweeping movement of the finger aids in discriminat-
ing a series of characters aligned into words. Placing a cookie 
cutter in the shape of a number on the palm of the hand 
demonstrates the importance of movement in tactile dis-
crimination. An accurate perception of the number is 
unlikely. Tracing the number on the palm with a blunt point 
makes it easily recognized and perceived. The difference in 
sensory discrimination by a stationary finger (passive touch) 
versus a moving finger (active touch) is the result of differ-
ences in receptor activation and accompanying cortical pro-
cessing. When the finger is stationary, only general tactile 
receptors (slowly adapting units) are active and only the 
spatial aspects of sensory input comes into the nervous sys-
tem. As the finger moves, activation of the tactile corpuscles 
(rapidly adapting units) and lamellar corpuscles takes place 
and the brain receives the temporal and spatial aspects of 
this sensory input, giving the nervous system a broader spec-
trum of sensory input to use in discriminating surface detail.

Tactile sensation is more complex than merely the ability 
to distinguish two points as two points. In addition to appre-
ciating the shape of objects, tactile sensation encompasses 
hardness, roughness, smoothness, slipperiness, stickiness, 
“rubberiness,” elasticity, and other properties perceived as 
texture (for example, distinguishing between a paper clip 
and a small safety pin or between two different coins). 
Although texture is a significant aspect of tactile sensation, 
other aspects are an appreciation of movement of a stimulus 
across skin, the orientation of edges, corners, or solid sur-
faces pressed on skin, and a perception of other qualities that 
help us appreciate the shape and texture of an object.

Lamellar corpuscles

Lamellar corpuscles are mechanoreceptors (Fig. 6.3) that are 
sensitive to stimuli of pressure and vibration  –  especially 
vibrations of high frequency (100–400 Hz). They respond to 
joint movement and muscle contraction. A single fiber usu-
ally supplies a lamellar corpuscle or a small cluster of cor-
puscles. A progressive decrease in sensitivity to vibration 
takes place with age (if tested on the thenar eminence), per-
haps because of alterations in, or reduction of, these lamellar 
receptors.

Testing of vibratory sensation or pallesthesia involves the 
use of an oscillating tuning fork (128 or 256 Hz) on any bony 
surface or prominence, especially the dorsomedial aspect of 
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the first metatarsal bone, medial and lateral malleoli of the 
ankle, flat surface of the proximal tibia, or the dorsum of the 
metacarpal bone of the index finger. In addition, the ability to 
detect a tuning fork before it stops vibrating and the relative 
differences between vibratory sensations on both sides of the 
body are noted. When the result of the tuning fork test is 
ambiguous, an electromagnetic vibrator is a useful tool.

8.2.2 Primary neurons

The cell bodies of primary neurons in the path for tactile 
discrimination, pressure, proprioception, and vibration 
occur in all spinal ganglia (Fig. 8.3). They are large, mush-
room‐shaped, ganglionic neurons with a coiled or convo-
luted axon. Peripheral processes of these primary cell bodies 
supply receptors in skin, muscles, tendons, and joints. Their 
thickly myelinated central processes enter the medial divi-
sion of each dorsal root. These primary fibers are dorsome-
dial in position at the junction of the spinal cord and root. 
They then enter the ipsilateral dorsal funiculus (Fig. 8.3) of 
the spinal cord and bifurcate. Each entering fiber divides into 
a short descending branch that turns inferiorly, medial to the 
fasciculus gracilis, and a conspicuous ascending branch 
(Fig.  8.3) that reaches the junction of the upper cord and 
lower medulla. Descending primary fibers from cervical and 
upper thoracic spinal levels form the fasciculus interfascicu-
laris, whereas the descending primary fibers from lower 
thoracic, lumbar, and sacral levels collectively form the sep-
tomarginal fasciculus. These two fasciculi occur in the dorsal 
funiculi, medial to the fasciculus gracilis.

Ascending central processes of primary neurons

As primary fibers carrying discriminative touch, pressure, 
and proprioception ascend in the dorsal funiculus, they form 
two fiber bundles, the fasciculus gracilis and the fasciculus 
cuneatus (Fig. 8.3). Ascending fibers from all sacral, lumbar, 
and some thoracic spinal levels form the fasciculus gracilis 
(Fig.  8.3). Primary fibers carrying general tactile impulses 

also ascend and descend in the fasciculus gracilis. Fibers of 
the fasciculus cuneatus originate from upper thoracic (T6 
and above) and all cervical levels. Primary fibers for general 
tactile impulses ascend and descend in the fasciculus 
cuneatus.

Somatotopic and modality‐topic organization 
of fibers in the dorsal funiculi

Ascending fibers of the fasciculi gracilis and cuneatus in the 
dorsal funiculi are somatotopically organized and obliquely 
oriented (Figs 8.3 and 8.4). Sacral fibers enter the lowermost 
levels of the cord and ascend in a dorsomedial position in the 
dorsal funiculi near the dorsal median septum (Fig.  8.3); 
 cervical fibers are ventral in position near the dorsal horns 
(Fig. 8.4). Between the sacral and cervical fibers in the dorsal 
funiculi are lumbar and thoracic fibers (Figs 8.3 and 8.4). In 
addition to this somatotopic pattern of fibers in the dorsal 
funiculi, there is also a pattern impressed on the dorsal 
funiculi (Fig. 8.4) based on the type of impulses carried by 
these fibers (“modality‐topic pattern”). Fibers carrying 
vibratory impulses are nearest the central canal whereas 
those carrying discriminative tactile impulses are superficial, 
with fibers carrying proprioceptive impulses between the 
other two (Fig. 8.4). Because of the oblique arrangement of 
fibers in the dorsal funiculi according to the levels at which 
they arise and the kind of impulses carried by them, injury 
near the central canal at upper cervical levels (Fig. 8.4) affects 
fibers transmitting vibratory impulses at several levels of the 
body, even though the injury is at a single spinal level. If the 
injury expands into the dorsal funiculi, fibers transmitting 
proprioceptive impulses become involved, as do fibers from 
additional levels of the body. Such an injury is characteristic 
of syringomyelia, an expansion of the central canal or a cav-
ity near it at the level of the upper cervical cord and perhaps 
the lower end of the brain stem. If the latter is involved, the 
condition is termed syringobulbia.

Secondary fibers giving rise to the lateral spinothalamic 
tract and carrying painful and thermal impulses decussate in 
the ventral white commissure ventral to the central canal. 
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Figure 8.4 ● Pattern of localization for body regions in the fasciculus gracilis and fasciculus cuneatus in humans at the level of C1. Also, note the probable pattern 
for localization of different types of impulses carried along these fasciculi. (Source: Adapted from Winkler, 1918, and Schneider, Kahn, Crosby, and Taren, 1982.)
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Hence, in syringomyelia of the upper cervical cord, there may 
be loss of pain and temperature in both upper limbs in addition 
to dorsal funicular signs. In syringobulbia, there is likely loss of 
facial painful and thermal sensations because of involvement 
of the trigeminal spinal tract or its nucleus at medullary levels.

Injuries to the ascending fibers in the dorsal funiculi

Interruption of the dorsal funiculi at upper cervical spinal 
levels is usually accompanied by loss of one or more modali-
ties, including vibration, proprioception, and discriminative 
tactile sensation. Even though the primary fibers carrying 
general tactile impulses ascend in the dorsal funiculus, gen-
eral tactile discrimination carried in the ventral spinotha-
lamic tract remains intact in dorsal funicular involvement 
because of the multiple synapses of its primary fibers. Loss of 
sensation after dorsal funicular injury likely involves the 
entire body below, and ipsilateral to, the injury. Sensory loss 
is usually dissociated, which means that there is impairment 
of some modalities but not others. Clinically, movement and 
position sense are simultaneously tested. The patient closes 
their eyes with their hands (or foot) outstretched as the 
examiner lightly grasps the finger or toe of the patient, with-
out applying pressure, and then passively moves the digit, 
while avoiding contact between digits. Recognition of the 
position of a digit, its direction, and range of movement are 
all part of the sense of proprioception.

The loss of proprioception due to dorsal funicular damage 
is termed akinesthesia. Dorsal funicular injury often yields 
an accompanying incoordination of movement termed sen-
sory ataxia involving the lower limbs. Patients with sensory 
ataxia [Greek: without order or arrangement] have a loss of 
muscle coordination attributable to the loss of awareness of 
the position of their lower limbs. In an effort to compensate 
for this, they walk with a wide‐based gait, feet thrown out, 
continually watch their feet, and may slap their feet on the 
floor. Their ataxic gait is irregular and jerky. Although vision 
compensates to some extent for the proprioceptive loss, with 
the eyes closed the gait worsens and the patient is unable to 
walk (Romberg sign). Ataxia is also likely to result following 
injury to the cerebellum (cerebellar ataxia).

One practical test for dorsal funicular function is the 
numeral‐tracing test, which involves tracing numerals (zero 
to nine) on the skin with a blunt point. Recognition of numer-
als or letters written on the skin is termed graphesthesia. 
Failure to do so, called agraphesthesia or graphanesthesia, is 
an indication of dorsal funicular dysfunction. The level of 
injury is determined by noting areas of the body that have lost 
this ability compared with those in which the ability remains.

8.2.3 Secondary neurons

Axons of primary neurons forming the fasciculi gracilis and 
cuneatus synapse with secondary neurons at C1 and lower 
medullary levels. Secondary neurons in the path for tactile 
discrimination, pressure, proprioception, and vibration 

occur in the gracile nucleus at C1 and lower medullary levels 
and the cuneate nucleus at lower medullary levels (Fig. 8.3). 
An orderly pattern exists in the termination of primary fibers 
on secondary neurons. Fibers from lower sacral levels trav-
erse the fasciculus gracilis and end caudally in the gracile 
nucleus, whereas those from upper cervical levels traverse 
the fasciculus cuneatus and end rostrally in the cuneate 
nucleus. Many nonprimary sensory fibers from spinal lami-
nae IV and VI ascend in the dorsal funiculi and end in the 
gracile and cuneate nuclei. These ascending fibers often 
modify activity in the gracile and cuneate nuclei.

Descending fibers to the gracile and cuneate nuclei

Descending cortical connections to the gracile and cuneate 
nuclei occur in humans. The cerebral cortex often influences 
the transmission of impulses in the nuclei gracilis and cunea-
tus, in spinal lamina I neurons, and in the lateral reticular 
neurons of spinal laminae V and VI. The function of these 
descending corticogracile and corticocuneate projections in 
humans is uncertain.

The sensory decussation and formation  
of the medial lemnisci

Axons of secondary neurons in the gracile and cuneate nuclei 
(Fig.  8.3) swing ventrally from these nuclei through the 
reticular formation of the medulla oblongata as part of the 
internal arcuate fibers (Fig.  8.3). The internal arcuate fibers 
curve or bend like a bow in the tegmentum of the medulla 
oblongata. After leaving the gracile and cuneate nuclei and 
entering the internal arcuate fibers, these secondary fibers 
then cross the median plane as the decussation of the medial 
lemnisci or the sensory decussation. The sensory decussa-
tion is actually the point in the median plane between the 
two medial lemnisci where the fibers from one side cross the 
median plane. These decussated fibers accumulate contralat-
erally in the brain stem, dorsal to each pyramidal tract, as a 
compact bundle – the gracile and cuneate components of the 
medial lemniscus. The medial lemniscus (Fig. 8.3) is the next 
link in a path that began as the fasciculi gracilis and cuneatus 
in the spinal cord. Thus, the gracile and cuneate fasciculi/
medial lemniscus system is the ascending path from spinal 
levels to the thalamus for discriminative touch, pressure, pro-
prioceptive, and vibratory impulses (Figs 8.3, 8.4, 8.5, and 8.6).

There is a segmental arrangement of fibers of the fasciculi 
gracilis and cuneatus as they ascend through the cord to 
reach lower medullary levels, where they synapse in the 
nuclei gracilis and cuneatus. As secondary fibers leave the 
gracile and cuneate nuclei to decussate, the gracile fibers are 
ventral in the medial lemniscus where they form the gracile 
component of the medial lemniscus (Fig. 8.5), whereas cune-
ate fibers (forming the cuneate component of the medial 
lemniscus) are dorsal in position in the medial lemniscus 
(Fig.  8.5). This dorsal–ventral arrangement of cuneate and 
gracile fibers leads to a pattern in each medial lemniscus 
with fibers from lower thoracic, lumbar, and sacral levels 
(gracile component) ventral near the pyramidal tract and 
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fibers from the upper thoracic and cervical levels (cuneate 
component) in the dorsal part of the medial lemniscus 
(Fig. 8.5). The caricature of a little man standing with one foot 
on each pyramidal tract (Fig.  8.5), termed a homunculus, 
illustrates the representation of half of the body in each 
medial lemnisci. The segmental arrangement of fibers in the 
fasciculi gracilis and cuneatus of the human spinal cord and 
medulla oblongata below the sensory decussation changes to 
a somatotopic pattern in the medial lemniscus of the pons, 
midbrain, thalamus, and cerebral cortex.

Position of the medial lemniscus in the brain stem

The medial lemniscus on each side of the brain stem gradu-
ally shifts as it ascends through that structure. In the medulla 
oblongata, each medial lemniscus is dorsal to a pyramidal 

tract with their long axes in a dorsoventral orientation 
(Fig. 8.5). In the pons, however, the medial lemnisci separate, 
each representing the contralateral side of the body, with the 
long axis of each lemniscus parallel to the floor of the fourth 
ventricle (Figs 8.5 and 8.6). A half‐homunculus is now lying 
on either side of the pons with the head and neck directed 
medially and the foot laterally (Figs 8.5 and 8.6). Each half‐
homunculus contains fibers from the contralateral side of the 
body. In the midbrain, each medial lemniscus shifts position 
and is dorsal to the substantia nigra and lateral to the red 
nucleus (Fig.  8.6). At this level, the half‐homunculus on 
either side has its foot directed dorsolaterally and its neck 
ventrolaterally. Therefore, the medial lemniscus changes ori-
entation and rotates almost 180° as it travels through the 
brain stem.
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Figure 8.5 ● Continued course (from Fig. 8.3) of the gracile and cuneate components of the medial lemniscus (ML) in the medulla and into the pons. Drawn out 
to the side at each medullar level is a homunculus that depicts the somatotopic arrangement of fibers in the medial lemnisci at medullary levels. Drawn out to the 
side at the level of the pons is a homunculus representing one side of the body. Not shown for each homunculus is the neck and posterior head. Figure 8.6 illustrates 
the continued course of this path into the midbrain ending in the dorsal thalamus.
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8.2.4 Thalamic neurons

Fibers of the medial lemniscus synapse with tertiary neurons 
in the caudal part of the ventral posterior lateral nucleus 
(VPLc) (Fig. 8.6). They end somatotopically with fibers from 
the cuneate component of the medial lemniscus (carrying 
impulses from thoracic and cervical levels) ending medially 
and rostrally, and fibers of the gracile component of the 
medial lemniscus (carrying impulses from lower thoracic, all 
lumbar and sacral levels) ending laterally and caudally in the 
caudal part of the ventral posterior lateral nucleus. Orientation 

of the body representation actually follows the shape of this 
thalamic nucleus. Mapping the human thalamus by stimula-
tion reveals a representation of the thumb medial in the ven-
tral posterior lateral nucleus near that of the mandible in the 
ventral posterior medial nucleus (VPM), followed in order by 
the fingers, palm, dorsum of the hand, forearm, arm, shoul-
der, trunk, and lower limb, with representation of the foot 
impinging on the internal capsule. Such a strictly contralat-
eral representation is especially discrete for the hand, includ-
ing the fingers. The lateral spinothalamic tract homunculus 
is dorsoventral, appearing to be standing on the medial 
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Figure 8.6 ● Continued course (from Fig. 8.5) and position of the gracile and cuneate components of the medial lemniscus (ML) in the upper pons, midbrain, and 
its ending in the ventral posterior lateral nucleus (VPL) of the dorsal thalamus. Thalamoparietal projections from the ventral posterior lateral nucleus to the parietal 
postcentral gyrus complete this path. The somatotopic organization of fibers in the upper pons and midbrain includes a neck and posterior head. Indicated across 
the postcentral gyrus and paracentral lobule is the sensory homunculus for the representation of different parts of the body including the neck, face, and posterior 
head. Inferior to the facial representation is a representation of the pharynx, larynx, and intra‐abdominal structures.
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geniculate nucleus (MG). When one combines the thalamic 
representations of the lateral spinothalamic tract with that of 
the medial lemniscus, a double somatotopic representation of 
the body is evident in the human thalamus.

Some fibers in the medial lemnisci end in the magnocel-
lular (medial or internal) part of the medial geniculate 
nucleus (MGmc), pulvinar nuclei (Pul), and ventral part of the 
suprageniculate nucleus (SG). Stimulation in one human 
dorsal funiculus causes activity in the contralateral ventral 
posterior lateral nucleus and perhaps in the contralateral 
intralaminar nuclei. Responses from these latter nuclei were 
diffuse and of longer latency, suggesting involvement of ele-
ments of the spinoreticulothalamic tract.

A modality‐topic organization is present in the ventral 
posterior nucleus of humans. Activation of neurons in the 
posterior and inferior part of the ventral posterior nucleus 
results from cutaneous stimuli; stimuli related to move-
ments, change of position of joints, and muscle contractions 
activate other neuronal somata, more rostral and dorsal.

Thalamoparietal fibers

The caudal part of the ventral posterior lateral nucleus 
 projects impulses to the cerebral cortex of the parietal lobe 
through thalamoparietal fibers (Fig.  8.6) that pass in the 
 posterior third of the posterior limb of the internal capsule. 
Sensory fibers in the internal capsule are somatotopically 
organized in a rostrocaudal, face–arm–leg sequence. As these 
sensory fibers travel in the internal capsule, they push 
adjoining motor fibers laterally.

Unilateral vascular injury to the thalamus in humans near 
the caudal part of the ventral posterior lateral nucleus often 
leads to a sensory deficit in the entire contralateral side of the 
face, arm, and leg. The deficit is either transient or there is 
persistent numbness and mild sensory loss in the contralat-
eral hand, foot, or both, spreading to the remainder of the 
involved side of the body, including the face. The limbs feel 
large and swollen, with terms such as “numb,” “asleep,” 
“tingling,” “dead,” or “frozen” being used by patients to 
describe their affected limbs.

8.2.5 Cortical neurons

Primary somatosensory cortex (SI)

All discriminative sensations, including discriminative touch 
and proprioception, require cortical participation for their 
conscious awareness. Vibratory and pressure sensations (in 
addition to general tactile sensations) likely enter conscious-
ness in humans at a thalamic level. Thalamoparietal fibers 
reach layer IV of the postcentral gyrus of the parietal lobe 
on the lateral surface of each cerebral hemisphere and the 
posterior paracentral lobule on the medial surface of each 
hemisphere. Collectively, this region, on both lateral and 
medial surfaces of each cerebral hemisphere, is termed the 
primary somatosensory cortex or SI (Fig.  8.6) and is com-
posed of four strip‐like cytoarchitectural subdivisions 

identifiable in humans as Brodmann’s areas 3a, 3b, 1, and 2. 
Reciprocal and somatotopically organized projections are 
made from a single thalamic site to area 3b and to areas 1 and 
2. Recent studies using functional magnetic resonance imag-
ing (fMRI) demonstrated activation of the contralateral and 
ipsilateral SI cortex in response to unilateral stimulation of 
the lips and fingers in humans. Activation that is more robust 
occurred in SI on the contralateral side than on the ipsilat-
eral side.

Unilateral injury to the primary somatosensory cortex in 
humans yields a severe and lasting contralateral sensory 
loss, with particular involvement of the distal limbs  including 
impairment of pressure, discriminative touch, and positional 
sensation. Separate and selective consequences of destruc-
tion in the various subdivisions of SI seem to emphasize that 
each cytoarchitectural subdivision makes a specific contribu-
tion to tactile discrimination. Injury to the cerebral cortex in 
humans does not result in loss of vibratory sensation.

The sensory homunculus

A pattern of body representation, illustrated as a caricature 
drawn across SI, is termed the sensory homunculus (Fig. 8.6). 
The pattern across SI reflects the orderly arrangement of 
 neurons along this path (gracile and cuneate fasciculi/medial 
lemniscus system) from the periphery to the cerebral cortex. 
Certain features of the human sensory homunculus are of 
interest. For example, the area representing the face and head 
is so large that it appears to disrupt the remaining sequence 
of body parts. The toes, foot, ankle, and leg have their repre-
sentation along the posterior part of the paracentral lobule on 
the medial surface of the brain (Fig. 8.6). The representation 
of the thigh or hip occurs at the medial to superolateral 
 surface junction followed in order by the trunk, neck, shoul-
der, arm, forearm, and hand (Fig. 8.6) across the superolateral 
surface of the brain. The genitalia and perineum likely have 
their representation on the medial surface of the human brain 
just ventral to the representation of the toes (although this 
representation is unclear). Recent recordings of cerebrocorti-
cal potentials evoked by stimulation of the dorsal nerve of 
the penis in humans suggest a representation of the penis 
with the hip and upper leg near the junction of the medial to 
superolateral surface. Additional studies should help to 
 clarify the location of the cortical representation of the human 
genitalia and perineum. There is considerable variability in 
the position of the leg/body boundary from patient to 
patient. In humans, all five fingers have a separate medial to 
lateral representation along the wall of the central sulcus not 
on the lateral surface. The posterior body has its representa-
tion caudally in the postcentral gyrus; its anterior aspect 
faces the central sulcus. An intervening area for the upper 
limb separates representations of the face and trunk. Since 
cutaneous areas with greatest sensitivity have a correspond-
ingly larger cortical representation, sizes of homuncular parts 
indicate the extent of primary somatosensory cortex devoted 
to those parts. Table  8.1 summarizes the path for tactile 
 discrimination, pressure, proprioception, and vibration from 
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the body and compares it with the body path for general 
 tactile sensibility.

The multiple representation hypothesis

In nonhuman primates, each cytoarchitectural component of 
the primary somatosensory cortex corresponding to 
Brodmann’s areas 3a, 3b, 1, and 2 is a separate map of the 
body, receiving inputs from different peripheral receptors. 
Areas 3b and 1 represent cutaneous regions and are essen-
tially mirror images, yet differ enough to suggest that each 
has a distinct role in cutaneous sensation. Area 2 appears to 
represent predominantly deep receptors, including those 
signaling the position of joints and other deep body sensa-
tions, whereas area 3a represents sensory input from mus-
cles. Cortical representation along the postcentral gyrus 
reflects a composite of somatotopically organized areas 
instead of a continuous homunculus. Functional imaging 
studies of the human SI show that multiple digit representa-
tions occur in the four subdivisions of SI (3a, 3b, 1, and 2) 
resembling the multiple representation hypothesis that is 
present in nonhuman primates. The definition of these cyto-
architectural subdivisions during imaging studies in humans 
depends on approximations based on anatomical landmarks.

Secondary somatosensory cortex

Adjoining the primary somatosensory cortex or SI is the sec-
ondary somatosensory cortex or SII, on the superior bank of 
the lateral sulcus and continuing onto the parietal opercu-
lum, which is surprisingly deep in the human brain. 
Cytoarchitectonic mapping of this area reveals four distinct 
areas on the human parietal operculum, termed OP 1‐4 (OP 
for operculum). OP 1 and OP 2 seem to belong to Brodmann’s 
area 40 in the inferior parietal lobule, whereas OP 3 and OP 4 
correspond to Brodmann’s area 43. There are two somato-
topic representations of the body on the lateral operculum in 
OP 1 and OP 4. A third somatotopic map is deep within the 

lateral sulcus in area OP 3. A diversity of stimuli may activate 
SII in humans, including vibration, light touch, pain, and 
visceral sensations. This multimodal input to SII suggests 
that it serves as a sensory association area.

Imaging studies in humans have confirmed that SII con-
sists of at least two subdivisions, with each subdivision con-
taining a complete representation of the body. Recent studies 
using fMRI revealed activation of the contralateral and ipsi-
lateral SII cortex in response to unilateral stimulation of the 
lips and fingers in humans. Activation that is more robust 
occurred in SII on the contralateral side than on the ipsilat-
eral side. It was suggested that SII might process information 
in parallel with SI rather than as a part of a consecutive serial 
network that sequentially processes complex sensory input 
from SI to SII.

Output from SII is to SI, to the primary motor cortex (cor-
responding to Brodmann’s area 4), and to the premotor cor-
tex (nonprimary motor cortex corresponding to Brodmann’s 
area 6). SII neurons exhibit predominantly contralateral, 
moderate to well‐defined receptive fields that are usually 
larger than the receptive fields of neurons in SI. There are 
also projections from SII to its counterpart in the opposite 
cerebral hemisphere and to the rostral extension of area 3 
lying inferior to the primary motor cortex.

“What” and “where” processing 
in the somatosensory cortex

At the cortical level, the auditory and visual systems in 
humans are each organized into “what” and “where” paths 
(Table 8.2). This “what” and “where” model includes a ven-
tral (“what”) stream for the perception, identification, and 
recognition of objects and a dorsal (“where”) stream for 
locating objects and appreciating the spatial relations among 
objects. This concept suggests that somatosensory informa-
tion travels to the primary somatosensory cortex, and relays 
in serial and stepwise fashion to sensory association areas 

table 8.2 ● “What” versus “where” in the human cerebral cortex.

Cortical region “What” – ventral path or stream “Where” – dorsal path or stream

Perception, identification, recognition Location and spatial relations

Auditory cortex Recognition of familiar sounds and intelligible speech Spatial aspects of audition; activated earlier

Primary auditory cortex → Wernicke’s region (superior temporal 
gyrus) → Broca’s region (inferior frontal gyrus) via the external 
capsule and uncinate fasciculus

Primary auditory cortex → Wernicke’s region (superior temporal 
gyrus) → area 40 in the inferior parietal lobule → Broca’s region 
(inferior frontal gyrus) via the arcuate fasciculus

Somatosensory cortex Tactile object recognition Tactile object localization

Primary somatosensory cortex → secondary somatosensory 
cortex → inferior parietal lobule → frontal pole, left 
prefrontal region

Primary somatosensory cortex → secondary somatosensory 
cortex → superior parietal lobule (area 7) and precuneus (area 19)

Visual cortex Object vision – form, color, and features; faster Spatial vision – visual scene and motion

Primary visual cortex → secondary visual  
cortex → inferior temporal cortex → prefrontal cortex

Primary visual cortex → secondary visual cortex → superior parietal 
cortex → prefrontal cortex
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before ultimately reaching multimodal sensory areas. Based 
on imaging studies in humans, the ventral stream for tactile 
object recognition (“what”) appears to involve the primary 
somatosensory cortex, the secondary somatosensory cortex, 
and the inferior parietal lobule (bilaterally) before reaching 
association areas in the frontal pole and left prefrontal region. 
The dorsal stream for tactile object localization (“where”) 
appears to involve the primary and secondary somatosen-
sory cortices and then association areas in the superior pari-
etal lobule (Brodmann’s area 7) and the precuneus (area 19).

8.2.6 Spinal cord stimulation for the relief 
of pain

Transection of the fasciculi gracilis and cuneatus, called 
 dorsal cordotomy, was popular in the late 1940s as a means 
of alleviating certain painful conditions. Some 70 years later, 
surgical interruption of fibers in the dorsal funiculi (on either 
side of the dorsal median sulcus termed “midline myelot-
omy”) is being carried out in a limited number of patients 
with visceral pain as the result of uterine or colon cancer. 
Electrical stimulation of the dorsal funiculus, called “dorsal 
column stimulation” (DCS), or electroanalgesia, has been in 
use since the early 1970s to treat a variety of chronic, intracta-
ble painful conditions. The use of DCS has as its basis the 
presence of ascending fibers of the dorsal funiculi and their 
role in the gate‐control theory of pain. This theory recognizes 
the presence and importance of three spinal cord elements in 
the transmission of painful impulses: neurons of the substan-
tia gelatinosa, ascending fibers in the dorsal funiculi, and 
central transmission cells (T‐cells) in the dorsal horn. 
Presumably, central transmission cells yield ascending pain‐
carrying paths while the substantia gelatinosa acts as a gate‐
control system, modifying sensory input from peripheral 
fibers before such input reaches the centrally located T‐cells. 
Activity in fibers of the dorsal funiculus that reaches the cer-
ebral cortex returns to the spinal cord to influence the gating 
mechanism in the substantia gelatinosa. T‐cells monitor sen-
sory input and ultimately transmit impulses that result in the 
response to, or the perception of, pain. The final output of this 
system depends on interaction among soma in the substantia 
gelatinosa, dorsal funicular fibers, and T‐cells. Such interac-
tion takes place against a background of activity from a vari-
ety of sources, including the constant bombardment of the 
spinal cord by impulses (over small myelinated and nonmy-
elinated fibers) holding the gate open. There is a dispropor-
tionate increase in large‐ versus small‐fiber input taking place 
when a peripheral stimulus sets up an increase in activity in 
the large fibers. These large fibers influence the substantia 
gelatinosa by inhibiting the T‐cells and closing the gate to the 
transmission of painful impulses; increased activity in small 
myelinated or nonmyelinated fibers presumably decreases 
the inhibition of the substantia gelatinosa on the T‐cells and 
opens the gate. The total number of active fibers, the fre-
quency of the impulses they transmit, and the balance of 
activity in small versus large fibers are essential ingredients 

in the effectiveness of this system. Selectively influencing 
large‐diameter fibers, decreasing the small‐fiber input, and 
closing the gate is the mechanism that would lead to the 
therapeutic control of pain.

Electrical stimulation of large‐diameter peripheral fibers 
in the upper limb in humans does not abolish or diminish the 
quantity of pain induced by stimulation of small nonmyeli-
nated C fibers in the same limb. No reduction in pain is 
observable when all fibers are conducting. Electrical stimula-
tion of large peripheral fibers reduces, and tends to obliterate, 
deep pain induced by squeezing the human tendo calcaneus. 
In certain conditions (Friedreich ataxia, polyneuropathy of 
hypothyroidism, polyarteritis nodosa, prolonged phenytoin 
administration), however, there is a disproportionate 
destruction of large fibers with preservation of small ones, 
yet such conditions are usually painless. In other conditions, 
there is a decrease in small fibers with a great deal of pain. 
Collectively, these observations question certain aspects of 
the gate‐control theory of pain, but emphasize the often 
overlooked distinction between experimentally produced 
pain and clinical pain. Despite these comments, spinal cord 
stimulation is successful in reducing pain but not alleviating 
it in about 30% of attempts (perhaps as high as 50–70% in 
some conditions). The goal of these procedures is to improve 
pain relief, increase patient activity levels, and reduce the use 
of narcotic medications.

Placing electrodes in the spinal dura mater or in a sub-
dural, extra‐arachnoid position (spinal electrode implanta-
tion) in contact with the spinal cord provides a means of 
stimulating the dorsal funiculi. Relief from pain using this 
method is associated with a feeling of numbness or tingling 
often described as a paresthesia referred to the painful region. 
Such relief occurs with chronic, visceral, or deep pain and 
also pain of central origin but not with sharp and acute to 
subacute pain in skin, muscle, or bone. Postoperatively, even 
as patients achieve relief for the first time because of dorsal 
column stimulation, they cannot suppress pain from their 
surgical wound. A patient was able to control his chronic 
pain, but was unable to obtain relief from an intercurrent 
fracture. Such stimulation acts selectively on mechanisms of 
chronic pain but not on those of acute pain. The benefits of 
this stimulation may result from central inhibition in the 
thalamus. Thalamic recordings while stimulating demon-
strate a reduction in spontaneous activity in a small popula-
tion of neurons. Hence the therapeutic success of this 
procedure may be attributable, in part, to inhibition of spinal 
neurons. The configuration of the field in the spinal cord 
influenced by stimulation of the dorsal funiculi, including 
the depth of penetration of the stimulus, is impossible to 
define. Cerebrospinal fluid may act as a conductive medium, 
transmitting electrical stimuli to the dorsal funiculi, dorsal 
horns, and the spinothalamic and spinoreticulothalamic 
tracts.

In addition to the gate‐control theory and central inhibi-
tion at the thalamic level, other possible mechanisms of action 
may underlie successful spinal cord stimulation for painful 
conditions. These include γ‐aminobutyric acid (GABA) and 
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adenosine‐mediated action on dorsal horn neuronal activity. 
Whatever the mechanism of action underlying spinal cord 
stimulation, it is estimated that about 14 000 new patients 
worldwide receive treatment for various painful conditions 
using spinal electrode implantation. With additional under-
standing of the underlying mechanisms involved in humans, 
improvements in equipment, surgical methods, and appro-
priate selection of patients, the future for spinal cord stimula-
tion to improve pain relief, increase activity levels, and reduce 
the use of narcotic medications remains promising.

8.3 PAtH FOr tACtILe DISCrIMINAtION 
FrOM tHe HeAD
The trigeminal nerve [V] is the primary sensory nerve to the 
face, cornea, oral and nasal mucosa, tongue and dental pulp, 
paranasal sinuses, and scalp to its vertex. As such, this cranial 
nerve and its branches carry impulses for tactile discrimina-
tion, pressure, proprioception, and vibration from these 
regions to the CNS. The cutaneous region of the mandibular 
angle receives its innervation from superficial or cutaneous 
branches of the cervical plexus (C2, C3). Once inside the CNS, 
impulses from trigeminal areas relay through the brain stem to 
the thalamus in secondary ascending trigeminal paths includ-
ing a dorsal and a ventral trigeminothalamic tract, each of 
which carries different modalities of sensation. A description 
of the trigeminal nuclear complex is provided in Chapter 7.

8.3.1 Modalities and receptors

Tactile corpuscles (Fig. 8.7), on the face and anterior half of 
the scalp, are receptors for discriminative touch –  the most 
acute of human tactile sensations. Tactile sensitivity on the 
face is comparable to, but slightly less than, that on the finger-
tips and mucosal surfaces of the external genitalia. Chapter 6 
contains a description of certain features of these receptors.

8.3.2 Primary neurons

Primary neurons transmitting discriminative tactile sensa-
tions from trigeminal regions in the head are the largest neu-
rons in the trigeminal ganglion. Their peripheral processes 
are thickly myelinated fibers that leave the trigeminal gan-
glion and synapse with tactile corpuscles (Fig. 8.7). Central 
processes of these primary neurons enter the middle third of 
the pons in the trigeminal sensory root and end in the ipsilat-
eral trigeminal pontine nucleus (Fig. 8.7).

8.3.3 Secondary neurons

Secondary neurons for tactile discrimination are dorsomedial 
in the trigeminal pontine nucleus. Fibers emerge from neurons 
in the rostral end of the trigeminal pontine nucleus and ascend 
ipsilaterally in the brain stem; some fibers decussate and 

ascend contralaterally. Therefore, a bilateral path of crossed 
and uncrossed fibers, called the dorsal trigeminothalamic tract 
(Fig.  8.7), is formed ascending through the upper pons and 
midbrain and into the thalamus. At upper pontine levels, these 
tracts are in the center of the dorsal part of the pontine tegmen-
tum. As they ascend into the midbrain, the dorsal trigemi-
nothalamic tract is dorsal to each red nucleus but lateral to the 
central tegmental tract (Fig.  8.7). Somatotopically organized 
descending projections from the postcentral gyrus of the pari-
etal lobe to all parts of the trigeminal nuclear complex occur in 
humans. By this route, the cerebral cortex likely influences the 
transmission of impulses in the trigeminal nuclear complex.

8.3.4 Thalamic neurons

Each dorsal trigeminothalamic tract ends bilaterally in the 
ventral posterior medial nucleus (Fig. 8.7). The ventral pos-
terior nucleus in humans is divisible into a lateral part, the 
ventral posterior lateral nucleus for representation of the 
body, and a medial part, the ventral posterior medial nucleus 
for representation of the head. Thalamoparietal fibers from 
tertiary neurons in VPM reach fourth‐order neurons in the 
postcentral gyrus of the parietal lobe.

8.3.5 Cortical neurons

Primary somatosensory cortex (SI)

Although nondiscriminatory aspects of sensation in the head 
reach consciousness at a thalamic level, recognition of dis-
criminative tactile sensations requires cortical participation 
in humans. Thalamoparietal fibers leaving VPM enter the 
internal capsule to reach the primary somatosensory cortex 
in the parietal lobe. The primary somatosensory cortex cor-
responds to Brodmann’s areas 3a, 3b, 1, and 2. Each subdivi-
sion of SI contributes to the representation of a given territory 
of the head. The functional organization of the part of SI 
receiving its input from areas of the face and head is similar 
to those parts of SI receiving inputs from the body, with one 
exception. Impulses from the face and head reaching the ven-
tral posterior medial nucleus do not project to the paracen-
tral lobule of the parietal lobe on the medial surface of the 
cerebral hemisphere. That part of the sensory homunculus 
devoted to the head is only on the lateral surface of each cer-
ebral hemisphere, separated from representation of the trunk 
by an intervening area for the upper limb. The cortical repre-
sentation for the face and head (Fig.  8.7) is so large that it 
appears to disrupt the remaining sequence of the body. An 
arrangement of the human sensory homunculus, based on 
an analysis of sensory Jacksonian seizures in many patients, 
has the thumb juxtaposed to the lower lip and corner of the 
mouth (Fig. 8.7). Servos et al. (1999) provided fMRI evidence 
for this inverted face representation in the human soma-
tosensory cortex. Since the dorsal trigeminothalamic tract is 
a bilateral path, unilateral cortical injury does not influence 
discriminative touch on the face.
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8.4 PAtH FOr GeNerAL tACtILe SeNSAtION 
FrOM tHe HeAD

8.4.1 Modalities and receptors

Impulses related to general tactile sensation from the face 
and head (tested by brushing, blowing, or light pressure on 
skin, or bending hairs) reaches thalamic levels by way of 
the ventral trigeminothalamic tract (VTT). The ventral 
trigeminothalamic tract has an origin, course, and termina-
tion different from those of the dorsal trigeminothalamic 
tract, which carries impulses for discriminative tactile 
sensation.

Tactile disks and endings in hair follicles serve general tac-
tile sensation from the face and head. In the cornea, however, 
arborizations of nerves ending freely throughout this structure 
are likely to serve as the receptors for general tactile stimuli.

8.4.2 Primary neurons

Primary neurons serving general tactile sensation from the 
face and head are small neurons in the trigeminal ganglion, 
with thinly myelinated fibers. Peripheral processes of these 
primary neurons supply the appropriate receptors (Fig. 8.8). 
Their central processes enter the middle third of the pons 
(Fig. 8.8) by way of the trigeminal sensory root. Upon entering 
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Figure 8.7 ● Entering trigeminal fibers involved in the transmission of discriminative tactile, some general tactile, and proprioceptive sensibilities. Such impulses 
travel through secondary neurons in the trigeminal pontine nucleus before reaching higher levels in the dorsal trigeminothalamic tract (DTT). This tract carries 
crossed and uncrossed fibers in the midbrain and to the ventral posterior medial nucleus (VPM) of the dorsal thalamus. (Source: Adapted from Humphrey, 1982.) 
Note the sensory homunculus illustrated across the postcentral gyrus. The classical pattern of the sensory homunculus is on the left; a recent pattern with the thumb 
juxtaposed to the lower lip and corner of the mouth is on the right. (Source: Adapted from Lende and Popp, 1976.)
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the pons, these fibers bifurcate, and send one branch to the 
trigeminal pontine nucleus; the other branch descends into 
the trigeminal spinal tract (Fig. 8.8). These descending fibers 
synapse with neurons at all levels of the trigeminal spinal 
nucleus.

8.4.3 Secondary neurons

Secondary neurons in the general tactile path from the face 
and head occur in all subnuclei of the trigeminal spinal 
nucleus, particularly the caudal half of its interpolar part, 
deeper layers of its caudal part, in the reticular formation 
adjoining the caudal part of the trigeminal spinal nucleus, 
and in the trigeminal pontine nucleus. Fibers of these sec-
ondary neurons do one of two things: (1) those from the 
trigeminal spinal nucleus ascend obliquely, decussate, and 
enter the ventral trigeminothalamic tract, coursing with it 
through the brain stem to the thalamus (Figs  8.8 and 8.9), 
whereas (2) axons of secondary neurons in the trigeminal 
pontine nucleus contribute to the bilateral dorsal trigemi-
nothalamic tract (Fig.  8.7). As noted earlier, this path also 
carries discriminatory tactile stimuli from the face and head.

8.4.4 Thalamic neurons

Tertiary neurons, serving general tactile sensation from the 
face and head, occur in the ventral posterior medial nucleus 
(Fig. 8.9). Both the ventral trigeminothalamic tract (carrying 

general tactile impulses) and the dorsal trigeminothalamic 
tract (carrying some general tactile and discriminative tactile 
impulses) end in the ventral posterior medial nucleus. 
General tactile impulses enter consciousness at this level in 
humans. If localization (“where”) and discrimination 
(“what”) of these general sensations are necessary, then the 
cerebral cortex must become involved. This would require 
the relay of these impulses from the thalamus to the cerebral 
cortex where additional processing can take place.

Mapping the human thalamus by stimulation has demon-
strated sensory responses in the medial part of the ventral 
posterior nucleus (presumably the ventral posterior medial 
nucleus) that represent impulses from the oral cavity, includ-
ing the gums, tongue, and pharynx. There is a generous rep-
resentation of the lips and cheek in this area with a meager 
representation for the scalp, forehead, side, and back of the 
head. Representation of the thumb is medial in the ventral 
posterior lateral nucleus adjoining the mandibular represen-
tation in the ventral posterior medial nucleus. Table 8.3 sum-
marizes the path for general tactile sensation from the head 
and compares it with related paths for discriminative touch 
and also paths for proprioception, pressure, and vibration 
from the head.

8.4.5 Cortical neurons

Functional MRI studies in humans by Iannetti et al. (2003) dem-
onstrated that trigeminal tactile stimuli activate the contralat-
eral primary (SI) and secondary (SII) somatosensory areas. 
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Figure 8.8 ● Entering trigeminal fibers involved in the transmission of general tactile sensation. Such impulses project to secondary neurons in all levels of the 
sensory trigeminal nuclear complex before reaching higher levels through the ventral trigeminothalamic tract. Figure 8.9 illustrates the continued course of this 
path. Some general tactile sensation travels through the dorsal trigeminothalamic tract (shown in Fig. 8.7). (Source: Adapted from Humphrey, 1982.)
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Stimulation of the left lower lip (mandibular division, V3) 
activated the contralateral somatosensory cortex alone, 
whereas stimulation of the left forehead (ophthalmic divi-
sion, V1) activated SI and SII bilaterally. The areas activated 
by lower lip and forehead stimulations overlapped in both SI 
and SII. While the somatotopic organization of SII is less 
 precise than that of SI in humans, Nguyen et al. (2005) noted 
a clear somatotopic organization in SII with the lip most lat-
eral, the foot most medial, and the face in an intermediate 
area close to the lip area. Sakamoto et al. (2008) found that the 
tongue was represented in SII close to the hand. Table  8.3 
summarizes the path for tactile discrimination from the head 
and compares it with other paths from the head for light or 
general touch and the path for proprioception, pressure, and 
vibration.

8.5 PAtH FOr PrOPrIOCePtION, PreSSUre, 
AND VIBrAtION FrOM tHe HeAD

8.5.1 Modalities and receptors

The dorsal trigeminothalamic tract, carrying general and 
discriminative tactile impulses, also transmits impulses for 
proprioception (position and movement of the mandible), 
superficial and deep pressure, vibration, and perhaps 
deep  pain from muscles, tendons, and joints of the head. 

Neuromuscular spindles in the muscles of mastication 
(except the lateral pterygoid), tensor tympani, and tensor 
veli palatini, and pressure receptors in periodontal mem-
branes around individual or groups of teeth, neurotendinous 
spindles, and receptors in joints, especially the temporoman-
dibular joint, are the receptors serving proprioception, pres-
sure and vibration in the head.

8.5.2 Primary neurons

Primary neurons serving proprioception, pressure, and 
vibration in the face and head occur in the trigeminal mes-
encephalic nucleus (Fig. 8.10). These large (40–50 μm), pale 
neurons, of neural crest origin, distribute along the lateral 
border of the periaqueductal gray at, or rostral to, the middle 
pons and extending as far rostrally as the superior colliculus 
level in the upper midbrain – a distance of about 24–26 mm 
in length. Cells at caudal levels of the trigeminal mesence-
phalic nucleus are smaller (25–30 μm in diameter) than those 
in the rostral part of this nucleus. Trigeminal mesencephalic 
neurons have many features of spinal ganglionic cells, also of 
neural crest origin. Some primary neurons supplying neuro-
tendinous spindles and joint receptors occur in the trigemi-
nal ganglion.

Processes of these primary trigeminal mesencephalic neu-
rons, as thin myelinated axons about 2–3 μm in diameter, 
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Figure 8.9 ● Ascending course of the ventral trigeminothalamic tract (from Fig. 8.8) in the lower pons and upper midbrain. This tract ends in the ventral posterior 
medial nucleus (VPM) of the dorsal thalamus and its impulses then reach the cerebral cortex through thalamoparietal fibers. Shown on the left is the classical 
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Adapted from Lende and Popp, 1976.)
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continue caudally to the trigeminal pontine nucleus and, in 
doing so, form the trigeminal mesencephalic tract (Fig. 8.10). 
Each process of a pseudounipolar trigeminal mesencephalic 
neuron bifurcates into a long branch that leaves the brain 
stem with efferent fibers of the trigeminal motor root and 
passes peripherally to an appropriate receptor. In addition to 
each long peripheral branch, a short central branch passes to 
the trigeminal pontine nucleus (Fig. 8.10). Unilateral destruc-
tion of 80–100% of trigeminal mesencephalic nuclear cells, 
and the accompanying trigeminal mesencephalic tract, 
causes a strong, but never complete, preference for chewing 
on the contralateral side. There is a transient clumsiness in 
manipulating food. Muscles on the side of the injury seem to 
behave normally during mastication when tested immedi-
ately after injury.

8.5.3 Secondary neurons

Secondary neurons in the path for proprioception, pressure, 
and vibration occur in the trigeminal pontine nucleus 
(Fig.  8.11). The major projection from these secondary 

 neurons includes a crossed bundle of fibers and a smaller 
projection of fibers from the dorsal third of the ipsilateral 
trigeminal pontine nucleus. The resulting bilateral path, the 
dorsal trigeminothalamic tract (DTT), also carries general 
and discriminative tactile impulses from the face and head 
(Fig. 8.11). At upper pontine levels, the dorsal trigeminotha-
lamic tract is in the dorsal aspect of the pons in the center of 
the tegmentum. As it ascends into the midbrain, it is dorsal to 
the red nucleus (Fig. 8.7).

8.5.4 Thalamic neurons

Tertiary neurons in the path for proprioception, pressure, 
and vibration from the face and head are in the ventral pos-
terior medial nucleus (Fig.  8.11). Impulses for pressure, 
vibration, and general tactile sensibility enter consciousness 
at a thalamic level in humans. However, proprioceptive and 
discriminative tactile impulses must reach the cerebral cortex 
in order for them to come into consciousness. For that reason, 
the discriminatory aspects of sensation such as propriocep-
tion and discriminative touch that reach the thalamus in the 

table 8.3 ● Summary of paths for touch, pressure, proprioception, and vibration from the head.

Modalities Discriminative touch Light touch
Proprioception, pressure, 
vibratory sensation

Receptors Tactile corpuscles Ending in hair follicles; tactile disks Neuromuscular/tendinous spindles, 
pressure, and join receptors

Primary neurons Trigeminal ganglion Trigeminal ganglion Trigeminal mesencephalic nucleus

Primary peripheral processes End on tactile corpuscles Supply appropriate receptors Supply appropriate receptors

Primary central processes Enter trigeminal sensory root Enter sensory root of trigeminal nerve Project to trigeminal pontine nucleus; 
form trigeminal mesencephalic tract

Secondary neurons Dorsomedial part of trigeminal 
pontine nucleus

Most in trigeminal subnuclei; some in 
trigeminal pontine nucleus

Trigeminal pontine nucleus

Secondary central processes Some contralateral, some ipsilateral From pontine nuclei enter DTT; from 
trigeminal spinal nucleus enter VTT

Some contralateral, some ipsilateral

Location of secondary fibers Dorsal trigeminothalamic tract (DTT) Dorsal and ventral 
trigeminothalamic tracts

Dorsal trigeminothalamic tract (DTT)

Spinal cord Not in spinal cord Not in spinal cord Not in spinal cord

Medulla Not in medulla VTT not identifiable in medulla; DTT not 
in medulla

DTT not in medulla

Pons Upper pons in pontine tegmentum DTT near CTT; VTT dorsal to medial 
lemniscus

DTT near CTT

Midbrain Dorsal to red nucleus Dorsal to red nucleus; VTT medial to 
medial lemniscus

Dorsal to red nucleus

Dorsal thalamic neurons VPM VPM VPM

Thalamoparietal fibers Discriminative tactile impulses 
project to parietal lobe – face area

Proprioceptive sensations only project 
to parietal lobe – face area

Cortical termination Primary somatosensory cortex (SI); 
areas 3a, 3b, 1, and 2

Face region of SI – areas 3a, 3b, 1, 2

Comments Sensory homunculus in humans – discriminative trigeminal paths only to face area not to the paracentral lobule. 
Also note the thumb juxtaposed to lower lip.
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dorsal trigeminothalamic tract project over thalamoparietal 
fibers to the postcentral gyrus of the parietal lobe.

8.5.5 Cortical neurons

Impulses for discriminative touch and proprioception from 
the face and head traveling in the dorsal trigeminothalamic 
tract require the participation of the postcentral gyrus of the 
parietal lobe for their conscious appreciation. Impulses from 
the ventral posterior medial nucleus project over thalamopa-
rietal fibers to the area of representation of the face in the 
primary somatosensory cortex (SI) on the lateral surface 
(Fig. 8.11) of the cerebral hemisphere. Cytoarchitectural sub-
divisions of SI (Brodmann’s areas 3a, 3b, 1, and 2) provide 
somatotopic and modality‐topic representations of different 
parts of the head. Table 8.3 gives a summary of the path for 
proprioception, pressure, and vibration from the head and 
compares it with related paths from the head for discrimina-
tive touch and for light touch.

8.6 trIGeMINAL MOtOr COMPONeNt
Neurons of the pharyngeal efferent component of the trigemi-
nal nerve are large (35–45 μm in diameter), multipolar  neurons 
of the trigeminal motor nucleus (Fig.  8.10). The human 
trigeminal motor nucleus is medial to the trigeminal pontine 
nucleus in the middle third of the pons (Fig. 8.10) and about 
4–4.5 mm in rostrocaudal length. Its cells feature a dense accu-
mulation of chromatophil (Nissl) substance that extends into 
the proximal dendrites. The human trigeminal motor nucleus 

includes a group of larger neurons 35–45 μm in diameter, a 
second group of smaller neurons less than 25 μm in diameter 
(some of which are likely to be(motor neurons), and a third 
group of sparsely distributed small neurons in the range of 
10–15 μm. These last small cells are likely interneurons.

Axons of these motor neurons emerge from the brain 
stem to form the trigeminal motor root. The trigeminal 
motor fibers continue to the muscles of mastication (masse-
ter, temporalis, medial and lateral pterygoids), mylohyoid, 
anterior belly of the digastric, tensor tympani, and tensor 
veli palatini. A pattern of localization is present in the 
human trigeminal motor nucleus for the various muscles 
that it supplies.

Almost 20% of the trigeminal motor root fibers in humans 
are nonmyelinated. Painful impulses may enter the CNS in 
such fibers in the trigeminal motor root in a manner similar 
to afferents entering the ventral roots of the spinal cord. This 
provides a plausible explanation for the failure of relief to 
occur from trigeminal neuralgia after rhizotomy of the 
trigeminal sensory root.

Unilateral injury to the trigeminal motor root causes 
deviation of the jaw to the side of the injury because of 
weakness or paralysis of the pterygoids ipsilateral to the 
lesion. Normally each medial pterygoid acts together with 
the lateral pterygoid on that side to protrude the mandible, 
moving it forward and towards the opposite side. If the 
pterygoids on one side are weak or paralyzed, they will lag 
behind while the contralateral pterygoids are protruding the 
mandible on their own, pushing it towards the weakened 
side. Thus, the jaw deviates toward the side of the weakness 
or lesion side.

Trigeminal
mesencephalic nucleus

Trigeminal
motor nucleus

Trigeminal
spinal nucleus

Trigeminal
pontine nucleus

Figure 8.10 ● Organization of the sensory and motor components of the trigeminal nuclear complex projected on the brain stem. Also shown are a few of the 
trigeminal mesencephalic neurons whose processes extend caudally and bifurcate, some ending in the trigeminal pontine nucleus and others exiting the brain stem 
by way of the middle cerebellar peduncle to enter the trigeminal sensory root. (Source: Adapted from Humphrey, 1982.)
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8.7 CertAIN trIGeMINAL reFLeXeS

8.7.1 “Jaw‐closing” reflex

To demonstrate the jaw‐closing reflex, the examiner places 
their index finger over the middle of the mandible with the 
mouth slightly open, tapping on the index finger with a 
reflex hammer, and thereby stretching the masseter and tem-
poralis muscles. The normal response is sudden closure of 
the jaws caused by contraction of the stretched muscles. 
Clinically, this reflex tests the integrity of the receptors, 
 neurons, and neuronal processes that underlie it. Receptors 

are innervated by peripheral processes of primary neurons in 
the trigeminal mesencephalic nucleus (Fig.  8.12) whose 
 central processes are short branches going directly to the 
trigeminal motor nucleus. The efferents for this reflex are 
secondary neurons in the trigeminal motor nuclei (Fig. 8.12) 
on the two sides of the brain stem that have commissural 
internuclear connections (Fig. 8.12) between them. Axons of 
these secondary neurons leave the brain stem in the trigemi-
nal motor root (Fig. 8.12) to reach the masseter and tempora-
lis muscles. Commissural internuclear connections between 
trigeminal motor nuclei permit closure of the mouth on 
stimulation of the appropriate receptors.

Parietal lobe

Upper midbrain

Brain stem

Primary somato-
sensory area (SI)

Internal capsule:
posterior limb

Oculomotor nucleus

Ventral
posterior medial
nucleus

Red nucleus

Dorsal trigeminothalamic tracts

Dorsal trigeminothalamic tracts

Oculomotor fibers

Trigeminal mesencephalic
nucleus

Trigeminal
motor nucleus

Trigeminal
Pontine nucleus

Thalamoparietal
fibers

Figure 8.11 ● Relations of the trigeminal motor nucleus, trigeminal mesencephalic nucleus and tract, and the dorsal trigeminothalamic tract (DTT). This bilateral 
path from the trigeminal pontine nucleus courses in the midbrain and ends in the ventral posterior medial nucleus (VPM) of the dorsal thalamus. Also illustrated are 
thalamoparietal fibers from this dorsal thalamic nucleus to the face area of the primary somatosensory cortex (SI). (Source: Adapted Humphrey, 1982.)
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8.7.2 Corneal reflex

To demonstrate the corneal reflex, the examiner lightly 
touches the cornea with a piece of tissue paper, wisp of cotton, 
puff of air, or other light mechanical stimulus. The result of 
such stimulation leads to closure of both eyelids caused by 
contraction of the orbicularis oculi of the stimulated eye (direct 
corneal response) and contraction of the contralateral muscle 
(consensual corneal response). The corneal reflex helps to pro-
tect the eyes from injury caused by foreign particles.

Receptors for the corneal reflex are arborizations of fine 
nerves that end freely in the cornea. Primary neurons for the 
afferent limb of this reflex are in the trigeminal ganglia 
(Fig.  8.13). Peripheral processes of these primary neurons 
reach the cornea through the ophthalmic nerve (Fig.  8.13), 
nasociliary nerves, and long ciliary nerves. Central processes 
of these primary neurons enter the middle third of the pons 

in the trigeminal sensory root. They then bifurcate, yielding 
a branch ending in the trigeminal pontine nucleus and 
another branch that descends in the trigeminal spinal tract. 
The latter descending fibers synapse with secondary neurons 
in the trigeminal spinal nucleus (Fig. 8.13).

Secondary neurons for the corneal reflex are at all levels 
of the trigeminal spinal nucleus. Axons of these secondary 
neurons continue as internuclear fibers through the lateral 
reticular formation to both facial nuclei (Fig. 8.13). The effer-
ent side of this reflex consists of fibers from each facial 
nucleus to its corresponding orbicularis oculi muscle 
(Fig. 8.13). Therefore, stimulation of one cornea causes con-
traction of both eyelids provided that both the afferent and 
the efferent limbs underlying this reflex are intact.

Injuries to the trigeminal nerve [V] result in a diminished 
corneal reflex that may be detectable before any other sen-
sory deficit. Injury to the trigeminal ophthalmic division 

Trigeminal mesencephalic
nucleus

Trigeminal motor nucleus

Trigeminal pontine nucleus

Trigeminal motor root
to jaw closing muscles

Trigeminal spinal
nucleus

Peripheral processes
of trigeminal mesencephalic

nuclear cells

From receptors in
masseter and

temporalis muscles

Trigeminal motor root
to jaw closing muscles

Commissural
internuclear connections

Figure 8.12 ● Connections mediating the jaw‐closing reflex. (Source: Adapted from Humphrey, 1982.)

Trigeminal motor
nucleus

Trigeminal pontine nucleus

Facial nucleus

Left facial nerve

Trigeminal spinal nucleus

Lateral
reticular formation

Right facial nerve

Cornea

Orbicularis
oculi muscle

Ophthalmic
nerve

Trigeminal
ganglion

Figure 8.13 ● Connections forming the basis of the corneal reflex. (Source: Adapted from Humphrey, 1982, and Ongerboer de Visser, 1980.)
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interrupts small myelinated and nonmyelinated fibers from 
the cornea while sparing a sufficient number of the larger 
cutaneous fibers to the forehead to maintain normal facial 
sensation. Examination of the corneal reflex is a simple 
means of assessing injuries to the trigeminal nerve and its 
central connections with the facial nuclei.
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These nonspecific mechanisms are distributed widely through the central core of 
the brain stem and, as spokes radiate from the hub of a wheel to its peripheral 
working rim, so functional influences of these central systems can be exerted in a 
number of directions: caudally upon spinal levels … rostrally and ventrally upon 
hypothalamic and pituitary mechanisms … and more cephalically and dorsally 
still, upon the cortex in the cerebral hemispheres. … Just as all spokes move together 
in the turning of a wheel, though they may bear weight sequentially, so the variously 
directed influences of these nonspecific reticular systems are closely interrelated in 
normal function.

Horace W. Magoun, 1963
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The Reticular Formation

The human reticular formation (RF) includes reticular nuclei, 
reticulothalamic fibers, diffuse thalamic projections to the 
cortex, ascending cholinergic projections, descending noncho
linergic projections, and descending reticulospinal projections. 
The well‐defined series of reticular nuclei are in the central 
core of the brain stem (Fig. 9.1) embedded in masses of ascend
ing multisynaptic fibers. The ascending reticulothalamic fibers 
originate in the brain stem reticular nuclei, then reach the 
dorsal thalamus, and as a series of diffuse thalamic projections 
relay information to the cerebral cortex. The ascending cholin
ergic projections and ascending noncholinergic projections 
reach the cerebral cortex. The descending reticulospinal projec
tions allow the reticular nuclei to influence spinal cord motor 
neurons. In addition to its role in attention, arousal, and 
consciousness, other diverse functions such as respiration, 
cardiovascular activity, visceral reflexes, and involuntary 
motor activity are often attributable to the reticular formation.

9.1 StrUCtUrAL ASPeCtS
Reticular neurons exhibit a breadth of sizes and shapes, some 
with long ascending or long descending axons, while other 
reticular neurons exhibit long radiating dendrites that allow 

for substantial overlapping of dendritic fields. Examination 
of stained preparations of this region reveals long, radiating 
dendrites that give a reticular or “net‐like” appearance to 
this area of the brain stem and give this part of the brain stem 
its name. These dendrites may extend hundreds of microns 
in both the dorsoventral and mediolateral planes.

Paxinos and Huang (1995), in their atlas of the human 
brain stem, have delineated in some detail the reticular 
nuclei. Table 9.1 summarizes the nuclear groups belonging to 
the reticular formation in humans based on the terminology 
and abbreviations employed by Paxinos and Huang along 
with the recommendations of the Terminologia Anatomica 
(Federative Committee on Anatomical Terminology, 1998). 
Figures accompanying this description are from the Paxinos 
and Huang (1995) atlas. In the human brain stem, about 14 
reticular nuclei or subnuclei are identifiable in the medulla 
oblongata, another six reticular nuclei are identifiable in the 
pons, and three reticular nuclei are in the midbrain. Thus, 
there are about 23 named reticular nuclei or subnuclei 
identifiable in the human brain stem. Table 9.2 attempts to 
depict the relationship of these nuclei to one another and 
their location at different levels of the brain stem in humans. 
In addition to these named reticular nuclei, it may be 

9.1 StrUCtUrAL ASPeCtS

9.2 ASCeNDING retICULAr SYSteM

9.3 DeSCeNDING retICULAr SYSteM

9.4 FUNCtIONAL ASPeCtS OF tHe retICULAr FOrMAtION
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appropriate as the details of their connectivity and chemical 
neuroanatomy become available to include under the 
 collective term “reticular formation” certain tegmental nuclei 
(lateral dorsal tegmental nucleus and ventral tegmental 
nucleus), the locus coeruleus, the nuclei of the raphé, and 
certain nuclei in the basal forebrain.

In the Introduction to the first edition of their human 
brain stem atlas, Olszewski and Baxter (1954) noted the fun
damental physiological significance of the reticular forma
tion. They also noted a lack of detailed information about 
the  anatomy of the reticular formation. Our knowledge of 
the reticular nuclei in the human brain stem derives from the 
1954 and 1982 atlases by these authors and also the efforts of 
Paxinos and Huang (1995) in their atlas of the human brain 
stem. As noted in Fig. 9.1, about 23 named nuclei are clearly 
identifiable in the human brain stem, and there is growing 
understanding of the chemical neuroanatomy of these 
nuclei.  However, our understanding of the detailed 

afferent and efferent connections of these nuclei and the 
role they play in the physiology of the reticular formation 
is lacking in humans. The very nature of the reticular for
mation – multisynaptic and diffuse – presents a great chal
lenge to closing the gap between physiological observations 
and anatomical studies. Rather than abandon the term 
“reticular formation,” we should renew our efforts to eluci
date its anatomy and physiology in humans using com
bined microanatomical, biochemical, pharmacological, and 
behavioral approaches.

9.1.1 Reticular nuclei in the medulla

The spinal cord–medulla oblongata transition occurring 
~11 mm below the obex (Fig. 9.2) includes both spinal cord 
(ventral horn and accessory nucleus) and medullary struc
tures (pyramidal decussation, parts of the lateral corti
cospinal tract, the fasciculi gracilis and cuneatus, and the 
trigeminal spinal tract and its nucleus). Identifiable at 
this transition (Fig. 9.2) are the dorsal reticular nucleus 
(DRt) which extends ~17 mm in length, the ventral reticular 
nucleus (VRt) ~18 mm in length, the medial reticular nucleus 
(MRt) ~16 mm in length, and the intermediate reticular 
zone (IRz). Since the intermediate reticular zone is ~29 mm 
in length, it extends from the medulla oblongata into the 
lower pons (Table  9.2). These four reticular nuclei are 
between the trigeminal spinal nucleus and the fibers of the 
motor decussation that are crossing the median plane at 
this lower medullary level. The A1 and C1 catecholamine 
groups are in the ventrolateral part of the human interme
diate reticular zone.

At slightly more rostral medullary levels, and ~5 mm 
below the obex (Fig. 9.3), the dorsal, ventral, medial, and 
intermediate reticular nuclei are still present in the same 
relative position between the fibers of the motor decussation 
and the trigeminal spinal nucleus. Now, however, all the 
reticular nuclei are larger and accompanied by the lateral 
reticular nucleus (LRt), which makes its appearance at this 
level (Fig. 9.3) and extends for ~16 mm in length. In the midst 
of these reticular nuclei are neurons of the nucleus ambiguus. 
The inferior olivary nucleus has yet to make its appearance at 
this level of the medulla oblongata.

At the level of the hypoglossal nucleus, dorsal vagal 
nucleus, inferior olivary nucleus, and ~3 mm above the obex 
(Fig. 9.4), the reticular nuclei continue to occupy the central 
core of the brain stem. In addition to the five reticular nuclei 
previously identified (dorsal, ventral, medial, lateral, and 
intermediate reticular nuclei), this more rostral level of the 
medulla oblongata presents three additional reticular 
nuclei. First is the lateral reticular nucleus, subtrigeminal 
division (LRtS5), ~14 mm in length and just inferior to the 
trigeminal spinal nucleus (Fig.  9.4). Another is the lateral 
reticular nucleus, epiolivary division (LRtEO), ~8 mm in 
length between the intermediate reticular nucleus and the 
inferior olive. Finally, ~10 mm in rostrocaudal length, is the 
interfascicular hypoglossal nucleus (IFH), found medial 
to the ventral reticular nucleus (Fig. 9.4).

MB
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Thalamus
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Cerebellum
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Figure 9.1 ● Median section of the human brain stem showing the location 
of the reticular formation (shaded area). Abbreviations: 3 N, oculomotor 
nucleus; 4 N, trochlear nucleus; 6 N, abducent nucleus; 12 N, hypoglossal 
nucleus; IO, inferior olive; MB, mamillary body; RN, red nucleus. (Source: 
Paxinos and Mai, 2004. Reproduced with permission of Elsevier.)



tHe retICULAr FOrMAtION ● ● ● 143

The reticular nuclei continue to form the central core of 
the brain stem at more rostral levels of the medulla oblon
gata. At this rostral level, the fourth ventricle is completely 
open and the vestibular nuclei evident, ~11 mm above the 
obex (Fig. 9.5). Four reticular nuclei appear at this level for 
the first time along with parts of two other previously 
described reticular nuclei. The inferior reticular nucleus 
(IRt) is still evident (Fig. 9.5), as is the rostral tip of the lateral 
reticular nucleus, subtrigeminal division (LRtS5). Medial to 
the inferior reticular nucleus from superior to inferior on this 
section (Fig.  9.5) is the dorsal paragigantocellular nucleus 
(DPGi), ~10 mm in length, the gigantocellular reticular 
nucleus (Gi), ~12 mm in length, and the lateral paragiganto-
cellular nucleus (LPGi), ~12 mm in length. Lateral to the 
inferior reticular nucleus at this level is the parvicellular 
reticular nucleus (PCRt), which measures ~11 mm in length.

Not evident on Figs. 9.4 and 9.5 is the gigantocellular retic
ular nucleus, ventral part (GiV), measuring ~6 mm in length 
and the gigantocellular reticular nucleus, alpha part (Giα), just 
4 mm in length. The gigantocellular reticular nucleus, ven-
tral part (GiV) is at levels between Figs 9.4 and 9.5 just ventral 
to the gigantocellular reticular nucleus and dorsal to the 
 inferior olive, dorsal nucleus. The gigantocellular reticular 
nucleus, alpha part (Giα), lies  rostral to Fig. 9.5 and lateral to 
the nucleus raphé magnus. It extends from that level rostrally 
into the lower pons.

9.1.2 Reticular nuclei in the pons

Several medullary reticular nuclei extend for a few milli
meters into the lowest levels of the pons (the level of the 
abducent and facial nuclei), ~16 mm above the obex 
(Fig. 9.6). These include the intermediate reticular zone, the 
gigantocellular reticular nucleus, and the gigantocellular 
reticular nucleus, alpha part. The pontine reticular nucleus, 
caudal part (PnC), is directly ventral to the abducent and 
para‐abducent nuclei but dorsal to the central tegmental 
tract. The latter tract contains many ascending reticulotha
lamic fibers originating in the reticular nuclei of the medulla 
oblongata and pons and destined for the thalamus. The 
PnC extends rostrally for ~4 mm accompanied by a nucleus 
of about the same length, the parvicellular reticular 
nucleus, alpha part (PCRtα), which is on either side of the 
intrapontine facial root fibers (Fig. 9.6). The reticular nuclei 
form a sizable part of the tegmentum of the pons at 
this level.

At the level of the trigeminal motor and trigeminal 
pontine nuclei, ~19 mm above the obex (Fig. 9.7) and in the 
middle pons, the two previous pontine reticular nuclei (PnC 
and PCRtα) are still evident. Accompanying these two nuclei 
is the reticulotegmental nucleus of the pons (RtTg) that 
is medial and dorsal to the medial lemniscus and has a 
rostrocaudal length of ~12 mm.

table 9.1 ● Nuclear groups of the reticular formation in humans.

Brain stem level Named nuclear group Abbreviation Levelsa

Medulla Ventral reticular nucleus VRt  4–21
Dorsal reticular nucleus DRt  5–21
Medial reticular nucleus MRt  6–21
Intermediate reticular zone IRt  5–33
Lateral reticular nucleus, proper LRt 12–27
Lateral reticular nucleus, subtrigeminal part LRtS5 15–28
Lateral reticular nucleus, parvicellular part LRtPC
Epiolivary lateral reticular nucleus EO 16–23
Interfascicular nucleus IFH 17–23, 25, 26
Lateral paragigantocellular nucleus LPGi 21–32
Dorsal paragigantocellular nucleus DPGi 23–32
Gigantocellular reticular nucleus Gi 22–33
Gigantocellular reticular nucleus, ventral part GiV 22–27
Gigantocellular reticular nucleus, alpha part Giα 30–33
Parvicellular reticular nucleus PCRt 22–32

Pons Parvicellular reticular nucleus, alpha part PCRtα 33–36
Pontine reticular nucleus, caudal part PnC 33–36
Reticulotegmental nucleus of the pons RtTg 34–45
Pontine reticular nucleus, oral part PnO 37–50
Pedunculopontine tegmental nucleus, diffuse part PPTgD 48–52
Pedunculopontine tegmental nucleus, compact part PPTgC 50–53

Midbrain Cuneiform nucleus CnF 50–56
Mesencephalic reticular fields MRF 56–62
Parapenduncular nucleus PaP 59–62

a The extent of these nuclei at various levels of the brain stem is shown in Table 9.2.

Source: Adapted from Terminologia Anatomica (Federative Committee on Anatomical Terminology, 1998) and Paxinos and Huang (1995).
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At the isthmus level of the pons, ~28 mm above the obex 
(Fig. 9.8), the pontine reticular nucleus, oral part (PnO), makes 
its appearance lateral to the paramedian raphé nucleus. Ventral 
to the paramedian raphé nucleus is the rostral extent of the 
reticulotegmental nucleus of the pons (RtTg). The reticular 
nuclei make up a decreasing area within the pontine tegmen
tum at this level. The reticulotegmental nucleus of the pons 
disappears at rostral levels of the pons. The pontine reticular 
nucleus, oral part, with an overall length of 14 mm extends 
rostrally a further 5 mm beyond the RtTg. At that point, three 
other pontine reticular nuclei join  it, namely the pedunculo-
pontine tegmental nucleus, diffuse part (PPTgD), the 

pedunculopontine tegmental nucleus, compact part (PPTgC), 
and the cuneiform nucleus (CnF). The CnF, ~7 mm in length, 
is identifiable in the upper pons and the lower midbrain.

9.1.3 Reticular nuclei in the midbrain

Representative levels of the midbrain in humans include the 
level of the trochlear nucleus (inferior collicular level) and 
the level of the oculomotor nucleus (superior collicular level). 
At trochlear levels, ~37 mm above the obex (Fig. 9.9), only 
one representative of the reticular nuclei, the cuneiform 
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its root; 4, trochlear nucleus; 4n, trochlear nerve or its root; 4V, fourth ventricle; 
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nerve; AON, accessory oculomotor nucleus; Aq, midbrain aqueduct; bic, brachium 
of the inferior colliculus; bsc, brachium of the superior colliculus; CnF, cuneiform 
nucleus; cp, cerebral peduncle; ctg, central tegmental tract; Cu, cuneate nucleus; 
cu, cuneate fasciculus; DC, dorsal cochlear nucleus; DPGi, dorsal paragiganto
cellular nucleus; DRt, dorsal reticular nucleus; dsc, dorsal spinocerebellar tract; 
DT, dorsal tegmental nucleus; g7, genu of the facial nerve; Gi, gigantocellular 
reticular nucleus; Gr, gracile nucleus; gr, fasciculus gracilis; IC, inferior colliculus; 
icp, inferior cerebellar peduncle; IO, inferior olive; IRt, intermediate reticular zone; 
LC, locus coeruleus; lcsp, lateral corticospinal tract; ll, lateral lemniscus; LL, 
nucleus of the lateral lemniscus; LPGi, lateral paragigantocellular nucleus; LRt, 
lateral reticular nucleus; LSO, lateral superior olive; LVe, lateral vestibular nucleus; 
m5, trigeminal motor root; Me5, trigeminal mesencephalic nucleus; me5, 
trigeminal mesencephalic tract; MG, medial geniculate nucleus; ml, medial 
lemniscus; mlf, medial longitudinal fasciculus; MRF, mesencephalic reticular 
fields; MRt, medial reticular nucleus; MSO, medial superior olive; MVe, medial 
vestibular nucleus; P7, perifacial zone; Pa6, para‐abducent nucleus; PAG, 
periaqueductal gray; pc, posterior commissure; PCRt, parvicellular reticular 
nucleus; Pn, pontine nuclei; Pnc, pontine reticular nucleus, caudal part; PnO, 
pontine reticular nucleus, oral part; Pr5, principal sensory trigeminal nucleus; 
py, pyramidal tract; pyx, pyramidal decussation; R, raphé; RN, red nucleus; RtT, 
reticulotegmental nucleus; SC, superior colliculus; scp, superior cerebellar 
peduncle; SN, substantia nigra; sol, solitary tract; Sol, solitary nucleus; sp5, 
trigeminal spinal tract; Sp5, trigeminal spinal nucleus; SpVe, spinal vestibular 
nucleus; SuVe, superior vestibular nucleus; ts, tectospinal tract; tth, trigemi
nothalamic tract; Tz, nucleus of the trapezoid body; tz, trapezoid body; VC, 
ventral cochlear nucleus; vcsp, ventral corticospinal tract; VH, ventral horn; 
VRt, ventral reticular nucleus; vsc, ventral spinocerebellar tract; VT, ventral 
tegmental nucleus; VTA, ventral tegmental area. (Source: Paxinos and Huang, 
1995. Reproduced with permission of Elsevier.)
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nucleus (CnF), is evident. CnF is ventral to the nuclei of the 
inferior colliculus. More rostrally, ~41 mm above the obex, at 
the level of the oculomotor nucleus (Fig. 9.10), the mesence-
phalic reticular field (MRF) is identifiable ventral to the 
medial lemniscus, and 1 mm higher the very small parape-
duncular nucleus (PaP) makes an appearance. Even more 
rostrally, PaP remains small whereas the mesencephalic 
reticular fields are somewhat larger.

9.2 ASCeNDING retICULAr SYSteM
Moruzzi and Magoun (1949) discovered that stimulation 
of the brain stem reticular formation in cats resulted in acti
vation of the electroencephalogram (EEG) in the ipsilateral 
cerebral hemisphere. Such stimulation eliminated high‐
amplitude slow waves and led to the emergence of fast, low‐
amplitude electrical activity in the brain typically seen during 
waking. These EEG changes were elicitable following stimu
lation of the medullary reticular formation, the pontine and 
midbrain tegmentum, and the dorsal thalamus. These effects 
occur by a series of reticular relays that activate the cerebral 
cortex by way of the diffuse thalamic projection system. This 
paper brought into focus the role of the ascending reticular 
activating system (ARAS) and led to greater understanding 
of the physiology of arousal and consciousness. Activation in 
the midbrain reticular formation and intralaminar nuclei has 
been demonstrated using positron emission tomography in 
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humans who went from a relaxed awake state to an atten
tion‐demanding reaction‐time test. This study confirms the 
role of these areas in arousal and vigilance in humans. 
It  seems likely that this region of the midbrain reticular 
 formation and dorsal thalamus might control not only the 
transition from sleep to an alert state but also from a relaxed 
wakefulness to a high level of general attention.

The contributions of various neurotransmitters to this pro
cess are receiving a great deal of interest. Observations by 
Mesulam (1995) suggest that in addition to these reticulotha
lamic projections, the concept of the ARAS should include 
two sources of ascending cholinergic projections. The first is a 
traditional projection in the upper brain stem arising from 
cholinergic cell groups Ch5 and Ch6, that is, the pedunculo
pontine nucleus (especially its compact part) and the latero
dorsal tegmental nucleus, respectively. The pedunculopontine 
tegmental nucleus, compact part, is one of the named reticular 
nuclei in humans (Table 9.1). A second projection arises from 
cholinergic cell groups Ch1–Ch4 in the basal forebrain, that 
is,  from cholinergic cells associated with the medial septal 
nucleus (Ch1), with the vertical nucleus of the diagonal band 

(Ch2), with the horizontal limb of the diagonal band nucleus 
(Ch3), and with the nucleus basalis (of Meynert) (Ch4). Also 
included in this scheme would be noncholinergic regulatory 
paths arising from the hypothalamus (histaminergic), ventral 
tegmental area (dopaminergic), locus coeruleus (adrenergic), 
and the nuclei of the raphé (serotonergic) of the brain stem. 
Fibers from these areas in turn send widespread projections to 
the thalamus and cerebral cortex that influence attention, 
arousal, and the level of consciousness. This suggestion would 
greatly expand the structures traditionally considered under 
the umbrella of the reticular formation. Additional studies of 
the connectivity and chemical neuroanatomy of these cell 
groups and their relationship to defined reticular nuclei of the 
human brain stem (Table 9.1) would be helpful.

The primary origin of the ascending reticular system is 
the caudal part of the gigantocellular reticular nucleus 
(Gi) in the medulla oblongata and the caudal part of the 
pontine reticular nucleus (PnC). Many of these fibers 
ascend in the central tegmental tract. The principal desti
nation of fibers of the ascending reticular system is the 
reticular nuclei, intralaminar nuclei, and median nuclei of 

Figure 9.5 ● Transverse section through the human medulla 
oblongata about 11 mm above the obex. The reticular nuclei at 
this level are lightly shaded.For abbreviations, see Fig. 9.2. 
(Source: Paxinos and Huang, 1995. Reproduced with permission 
of Elsevier.)
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the thalamus. Impulses from these thalamic nuclei project 
to the cerebral cortex and increase its excitability. Other 
ascending reticular fibers do not pass beyond the reticular 
formation of the midbrain. Multisynaptic fibers from retic
ular nuclei in the midbrain reach the hypothalamus, preop
tic area, and septal region.

The term central receptive pool (centrum receptorium) 
used with reference to the reticular formation emphasizes 
the enormous convergence of somatic and visceral sensory 
information, both collateral and terminal, on the reticular 
formation and recognizes the possibility of integrating 
information from a wide variety of sources. This includes 
input from all known sensory systems innervating cutane
ous areas, muscles, joints, cardiovascular and lung stretch 
receptors, and chemoreceptors. The precise way in which 
this integration occurs in humans. is unclear It does appear 
that these converging impulses drive the neurons of the 
reticular formation with their widespread and extensive 
dendritic and axonal processes. One example is the lateral 
spinothalamic tract. In humans, only one‐third of the fibers 

in this path reach the thalamus. Thus, the path for pain and 
temperature impulses from the body has many opportuni
ties to feed into and influence the reticular formation. Other 
sensory impulses enter the reticular formation via ascending 
spinoreticular fibers that end in the medial part of the reticu
lar formation. Sensory nuclei of the cranial nerves also send 
fibers directly or indirectly as collaterals to the reticular 
formation. There is evidence for some primary afferent fibers 
to the reticular formation in and through the trigeminal [V], 
glossopharyngeal [IX], and vagal [X] nerves. Some sensory 
fibers of these cranial nerves enter at different levels of the 
brain stem and pass directly to the reticular formation in a 
region near the solitary tract and the lateral vestibular nuclei. 
A most interesting aspect of such collateral sensory input to 
the reticular formation is that of the ascending auditory path, 
the lateral lemniscus. The lateral lemnisci contribute fibers 
to the reticular formation and to motor nuclei in the brain 
stem. Such collaterals likely participate in arousal, providing 
a structural basis for the way in which the sound of an alarm 
clock acts to alert us.
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9.3 DeSCeNDING retICULAr SYSteM
Clinical studies have demonstrated that the reticular forma
tion is capable of influencing somatic and autonomic neu
rons at spinal levels via descending reticulospinal fibers. 
The medial reticular formation of both the medulla oblon
gata and pons gives rise to long descending axons that reach 
caudal levels of the spinal cord. Those fibers originating from 
neurons in medullary parts of the medial reticular formation 
send fibers bilaterally into the spinal cord whereas descend
ing fibers originating from reticular neurons in the pons send 
descending fibers to the ipsilateral parts of the spinal cord. 
The lateral reticular formation projects fibers medially to 
influence descending reticular neurons in the medial reti
cular formation. Afferent fibers from various regions of the 
nervous system influence the reticular nuclei of the brain 
stem by way of these descending fibers. There are descend
ing reticulospinal fibers involved in respiration. Primary 
somatosensory cortical areas 3, 1, and 2 and premotor area 6 
send projections to that part of the medial reticular formation 

of the medulla oblongata and pons that gives rise to reticulo
spinal fibers. The basal ganglia and the cerebellum (particu
larly the fastigial nucleus and perhaps the dentate nucleus of 
the cerebellum) send afferents to the descending reticular 
formation. Thus, there is a wide spectrum of descending 
influences on the reticular formation of both a motor and a 
sensory nature.

9.4 FUNCtIONAL ASPeCtS OF tHe retICULAr 
FOrMAtION
The reticular formation in humans likely plays a role in 
attention, arousal, and consciousness and also homeostatic 
regulation (respiration and cardiovascular activity) and vis
ceral reflexes. Various hypotheses regarding the reticular 
formation and various neurological and psychiatric disor
ders include involvement in such diverse disorders as schiz
ophrenia, post‐traumatic stress disorder, Parkinson disease, 
and narcolepsy.
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9.4.1 Consciousness

Experimental studies showed that the transection of the 
brain stem from lower medullary levels rostrally in a series 
of nonprimates gradually alters the electroencephalogram 
with an increasing tendency to synchronization of cortical 
activity as the plane of transection reaches the midbrain. 
At the level of the midbrain, a typical sleep rhythm results 
with recurring high‐voltage slow waves. The brain stem 
reticular formation is thus an essential area for the regulation 
of the level of consciousness. While the content of conscious
ness depends on the cerebral cortex, crude alertness, arousal, 
or consciousness per se depends on activity in the reticular 
formation and its involvement in the sleep–wakefulness cycle. 
The brain stem reticular formation preserves wakefulness by 
offering a constant background of impulses that are destined 
for the cerebral cortex. These impulses profoundly influence 
arousal and the electrical activity of the cerebral cortex. There 

are significant regional differences. A complete description 
of levels of consciousness requires that other ascending and 
descending fiber paths receive sufficient consideration. The 
level of consciousness may be increased (activated, aroused) 
or decreased (inhibited), leading to sleep.

A considerable amount of the cerebral cortex is remova
ble from any lobe of the brain in humans without loss of 
consciousness. However, injuries at the junction of the 
midbrain and diencephalon produce immediate clinical and 
electroencephalographic manifestations of coma or other 
altered states of consciousness from which the patient cannot 
be aroused. Injuries in other parts of the brain stem disturb 
the level of consciousness with accompanying signs that 
vary with the site of the injury. These accompanying signs 
are of localizing value. Injuries to the pons may result in the 
loss of consciousness with respiratory and cardiac abnormali
ties and hypertonicity of the limbs. Impaction of the medulla 
oblongata as the result of cerebellar tonsilar herniation may 
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lead to respiratory arrest and circulatory changes resulting in 
a loss of consciousness. Digital compression of the human 
medulla oblongata may yield unconsciousness, stuporous 
breathing, and bradycardia.

9.4.2 Homeostatic regulation

Respiration

Respiration is an important aspect of homeostatic regulation 
in addition to being a complex, rhythmic, motor activity 
involving the coordinated contraction of the various respira
tory muscles. These include the diaphragm, the accessory 
respiratory muscles (external and internal intercostals, sca
lene muscles, sternocleidomastoid, levatores costarum, and 
abdominal muscles), and the upper airway muscles (laryn
geal, pharyngeal, and genioglossus muscles). These muscles 
receive their innervation from lower motor neurons in the 
brain stem or spinal cord. Respiratory neurons in the reticu-
lar formation of the brain stem rhythmically drive these 
respiratory‐related lower motor neurons. Trans neuronal 
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tracing studies by means of the rabies virus in the mouse indi
cate that many structures in the brain stem and beyond (cer
ebellum, hypothalamus, thalamus, and cerebral cortex) have 
descending projections to brain stem respiratory neurons. 
Much of our understanding of the structure and function of 
the brain stem respiratory network comes from experimental 
studies in the adult cat. There is much disagreement regard
ing the extent and topographic organization of the respiratory 
neurons in the human brain stem and their relationship to 
respiratory groups found in experimental animals.

Inspiratory and expiratory neurons are found in the caudal 
half of the medulla oblongata in primates and presumably 
also in humans. The area of the expiratory responses lies in the 
dorsal part of the reticular formation of the medulla oblongata 
including the parvicellular reticular nucleus and gigantocel
lular reticular nucleus, particularly its dorsal part. This expira-
tory region surrounds the inspiratory field. The inspiratory 
region is medial and dorsal to the rostral half of the inferior 
olive just ventral and lateral to, and cupped over by, the 
expiratory region. This would include the lateral and interme
diate reticular nuclei near the nucleus ambiguus. Inspiratory 
neurons stimulate expiratory neurons and also excite other 
inspiratory neurons. Neurons in these respiratory fields pro
ject into the ventrolateral part of the spinal cord as a descend
ing ventrolateral reticulospinal path that ends on motor 
neurons of the muscles of respiration. Presumably, some of 
these descending projections excite inspiratory motor neurons 
whereas others may inhibit phrenic motor neurons during 
expiration. Normally the medullary respiratory regions are 
under the influence of pontine, hypothalamic, thalamic, and 
cortical control. Hence these respiratory fields in the reticular 
formation of the medulla oblongata are a minimum substrate 
for the maintenance and regulation of respiratory activity.

Structures in the reticular formation of the pons, includ
ing a pneumotaxic region and an apneustic region, play a 
fundamental role in normal breathing. The pneumotaxic 
region is in the rostral part of the pontine tegmentum and is 
thought to be involved in the inhibition of respiratory activity. 
Apneusis is a sustained inspiratory pause. The apneustic 
region is in the tegmentum of the middle and caudal parts of 
the pons, where it exerts a strong tonic effect on the medul
lary inspiratory region. Abnormal periodic breathing may 
occur with expanding injuries of the reticular formation of 
the brain stem or even respiratory arrest if these respiratory 
regions of the brain stem reticular formation are injured. 
Long periods of respiratory arrest may occur with maximal 
respiratory depth following stimulation of this apneustic 
region. Recent studies, however, suggest that the pons may 
have only a minor role in the control of normal breathing.

The intermediate reticular zone, shown to have a role in 
respiration in the cat and rat, may have a similar role in humans. 
This zone in these experimental animals is a “gasping center” 
having the capacity to restore breathing through gasping when 
quiet breathing fails due to noxious stimuli or to the failure of 
higher levels to regulate respiration. The finding of α2‐adrenergic 
receptor binding in the intermediate reticular zone in the 
human fetus and infant suggests that this receptor may play a 
role in human gasping responses in early life.

Cardiovascular activity

Another important function of the reticular formation in rela
tion to homeostatic regulation is the involvement of the 
reticular formation in cardiovascular activity. Both pressor 
and depressor areas are present in the medullary reticular 
formation. The cardiovascular depressor area probably is 
tonically active with continuous inhibition of spinal cardio
vascular neurons. There is an acceleratory and an inhibitory 
cardiac region in the medulla. The inhibitory region connects 
with the vagal nerve [X] and the excitatory region of the brain 
stem reticular formation connects with sympathetic nerves. 
Stimulation of the ventral periventricular/periaqueductal 
gray in 15 awake humans undergoing deep brain stimulation 
for treatment of chronic pain caused a mean reduction in sys
tolic blood pressure (in seven patients) whereas stimulation 
of the dorsal periventricular/periaqueductal gray caused a 
mean increase in systolic blood pressure (in six patients). 
Collectively these observations indicate that there may well 
be a role for the periaqueductal gray in cardiovascular con
trol in humans. The relationship of this periventricular/peri
aqueductal gray region to the pressor and depressor areas in 
the medullary reticular formation is unclear.

9.4.3 Visceral reflexes

Gag reflex

Another aspect of the function of the reticular formation is the 
participation of its neurons in various reflex arcs at brain stem 
levels. A good example is the gag or pharyngeal reflex. If a 
tongue blade is touched to the back of the tongue in the tonsilar 
area, there will be elevation and constriction of the pharyngeal 
musculature with retraction of the tongue. The afferent limb of 
this reflex is the glossopharyngeal nerve [IX]. The primary neu
rons in this path are visceral afferent sensory neurons in the 
inferior (petrosal) ganglion of the glossopharyngeal nerve at 
the jugular foramen. The central processes of these primary 
neurons pass directly to the solitary tract at brain stem levels. 
Secondary neurons in this path are in the solitary nucleus. 
There is bilateral discharge to efferent neurons from the solitary 
nucleus. The efferent limb of this pharyngeal reflex begins in 
the nucleus ambiguus, the dorsal vagal nucleus, and the adja
cent reticular neurons of the medulla. The existence of crossed 
and uncrossed discharge via the vagal nerve [X] to the constric
tors of the pharynx and to muscles that constrict the pharynx 
and close the epiglottis results in a gag response when the back 
of the human tongue is stimulated. There may also be some 
discharge from medullary reticular neurons for connections to 
the hypoglossal nucleus for retraction of the tongue. The phar
yngeal reflex functions to initiate deglutition or swallowing.

Vomiting

The gag reflex will lead to vomiting if preganglionic neurons 
in the brain stem and spinal cord are involved. Thus, with 
widespread autonomic discharge from the brain stem reticular 
formation there will be an accompanying dilatation of the 
pupils, sweating, pallor of the face, and an irregular heartbeat. 



tHe retICULAr FOrMAtION ● ● ● 153

These signs require connections from the dorsal vagal nucleus 
to preganglionic neurons of the myenteric plexuses of the 
esophagus and stomach and postganglionic fibers to the smooth 
musculature that yields a reverse peristalsis and emesis.

There are literally hundreds of other reflexes; many are 
muscle stretch reflexes, but many others, such as the swal
lowing, sucking, coughing, hiccupping, yawning, pupillary, 
and respiratory reflexes, use neurons of the reticular forma
tion as a constituent of their reflex arc. Many important 
reflexes related to gastric motility and sensations involve 
neurons of the reticular formation.

9.4.4 Motor function

Although the corticospinal path is the primary descending 
motor path for fine skilled, voluntary movements of the upper 
and lower limbs, there are other descending motor paths. 
These include the so‐called common discharge paths from 
neurons in the tegmentum of the midbrain and brain stem 
reticular formation whose fibers descend and influence lower 
motor neurons of the brain stem and spinal cord. Under the 
heading of common discharge paths are the rubrospinal, asso
ciated tegmentospinal, and reticulospinal paths. Associated 
tegmentospinal fibers originate in the tegmentum of the mid
brain and descend on both sides of the brain stem, ending in 
the lower spinal cord. These fibers supplement the rubrospi
nal fibers. Neurons contributing to these common discharge 
paths receive input from diverse areas of the nervous system 
involved in motor activity, including extrapyramidal motor 
areas, the basal ganglia, and cerebellum. Output from these 
neurons over the common discharge paths is the result of con
siderable integration and correlation of impulses arriving by 
way of corticotegmental fibers, the ansa system, and cerebel
lorubral and cerebellotegmental fibers. These common dis
charge paths are partly facilitatory and partly inhibitory.

In the human spinal cord, the descending path for automatic 
respiration, the ventrolateral reticulospinal tract, is inter
mingled with, and deep to, fibers of the ventral part of the 
lateral spinothalamic tract. Although unilateral destruction 
of this tract by way of an anterolateral cordotomy causes 
insignificant respiratory loss, bilateral section of this descend
ing path for automatic respiration causes severe respiratory 
embarrassment.
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The problems of deafness are deeper and more complex, if not more important, than 
those of blindness. Deafness is a much worse misfortune. For it means a loss of the 
most vital stimulus – the sound of the voice – that brings language, sets thoughts 
astir, and keeps one in the intellectual company of man.

Helen Keller (1880–1968)
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The Auditory System

Hearing, an exteroceptive sensation, occurs by way of the 
cochlear nerve, the auditory part of the vestibulocochlear 
nerve [VIII]. The cochlear nerve is responsible for relating us 
to our environment by means of sound. Hearing may well be 
the primary sense for human communication. An estimated 
30 million people in the United States who are 12 years and 
older have hearing loss in both ears; 48.1 million have hearing 
loss in one ear.

10.1 GrOSS ANAtOMY

10.1.1 External ear

The external ear consists of the auricle and external acoustic 
meatus (Fig. 10.1). The auricle, a large, convoluted piece of 
elastic cartilage covered by skin, conducts sound waves 
along the external acoustic meatus and aids in the localiza
tion of the source of sound. The external acoustic meatus, 

about 25.4 mm in length, has a lateral cartilaginous part 
and a medial, slightly longer, bony part. At the medial end 
of the meatus is the tympanic membrane (Fig. 10.1) of the 
middle ear.

10.1.2 Middle ear

The tympanic membrane is a nearly circular, tense mem
brane forming a partition between the external and middle 
ear while serving as the lateral boundary of the middle ear. 
With the body erect, it faces laterally, forwards and down
wards. The trigeminal nerve [V] is the main sensory nerve 
to this membrane. Tympanic stimulation in humans may 
cause a reflex cough or an unpleasant or painful sensation. 
Free nerve endings in the human tympanic membrane are 
like those in the cornea. The middle ear is composed of the 
tympanic cavity, auditory ossicles, including their joints 
and muscles, and the auditory (pharyngotympanic) tube. 

10.1 GrOSS ANAtOMY

10.2 tHe ASCeNDING AUDItOrY PAtH

10.3 DeSCeNDING AUDItOrY CONNeCtIONS

10.4 INJUrY tO tHe AUDItOrY PAtH

10.5 COCHLeAr IMPLANtS

10.6 AUDItOrY BrAIN SteM IMPLANtS
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The tympanic cavity is an air space in the temporal bone 
(Fig. 10.1) that houses the three auditory ossicles called the 
malleus, incus, and stapes. The manubrium and lateral 
process of the malleus attach to the medial aspect of the 
tympanic membrane. The tympanic cavity communicates 
with mastoid air cells and, by the auditory (pharyngotym
panic) tube (Fig. 10.1), with the nasopharynx. The auditory 
tube opens in swallowing, equalizing air pressure between 
the middle ear and the environment. The medial wall of the 
tympanic cavity presents the oval or vestibular window 
(Fig. 10.1), that is closed by the base of the stapes (Fig. 10.1). 
The conversion of sound waves reaching the tympanic 
membrane into vibrations of the ossicles reaches the ves
tibular window, relays to the cochlear fluids, and then to 
sensory structures in the internal ear. The medial wall also 
has a small niche containing a round opening – the cochlear 
window. A trilaminar membrane normally closes this 
portal of entry from the middle to the inner ear. In humans, 
it has an outer squamous epithelial layer with an underlying 
basement membrane, a middle fibrous layer of collagen, 
elastin, fibroblasts, vessels, and nerves, and an inner layer 
of mesothelial cells. Mucosal membranous “veils” often 
cover the cochlear membrane forming “false” membranes. 
These veils likely protect the cochlear membrane and influ
ence its permeability.

Muscles of the auditory ossicles and the acoustic reflex

Two muscles, the tensor tympani and the stapedius, control 
the auditory ossicles. The tendon of the tensor tympani is 
attached to the manubrium of the malleus and displaces the 
tympanic membrane medially when it contracts, pushing the 
base of the stapes into the vestibular window. The stapedius 
attaches to the neck of the stapes such that when it contracts, it 
pulls the base of the stapes laterally and slightly out of the ves
tibular window. With gradually increasing sound or sudden 

loud sounds, both the tensor and stapedius contract. In doing 
so, they simultaneously oppose each other and increase the 
rigidity of the auditory ossicles. This acoustic response or 
reflex dampens the vibrations of the auditory ossicles and 
 protects sensitive receptors in the internal ear. Both muscles 
contract before vocalization. Some individuals are able to 
 contract these muscles voluntarily. Examination of the func
tional condition of the middle ear, including the mobility of the 
tympanic membrane and auditory ossicles, and the state of 
intra‐aural muscle reflexes requires special procedures.

10.1.3 Internal ear

Cochlea, cochlear labyrinth, and cochlear duct

The human internal ear has an intricate series of continuous, 
fluid‐filled cavities called the bony labyrinth, divisible into 
several parts: three semicircular canals, a centrally placed 
and ovoid vestibule, and a conical cochlea (see Fig.  11.1). 
The modiolus is a central cone of trabecular bone supporting 
the cochlea. The cochlea, about 33.2 mm in length on average, 
based on five separate studies, has the shape of a spiral shell 
of a snail with two and a half turns around its axis (Fig. 10.1). 
The cochlear labyrinth is in the petrous temporal bone. 
Sections of the cochlea reveal that it is divisible along its 
entire length into three fluid‐filled, membranous compart
ments (Fig.  10.2), including a middle compartment that is 
roughly triangular in section and called the cochlear duct, 
an upper compartment, the scala vestibuli, and a lower 
compartment, the scala tympani (Fig. 10.2). The two scalae 
communicate at the apex of the cochlea at a region known as 
the helicotrema. The roof of the cochlear duct is the vestibular 
membrane (Fig. 10.2) and its floor is the spiral membrane. 
The spiral membrane, in turn, is composed of a bony shelf, 
the spiral lamina, and another membrane, the basilar 
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Figure 10.1 ● Three parts of the ear: (1) the external 
ear consisting of the auricle, external acoustic meatus, 
and its medial boundary the tympanic membrane; 
(2) the middle ear, conveniently divided into a tympanic 
cavity (containing the auditory ossicles), mastoid 
adnexa, and pharyngotympanic tube; and (3) the 
cochlear part of the internal ear. A section is made of 
one turn of the cochlea. Figure 10.2 illustrates one turn 
of the cochlea in detail.
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membrane (Fig. 10.2). The bony spiral lamina extends from 
the medial side of the cochlea about half way across its cavity 
like the thread on a screw. The basilar membrane extends 
laterally from the edge of the spiral lamina to complete the 
floor of the cochlear duct. The lateral wall of the cochlear 
duct is a well‐vascularized, multilaminar tissue called the 
stria vascularis.

Cochlear fluids

The scalae vestibuli and tympani contain perilymph, a 
cochlear fluid similar to cerebrospinal fluid, with a high 
concentration of protein and sodium but a low concentration 
of potassium. Perilymph in the scala tympani communicates 
with the cerebrospinal fluid of the subarachnoid space by 
means of the cochlear aqueduct. Perilymph in the auditory 
part of the internal ear is continuous with that surrounding 
its vestibular part. Each cochlear duct has another fluid, 
endolymph, that has a large DC (direct current) potential 
(polarized by ~80 mV), low protein and sodium, but high 
potassium concentrations. Endolymph in the cochlear duct 
is continuous with that in the saccule of the membranous 
vestibular apparatus of the internal ear by means of the narrow 
ductus reuniens. Cochlear fluids transport nutrients from 
the bloodstream to cochlear cells, transmit vibrations from 
the vestibular window to the cochlear duct, and provide an 
appropriate ionic environment for the specialized auditory 
epithelium.

The spiral organ

The spiral organ is the specialized sensory epithelium of the 
cochlea (Fig. 10.2) on the basilar part of the spiral membrane 
in the cochlear duct (Fig.  10.2). Composed of outer and 

inner hair cells, the tectorial membrane, supporting cells, 
and nerves, the spiral organ (Figs  10.2 and 10.3) varies in 
structure throughout its length – a reflection of its functional 
specialization. Supporting cells stabilize the cochlear hair 
cells and are likely absorptive. Nerves in the spiral organ 
consist of a group of afferents (peripheral processes of bipolar 
neurons in the spiral ganglia  –  Fig.  10.2) that conduct 
impulses from the spiral organ to auditory nuclei in the brain 
stem, and a smaller group of efferents carrying impulses 
from the brain stem back to the spiral organ.

Hair cells of the spiral organ

Outer and inner hair cells (Figs 10.3 and 10.4) are set at an 
angle to each other and named by their position relative to 
the modiolus. These non‐neural hair cells, modified for the 
reception of auditory stimuli, extend the length of the coch
lea. Each spiral organ (Fig. 10.3) in humans has five rows of 
tall, columnar outer hair cells (an average of 12 350) and a 
single row of bulkier, flask‐shaped inner hair cells (an aver
age of 3280) (Fig. 10.3).

Inner and outer hair cells of the cochlea differ in structure 
and in their innervation. As the name implies, their apical 
surfaces have numerous, stiff, stereocilia (Fig.  10.4). In 
mammalian development, each cell has a single cilium; 
the remaining cilia are stereocilia. The latter are cylindrical, 
0.2–0.8 µm in diameter, and composed of parallel actin 
microfilaments in longitudinal bundles. In adults, the cilium 
disappears but its basal body remains. Stereocilia of inner 
hair cells are longer, fewer, and arranged linearly; stereocilia 
of outer hair cells are numerous, 2.5–7.2 µm in length, and 
arranged in “W” or “V” patterns. Stereocilia in humans 
show a gradation in height, being short at the cochlear base 
(4.2 µm) but tall at its apex (7.2 µm).
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Figure 10.2 ● A section of one turn of the cochlea (for orientation, see Fig. 10.1). Its three compartments – scala vestibuli, scala tympani, and cochlear duct – are 
visible. Note the spiral organ perched on the basilar membrane part of the spiral membrane in the cochlear duct. Figures 10.3 and 10.4 illustrate more details of the 
spiral organ. (Source: Adapted from Ballenger, 1977.)
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The tectorial membrane

Stereocilia of the tallest outer hair cells in adults attach to the 
undersurface of the tectorial membrane – a gelatinous plate 
of varying thickness (Fig.  10.3) formed by an extracellular 
matrix of fine fibrils. These stereocilia insert into shallow pits 
called imprints on the tectorial undersurface. The tallest row 
of outer hair cell stereocilia touches the tectorial membrane. 
In humans, imprints on the tectorial undersurface form two 
or three rows of small holes distributed throughout all turns 
of the cochlea.

The spiral ganglia

In the modiolus (the central cone of trabecular bone sup
porting the cochlea) are cell bodies of bipolar neurons, 
whose fibers form the cochlear nerve. Collectively these 

bipolar neurons (29 000–38 000 in each human cochlea) 
form the spiral ganglion (Fig. 10.2). Peripheral processes 
of the spiral ganglionic neurons take an intricate course 
passing in the modiolus (Fig. 10.2) to synapse at the base 
of the cochlear hair cells along the spiral membrane 
(Fig. 10.3). Inner hair cells receive large myelinated fibers, 
one fiber to each hair cell. Outer hair cells receive small, 
nonmyelinated fibers that branch to innervate as many as 
10 outer hair cells.

10.2 tHe ASCeNDING AUDItOrY PAtH

10.2.1 Modality and receptors

The modality under consideration is hearing. The hearing 
of sounds requires their reception by specialized mechano
receptors (the cochlear hair cells), transformation into 
impulses that travel in the cochlear nerve, and conduction 
to the cochlear nuclei, through the brain stem and on to 
the thalamus. At thalamic levels, sound enters consciousness. 
Fibers from the auditory thalamus then relay auditory 
impulses to the cerebral cortex, in particular to the primary 
auditory area in the temporal lobe; here, sounds are associ
ated, interpreted, and become meaningful.

Reception of auditory stimuli

A complex sequence of events enables cochlear hair cells 
to receive auditory stimuli. As a first step, sound, in the 
form of small changes in air pressure, strikes the tympanic 
membrane (Fig. 10.1), causing it to vibrate in a complex 
manner depending on the frequency of the sound. Because 
the manubrium of the malleus attaches to the tympanic 
membrane, vibrations of this membrane set the auditory 
ossicles (Fig.  10.1) in motion. Vibrations in the ossicular 
chain reach the base of the stapes covering the vestibular 
window (Fig.  10.1). A piston‐like motion of the stapes in 
the vestibular window transmits the ossicular vibrations to 
the perilymph behind the window. Waves in the perilymph 
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Figure 10.3 ● Spiral organ on the spiral membrane in 
the cochlear duct. Microvilli of the outer hair cells project 
into shallow pits termed imprints on the undersurface of 
the tectorial membrane. For orientation, see Fig. 10.2 
(Source: Adapted from Ballenger, 1977).
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Figure 10.4 ● Inner and outer hair cells of the spiral organ aligned on either 
side of the inner tunnel. For orientation, see Fig. 10.3. Efferent fibers (dotted) 
and afferent fibers (black) are shown synapsing with the base of both types of 
cochlear hair cells (Source: Adapted from Engström and Ades, 1973, and 
Firbas, 1978).
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quickly travel through the scala vestibuli (Fig. 10.2) to the 
helicotrema and through the scala tympani (Fig.  10.2) to 
the cochlear window (Fig. 10.1). These traveling waves in 
the perilymph influence vestibular and basilar membranes 
and the contents of the cochlear duct (Fig. 10.2), including 
the endolymph in it and the spiral organ on the basilar 
membrane.

Transduction of auditory stimuli

Vibrations of the spiral membrane, relative to the tecto
rial membrane, deform the subtectorial space and cause 
endolymphatic fluid movement, bending or displacing 
stereocilia at the apices of the cochlear hair cells (Figs 10.3 
and 10.4). This displacement excites and then depolarizes 
these receptors, releasing a neurotransmitter at the recep
tor base that activates the peripheral ends of the cochlear 
fibers (Fig.  10.4). Hence the cochlear hair cells act as 
transducers, converting afferent mechanoacoustic energy 
into a chemoelectric form that elicits action potentials 
along the cochlear nerve. Although the identity of the 
neurotransmitter concentrated in presynaptic cochlear 
terminals is uncertain, both glutamate and aspartate are 
likely candidates.

Tuning of the basilar membrane

Each basilar membrane is nearly 100 times stiffer at the 
cochlear base than at its apex, with fibers that span its 
width like the strings on a musical instrument. The width 
of the basilar membrane increases progressively from the 
cochlear base to its apex, but its thickness, and therefore 
its stiffness, decrease from base to apex. Hair cells are con
centrated at the cochlear base. These structural differences 
reflect a functional specialization along the cochlea; 
sounds of differing frequencies influence different points 
along the cochlea. High frequencies have the greatest 
effect at the basal end and low frequencies apically along 
the cochlea in a precise order. Thus, a high degree of 
 “tuning” exists in each part of the basilar membrane along 
the cochlear length.

Conduction of sound

Sound often travels to the cochlear labyrinth through 
 different routes: the usual route is through vibrations of 
the tympanic membrane and auditory ossicles that cause 
waves in the cochlear fluids. If the ossicles are absent, 
however, sound must traverse the middle ear by air 
 conduction. If the stapes remains fixed in the vestibular 
window, as happens in otosclerosis, there is damping of 
waves in the cochlea, decreasing an already inefficient 
means of conduction. Perception of a tuning fork applied 
directly to the mastoid process (Schwabach test) bypasses 
mechanical conduction in the middle ear, and causes 
structures in the cochlear duct to vibrate. These events are 
an example of bone conduction that takes place by vibra
tion in bones of the skull.

10.2.2 Primary neurons

Primary neurons in the auditory path (Fig. 10.5) are bipolar 
neurons derived from the neural crest that forms the spiral 
ganglia. Bipolar cell types in humans consist of large type I 
cells, forming about 94% of spiral ganglionic cells, and some 
smaller, type II cells, forming the remaining 6%. A maximum 
of 2% of all spiral ganglionic cells, both type I and type II, are 
myelinated in humans. Peripheral processes of these primary 
neurons synapse with the base of the cochlear hair cells. 
About 78–85% of afferent fibers in the cochlear nerve inner
vate inner hair cells; the remaining 15–22% supply outer hair 
cells. Different types of endings occur in humans at the base 
of the outer hair cells. A single terminal often possesses two 
types of synaptic specializations of opposite polarity; the 
neurons of origin for such terminals are uncertain. The exist
ence of these reciprocal synapses raises the possibility of a 
local feedback influencing synaptic activity.

Central processes of primary neurons – the cochlear nerve

Central processes of the primary neurons in a spiral ganglia 
form a cochlear nerve (Fig. 10.5). These nerve fibers are often 
indistinguishable until they reach the brain stem, where the 
cochlear nerve is caudal to the vestibular nerve. About 50 000 
myelinated fibers are in each cochlear nerve as it skirts the 
pons entering (at a slightly obtuse angle) at the junction of 
the pons, medulla oblongata, and cerebellum (a three‐dimen
sional recess), along the dorsal surface and lateral border of 
the inferior cerebellar peduncle (Fig. 10.5). Entering cochlear 
fibers bifurcate into ascending and descending branches and 
disperse in an orderly manner to the dorsal and ventral coch
lear nuclei (Fig. 10.5).

10.2.3 Secondary neurons

Secondary neurons in the auditory path are the dorsal and 
ventral cochlear nuclei (Fig. 10.5). These secondary neurons 
number about 96 000 in humans; the dorsal cochlear nucleus 
has a volume half or one‐third that of the ventral cochlear 
nucleus (ratio of 1:2.8). The ventral cochlear nucleus in 
humans is compact, 4.0–4.5 mm in rostrocaudal length, and 
divisible into superior and inferior parts; the dorsal cochlear 
nucleus is a single, lunate structure, 2.5–3.0 mm in rostrocau
dal width and superficial to the superior part of the inferior 
cerebellar peduncle. The majority of the dorsal cochlear 
nucleus is in the lateral recess of the fourth ventricle but the 
ventral cochlear nucleus is outside the lateral recess. The 
inferior medullary velum attaches to the surface of the coch
lear nuclear complex. Both parts of the cochlear nuclei are at 
the pontomedullary junction lateral to the brain stem entry 
of the vestibulocochlear nerve [VIII]. The cochlear nuclei in 
humans are composed of seven neuronal types arranged in 
an orderly manner. Large, round, or ovoid neurons of par
ticular importance in hearing are the most numerous of the 
seven neuronal types.
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Most cochlear fibers enter the ventral cochlear nucleus, 
bifurcate, and then terminate in that nucleus, giving off a 
few terminals that reach the dorsal cochlear nucleus. A few 
cochlear fibers bypass the cochlear nuclei to end in other 
brain stem nuclei. The neurotransmitter between the coch
lear afferents and secondary cochlear neurons is probably 
glutamate.

Processes of secondary neurons – the acoustic stria 
and lateral lemniscus

Processes of secondary neurons form three bundles, collec
tively called secondary auditory fibers (Fig. 10.5). A ventral 

bundle ascends and spreads through the medial lemniscus 
to reach the opposite side of the brain stem, contributing to 
the trapezoid body, a trapezoid‐shaped area of intermingled 
secondary auditory fibers, neurons, and fibers of the medial 
lemniscus (Fig. 10.5) in the lower pons. A small intermediate 
bundle in humans crosses the inferior cerebellar peduncle 
and the median plane. Fibers from the dorsal cochlear 
nucleus form a dorsal bundle that decussates near the ven
tricular floor. These bundles of secondary auditory fibers 
(the ventral, intermediate, and dorsal acoustic striae) reach 
the opposite side of the brain stem, turn, and ascend as the 
lateral lemniscus (LL) (Fig. 10.5).
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Figure 10.5 ● Auditory path as it ascends from receptors in the spiral organ through the brain stem and diencephalon and onto the primary auditory cortex on 
the transverse temporal gyri of the temporal lobe.
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10.2.4 Tertiary neurons

Although some secondary auditory fibers decussate and 
turn to ascend as the lateral lemniscus (Fig.  10.5), others 
synapse with several groups of tertiary neurons such as the 
superior olivary nucleus, nuclei of the lateral lemnisci 
(scattered medially and laterally in them), and nuclei of the 
trapezoid body (intermingled with it). The superior olivary 
nucleus (Fig. 10.5) in humans is in the ventrolateral part of 
the lower pontine tegmentum and ventral to the facial 
nucleus. It is divisible into two segments: a prominent and 
vertically oriented medial superior olive (MSO) and a more 
circular lateral superior olive (LSO) found dorsal and lateral 
to the tip of the MSO (see Fig.  9.6). The superior olivary 
nucleus, a tertiary group in the auditory path, is a relay and 
a reflex nucleus connected with the facial and trigeminal 
motor nuclei. Through these connections, loud sounds acti
vate the stapedius and tensor tympani muscles of the middle 
ear as a part of the acoustic reflex. Each of the tertiary nuclei 
in the auditory path likely contributes fibers to the lateral 
lemniscus.

The ascending auditory path – the lateral lemniscus

The human ascending auditory path is the lateral lemniscus 
(Fig. 10.5). The lateral lemniscus has fibers from secondary 
and tertiary neurons, crossed and uncrossed fibers from the 
dorsal cochlear nucleus, but predominately crossed fibers 
from the ventral cochlear nuclei. It also has fibers from both 
superior olivary nuclei, the nuclei of the trapezoid body, and 
nuclei of the lateral lemniscus on both sides of the brain 
stem. The left lateral lemniscus has about 200 000 fibers 
and the right about 184 000 (a 9% difference between the 
sides). Each is fully myelinated at birth; infants 1 month of 
age demonstrate responsiveness to, and discrimination of, 
speech sounds.

Stimulation of the human auditory path

The auditory path in humans is sharply definable with electri
cal stimulation. Such stimulation of this path in the upper 
brain stem causes a smooth, synchronous, low‐pitched note 
(buzzing like a bee or humming), sounds with a musical qual
ity (ringing like a bell), a thin, tinny sound (ticking, sizzling, 
swishing, clicking, or cricket sounds), or a deep note (a roaring 
or rumbling sound). There is a contralateral preponderance of 
responses in humans. Presumably, the ipsilateral component 
is too small to be successfully stimulated.

10.2.5 Inferior collicular neurons

Quaternary (fourth‐order) neurons in the ascending audi
tory path are the nuclei of the inferior colliculi (Fig. 10.5) in 
the lower midbrain. The inferior colliculi are multilaminar 
and richly interconnected through the commissure of the 
inferior colliculus. Each lateral lemniscus distributes fibers 
to the ipsilateral inferior colliculus. The major relay from 

these nuclei is by means of the brachium of the inferior 
colliculus (Fig. 10.5) to the thalamus. The inferior colliculus 
is an essential link in the ascending auditory path. Stimulation 
of it or its brachium in humans causes a “loud noise” in 
the  ipsilateral ear and a similar but fainter sound in the 
contralateral ear.

10.2.6 Thalamic neurons

Quinary (fifth‐order) neurons in the ascending auditory 
path are in the medial geniculate nuclei (MG) of the thalamus 
(Fig. 10.5). Externally, these nuclei form the medial genicu
late body, a small eminence about 5 mm wide, 4 mm deep, 
and 4–5 mm long, protruding from the posterior aspect of 
the diencephalon. Each human medial geniculate body has 
dorsal (MGd), medial (internal or magnocellular) (MGmc), 
and ventral (MGv) parts. The ventral (principal or parvocel
lular) part is the largest subdivision, occupying the ventrolateral 
quarter, the medial part occupies the ventromedial quarter, 
and the dorsal part forms a tier extending the length and 
breadth of the medial geniculate body. Major ascending pro
jections of auditory neurons in the inferior colliculi reach the 
ventral part of the medial geniculate nucleus (MGv). Fibers 
from each inferior colliculus enter the brachium of the infe
rior colliculus to reach their geniculate termination. A few 
fibers of the lateral lemniscus bypass the inferior colliculi to 
synapse with medial geniculate neurons. In the elderly, there 
is a reduction in the number and size of the fibers of the 
brachium of the inferior colliculus.

Tones of different pitch reach consciousness 
at thalamic levels

Tones of different pitch reach consciousness at the genicu
late level in humans. Ablation of the primary auditory and 
periauditory cortical areas in humans does not influence the 
discrimination of tone sequences. Stimulation of the human 
medial geniculate nucleus causes a ringing, referred to the 
center of the head, or to a buzzing heard bilaterally but 
mainly in the contralateral ear.

10.2.7 Cortical neurons

Dual‐stream model for processing in the auditory cortex

At the cortical level, the somatosensory and visual systems 
are each organized into “what” and “where” paths (Table 8.2). 
This “what” and “where” model includes a ventral (“what”) 
stream for the perception, identification, and recognition of 
objects and a dorsal (“where”) stream for locating objects 
and appreciating the spatial relations among objects.

The auditory system in humans at the cortical level repre
sents a dual‐stream model consisting of ventral and dorsal 
paths similar to those established by studies in monkeys 
(Kaas and Hackett, 1999). Functional imaging studies have 
confirmed these dorsal‐ and ventral‐stream components for 
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the human auditory system as well (Binder et  al., 2000; 
Ahveninen et  al., 2006; DeWitt and Rauschecker, 2013). 
Auditory information travels first to the primary auditory 
cortex and is then relayed to the auditory association cortex 
and then to other cortical association areas. The human audi
tory dorsal stream supports the regulation of speech produc
tion and inner speech (the cortical monitoring of self‐produced 
speech. This auditory dorsal stream in humans involves the 
posterior part of the superior temporal gyrus and the inferior 
parietal lobule. The auditory ventral stream in humans 
supports word form recognition and involves the anterior 
superior temporal gyrus (DeWitt and Rauschecker, 2013).

The early studies of Broca in the 1860s and Wernicke a 
decade later (1874) demonstrated that the left hemisphere is 
part of the human brain network involved in speech and 
language. This includes Broca’s motor speech area in the 
inferior frontal gyrus and Wernicke’s complementary sensory 
speech area in the superior temporal gyrus. DeWitt and 
Rauschecker (2013) have offered a critical reappraisal of 
speech processing in the auditory cortex of humans and a 
new functional definition of Wernicke’s area as consisting of 
two areas: an auditory word‐form area in anterior superior 
temporal gyrus and an “inner‐speech area” in the posterior 
superior temporal gyrus and inferior parietal lobule. These 
areas can be visualized on Mesulam et al.’s (2015) diagrams 
of the two components of the “canonical language network” 
that includes a composite rendition of Wernicke’s area along 
with the left anterior temporal lobe (Fig. 21.18).

Although the auditory system is a bilateral system with 
two sets of ears and a bilateral path in the brain stem and 
beyond to the thalamus and cortex, only one ear is necessary 
in order to identify a sound. Both ears are necessary to locate 
that sound in three‐dimensional space. Because the human 
auditory system is involved in complex sounds related to 
language in addition to simple to complex nonspeech sounds, 
it seems likely that there are additional auditory processing 
streams beyond the ventral and dorsal paths or at least other 
cortical areas that participate in either of these streams.

Extent of the primary auditory cortex

Each human primary auditory cortex extends from the 
transverse temporal gyri laterally and onto the parietal 
operculum. In support of this is the observation that 
patients with injuries limited to the parietal operculum are 
likely to be unable to hear loud and unpleasant noises. 
Evoked recordings are elicitable from the lateral surface of 
the human cerebral cortex, including the posterior two‐
thirds of the superior temporal gyrus and the frontal and 
parietal opercula. The posterior two‐thirds of the superior 
temporal gyrus is that part of Brodmann’s area 42 extend
ing from the transverse temporal gyri to the lateral surface 
for a short distance (Fig. 10.6). Most of the superior tempo
ral gyrus on the lateral surface of the brain, however, cor
responds to Brodmann’s area 22 (Fig. 10.6) (and perhaps a 
small part of area 52). Areas 42 and 22 likely function as an 
auditory association area.

Connections of the primary auditory cortex

Auditory impulses reach the primary auditory cortex, corre
sponding to Brodmann’s area 41. They also reach adjacent area 
42, area 22, and perhaps area 52. In addition to these connec
tions, auditory callosal fibers are identifiable in the posterior 
third of the trunk of the corpus callosum by computed tomog
raphy. These fibers were identifiable in a patient with disturbed 
auditory function and a discrete injury in that area.

Stimulation of the auditory cortex

Electrical stimulation of the banks of the visual cortex along 
the calcarine sulcus causes the patient to see lights, colored 
forms. or black forms – moving or stationary, usually (per
haps always) in the opposite visual field (Penfield, 1958; 
Penfield and Perot, 1963). These subjective images are termed 
phosphenes from the Greek phos, meaning light, and phainein, 
to show (Oster, 1970). Many of us have experienced seeing 
these subjective images (stars, flashes of light, etc.) following 
a blow on the head. When Penfield and his associates 
(Penfield, 1958; Penfield and Perot, 1963) stimulated Heschl’s 
convolution, particularly the anterior transverse temporal 
gyrus, their patients reported a continuous buzzing, hum
ming, rumbling, ringing, hissing, knocking, “cricket‐like,” or 
wavering sounds. These subjective sensations of sounds 
were termed audenes by Dobelle et al. (1973). In the discus
sion at the end of the Dobelle et  al.’s paper, Dr. Hallowell 
Davis made the important observation that these sounds, 
whether knocks, thumps, or crickets, are sounds that do have 
a certain degree of pitch character. They belong to one part or 
another of the frequency spectrum but they are far from 
being pure tones and are lacking in fine pitch discrimination. 
Such observations emphasize the functional specificity of 
the primary auditory cortex compared with the auditory 
association cortex. Simple sounds resulting from stimula
tion reflect capabilities of the primary auditory cortex. 
Stimulation at a distance from the primary auditory cortex is 
likely to introduce complex elements related to the interpre
tation of sound. The fine discrimination of sounds, their 
interpretation, and their meaning require the involvement of 
auditory association areas. Stimulation in the anterior half of 
the right area 22 yields musical hallucinations; injury to this 
cortical area often leads to a loss of ability to appreciate music.

Penfield and colleagues’ patients often complained of 
deafness or a change in the character of sounds at the time of 
auditory cortical stimulation. Such unusual sounds or slight 
deafness are often referable to the contralateral ear. Deafness 
caused by stimulation of the primary auditory cortex is per
haps analogous to numbness (not tingling) caused by stimu
lation of the primary somatosensory cortex, or shadows (not 
lights), when the primary visual cortex is stimulated.

Auditory association cortex

One of the many areas of auditory association cortex in the 
human brain is on the posterior transverse temporal gyrus 
and on the opercular surface of the temporal lobe within the 
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lateral sulcus corresponding to Brodmann’s area 42. The 
lateral aspect of the superior temporal gyrus, corresponding 
to Brodmann’s area 22 (Fig. 10.6) and perhaps area 52 on the 
opercular surface of the temporal lobe between area 41 and 
the insula are also regarded as auditory association areas. 
Localization, recognition, discrimination, and interpretation 
of sounds, and also understanding sounds that contribute to 
language, occur only at cortical levels. Discrimination of 
speech requires analysis of a complex spectrum of sounds 
that vary in sequence and extend over a large range of fre
quencies. The interpretation of sounds often requires the 
comparison of current sounds with previous auditory expe
riences. Although the primary auditory cortex of one hemi
sphere distinguishes a sound, the auditory cortices in both 
hemispheres are essential for its localization. Such localiza
tion requires comparison between the right and left auditory 
cortices of the direction, speed of transmission, and loudness 
of the sound. Thus, the exquisite auditory appreciation of 
sounds and language in humans requires not only the pri
mary auditory cortex but also auditory association areas, 
some of which are unimodal but others of which are multi
modal. In addition to this complex serial processing, the 
combined and coordinated functioning of auditory areas in 
both hemispheres is necessary for the appreciation of sounds 
and language in humans.

“What” and “where” processing in the auditory cortex

At the cortical level, the somatosensory and visual sys
tems are each organized into “what” and “where” paths 

(see Table 8.2). This “what” and “where” model includes a 
ventral (“what”) stream for the perception, identification, 
and recognition of objects and a dorsal (“where”) stream for 
locating objects and appreciating the spatial relations 
among objects. The auditory system in humans is also 
organized at the cortical into ventral “what” and dorsal 
“where” paths. Functional imaging studies have also con
firmed this “what” and “where” functional organization for 
the human auditory system. Auditory information travels 
first to the primary auditory cortex and is then relayed in 
serial fashion to the auditory association cortex and then to 
other cortical association areas. In the case of the auditory 
system, the dorsal “where” stream related to spatial aspects 
of audition becomes active significantly earlier than the 
ventral stream. This dorsal stream in humans involves the 
middle temporal gyrus and the superior temporal gyrus, 
including its posterior third corresponding to an area 
described by Wernicke and now considered significant in 
the cortical processing of speech sounds. These temporal 
gyri are part of the human brain network responsible for 
speech and language. Impulses then project to the supra
marginal gyrus, corresponding to Brodmann’s area 40 in 
the inferior parietal lobule, and via the arcuate fasciculus 
reach Brodmann’s areas 44 and 45 in the inferior frontal 
gyrus. The ventral “what” stream, related to the recognition 
of familiar sounds and intelligible speech (but only in the 
left hemisphere for intelligible speech), projects to the ante
rior superior temporal gyrus and then on to the posterior 
planum polare. Although the auditory system is a bilateral 
system with two sets of ears and a bilateral path in the brain 
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Figure 10.6 ● (A) Part of primary auditory association area 42 
extending from the posterior transverse temporal gyrus is lightly 
dotted. Also illustrated is part of primary auditory association 
area 22 (horizontal lines). (B) Removal of parts of the frontal and 
parietal opercula expose the primary auditory cortex often 
designated as AI and corresponding to Brodmann’s area 41 
(lightly dotted).
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stem and beyond to the thalamus and cortex, only one ear is 
necessary in order to identify a sound but both ears are nec
essary to locate that sound in three‐dimensional space. 
Because the human auditory system is involved in complex 
sounds related to language in addition to simple to complex 
sounds, it seems likely that there are additional auditory 
processing streams beyond those described in this chapter.

Tonotopic organization in AI

In the primary auditory cortex (AI), tones of different fre
quencies have their representation along specific parts of 
AI, a phenomenon called tonotopic organization. Positron 
emission tomography (PET) has demonstrated tonotopic 
organization as a feature of the human primary auditory 
cortex. Observations in humans demonstrate a point‐to‐point 
projection from sites along the cochlea to sites along the 
primary auditory cortex. Thus, AI has a complete and orderly 
representation of the audible frequency spectrum, with low 
tones represented rostrolaterally and higher frequencies 
caudomedially along its length.

Bilateral nature of the human auditory path

The human auditory path is a bilateral system with the 
lateral lemnisci of the two sides richly interconnected. 
Auditory information on one side of the brain reaches the 
other side through various commissural paths, including 
the trapezoid body, commissure of the inferior colliculus, 
and corpus callosum. The only decussation of auditory 
information rostral to the inferior colliculi takes place 
through interconnections between the right and left audi
tory cortices. Because of this communication, each human 
cochlea has representation in the primary auditory cortex of 
both cerebral hemispheres. Stimulation studies, however, 
indicate a predominance of contralateral cochlear repre
sentation in humans. Normal volunteers subjected to the 
presentation of auditory stimuli (a tape‐recorded story) 
through earphones to only one ear (three right and three 
left) displayed a focal increase in glucose metabolism in the 
temporal cortex contralateral to the stimulated ear that 
could be measured by a metabolic mapping method using 
the [18F]fluorodeoxyglucose technique and positron emis
sion transaxial tomographs. These observations and the 
results of stimulation of the auditory path in humans in the 
midbrain lead to the conclusion that, although this path is 
bilateral in structure, it is physiologically contralateral 
based on current physiological measuring methods.

Processing self‐produced vocalizations

The auditory cortex in each hemisphere likely receives 
information during self‐produced vocalization that differs 
from that caused by the vocalizations of others. Cerebral 
areas activated by phonation may inhibit parts of the audi
tory cortex. These data suggest much processing in cortical 
areas responsible for auditory communications.

10.2.8 Comments

Presentation of a pure tone to one ear causes maximal 
stimulation of a single locus along the cochlea as a function 
of frequency of stimulus or pitch. Each spiral membrane in 
the basal cochlea vibrates primarily at high frequencies; its 
apical part vibrates predominately at low frequencies. 
Individual cochlear fibers innervate a restricted area of the 
cochlea and accumulate in an orderly manner in the cochlear 
nerve such that fibers serving tones of lower pitch (apical 
cochlear fibers) are near the center of the cochlear nerve; at its 
periphery are fibers carrying tones of higher pitch from basal 
cochlear regions. A general principle of neural organization 
is that peripheral receptors have an orderly representation at 
each step along an ascending path. The well‐organized coch
lea, “represented” several times along the auditory path, is 
ultimately impressed on the primary auditory cortex (AI) in 
a tonotopic manner.

In humans, there is likely an orderly pattern of synapses 
of cochlear fibers with cochlear nuclei, cochlear nuclear fib
ers with inferior collicular neurons, and inferior collicular 
fibers with medial geniculate neurons. The pattern of termi
nation of collicular fibers within the medial geniculate 
nucleus corresponds to an unrolled cochlea. Lastly, there is a 
topographic pattern of termination of medial geniculate 
 fibers along the primary auditory cortex in and around the 
fourth cortical layer.

The lateral lemnisci contribute fibers to the reticular for
mation and to motor nuclei in the brain stem. Such collaterals 
likely participate in arousal, providing a structural basis for 
the way in which an alarm clock acts.

10.3 DeSCeNDING AUDItOrY CONNeCtIONS
Fibers from auditory areas in the cerebral cortex descend 
in the medial part of the lateral lemniscus to synapse with 
auditory structures in the brain stem. Therefore, the major 
auditory path has both ascending and descending fibers. 
Nuclei of the medial geniculate body, inferior colliculi, 
superior olive, and the ventral cochlear nuclei form links 
in this multisynaptic descending corticofugal path to 
lower auditory regions. Efferent fibers from these regions 
reach the base of the cochlear hair cells. There is a well‐
defined projection to the cochlea, called the olivocochlear 
bundle, containing about 600 efferent fibers. Large efferent 
cochlear terminals end on neuronal cell bodies of outer 
hair cells in the human spiral organ. Most of these endings 
at the base of the outer hair cells are efferent with the 
majority in the basal turn; their number gradually decreases 
near the apex.

In the human cochlea, GABA‐like immunostaining is pre
sent in inner spiral fibers, tunnel spiral fibers, and tunnel‐
crossing fibers and at efferent endings synapsing with outer 
hair cells. Since acetylcholinesterase activity is localizable to 
efferent fibers of the human cochlea, the probable efferent 
cochlear neurotransmitter is acetylcholine.
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10.3.1 Electrical stimulation of cochlear 
efferents

In normal speech, cochlear efferents likely prevent the 
sound of our own voice from deafening us. These efferents 
probably participate in screening out extraneous sounds in a 
noisy environment (background competition), allowing one 
to “tune in” to sounds one wants to hear.

Deafness during stimulation of the primary auditory cortex 
presumably results from excitation of descending fibers to 
auditory structures at brain stem levels. Patients undergoing 
stimulation of auditory areas in the cerebral cortex often 
report that their own voice sounds strange to them. As soon 
as stimulation ceases, this effect stops.

10.3.2 Autonomic fibers to the cochlea

Autonomic fibers to the cochlea likely travel in the nervus 
intermedius of the facial nerve [VII]. Fibers that synapse 
with both nonmyelinated and small myelinated cochlear 
ganglionic neurons are identifiable in humans, perhaps 
lending support to the concept of parasympathetic fibers and 
neurons in human cochleae. Such fibers may be vasomotor to 
the stria vascularis, a collection of small blood vessels and 
capillaries in the upper part of the bony spiral lamina; they 
doubtless are part of the nonautonomic efferent auditory 
connections. Efferent fibers of the olivocochlear bundle likely 
influence small spiral ganglionic neurons.

10.4 INJUrY tO tHe AUDItOrY PAtH
According to the National Center for Health Statistics, approx
imately 37.5 million Americans aged 18 years and over have 
some trouble hearing. Hearing loss affects approximately 17 in 
1000 children under age 18 years. The incidence of hearing 
loss increases with age such that approximately 314 in 1000 
people over age 65 years have hearing loss and 40–50% of peo
ple aged 75 years and older have a hearing loss. About two to 
three out of every 1000 children in the United States are born 
deaf or hard‐of‐hearing. Ten million Americans have suffered 
irreversible noise‐induced hearing loss, and 30 million more 
are exposed to dangerous noise levels each day. Hearing loss 
can be hereditary, or it can result from disease, trauma, or 
long‐term exposure to damaging noise or medications.

10.4.1 Congenital loss of hearing

Impairment of hearing at birth is due to genetic and nonge
netic causes. Genetic abnormalities likely lead to developmen
tal defects of any part of the external, middle, or internal ear. 
Teratogens or acquired intrauterine “insults” such as prenatal 
or perinatal maternal viral infections are examples of non
genetic abnormalities. In any event, whether congenital or 
acquired, the result is often impairment of hearing. Congenital 
loss of hearing is either conductive or sensorineural.

Congenital conductive loss of hearing

Congenital conductive loss of hearing, also called obstruc
tive or transmissive loss, indicates a loss of air conduction 
in the external or middle ear. Absence or pathological 
closure of the external meatus, called external meatus atre
sia, often exists alone or combined with abnormalities in the 
middle ear, such as fused, deformed, or absent auditory 
ossicles. Other defects involving the ossicles, muscles, win
dows, and vascular structures in the middle ear may cause 
congenital conductive loss of hearing. The treatment of 
conductive hearing loss depends on the cause. A bacterial 
infection of the middle ear is treatable with antibiotics and 
it is often possible to remove blockages of the external and 
middle ears. If damage occurs to the tympanic membrane, it 
can often be surgically repaired. If damage occurs to the 
auditory ossicles by otosclerosis, they are replaceable with 
artificial bones.

Congenital sensorineural loss of hearing

Congenital sensorineural hearing loss is either sensory 
(caused by injury of cochlear hair cells), neural (because of 
abnormalities of the cochlear nerve or nuclei, or of central 
auditory paths), or both. Cochlear nerves may be absent, 
atrophic, or compressed by blood vessels; the cochlea may 
have fewer turns than normal, its modiolus may be hypo
plastic, or the spiral organ may be underdeveloped. Sensory 
hair cell loss or atrophy is a likely cause of sensorineural 
hearing loss, as are abnormalities of the stria vascularis or 
vestibular membrane. The most common cause of severe to 
profound sensorineural deafness is cochleosaccular aplasia. 
Structural changes are usually confined to the cochlea and 
saccule, with atrophy of the stria vascularis (causing impaired 
production of endolymph), degeneration of the spiral organ, 
and retraction or rolling up of the tectorial membrane. The 
maculae sacculi and otoconia are usually degenerated, with 
collapse of the saccular wall. Neural and spiral ganglionic 
atrophy occurs, secondary to loss of cochlear hair cells and 
supporting cells. Some causes of sensorineural hearing loss 
are treatable. For example, an acoustic neuroma that 
impinges on the cochlear part of the vestibulocochlear nerve 
[VIII] is often removable. Hearing aids may be useful in 
improving the hearing and speech comprehension of people 
with sensorineural hearing loss.

10.4.2 Decoupling of stereocilia

Since stereocilia of outer hair cells are firmly in contact with the 
tectorial membrane, any abnormalities of stereocilia, including 
stiffness, are likely to lead to a disruption or decoupling of 
cochlear hair cells from the tectorial membrane. Decoupling 
probably leads to decreased transmission of auditory signals, 
causing loss of auditory sensitivity, recruitment (an exclusive 
sign of sensory hair cell dysfunction), poor speech discrimi
nation, and tinnitus – a common complaint associated with 
cochlear disorders.
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10.4.3 Tinnitus

According to the National Institute on Deafness and Other 
Communication Disorders (NIDCD), approximately 25 million 
Americans have experienced tinnitus, the conscious per
ception of sounds that appear to originate inside the head. 
Of these, at least one million experience it so severely that 
it interferes with their daily activities. Tinnitus affects 
almost 12% of men who are 65–74 years of age. Noises 
(ringing, buzzing, roaring, or whistling), tones (especially 
high‐pitched tones), or tones superimposed on noises are 
examples of tinnitus. Such sounds are likely to be steady or 
pulsating, change daily in quality, yet are severe and debili
tating in 20% of those afflicted (6.4% of the adult population). 
Usually the loudness is small (less than 10 dB SL), but some 
report tinnitus as loud as a jet aircraft taking off. Efforts to 
measure the loudness of tinnitus by a nontraditional method 
have equated it with a sound as loud as a freight train 
passing 30.5 m away. The debilitating nature of tinnitus is 
probably the result of its constant and unremitting presence, 
not its loudness. The mechanism underlying the constant 
and unremitting nature of tinnitus may be analogous to that 
underlying chronic pain.

Although tinnitus is usually a symptom accompanying 
loss of hearing (in about 75% of those who are deaf), in a study 
of 200 patients with tinnitus 30% had normal hearing. Partial 
decoupling of cochlear hair cells from the tectorial membrane 
probably increases the noise level at the sensory hair cell, 
giving rise to tinnitus of cochlear origin. Since individual 
cochlear hair cells are “tuned” according to their position on 
the spiral membrane, the nature of the perceived noise in tin
nitus of cochlear origin derives from the location and extent of 
the decoupled stereocilia. With decoupling of hair cells in 
the apical cochlea, a “roaring” tinnitus is often experienced. 
Other sites of decoupling lead to a “hissing” or perhaps a 
“whooshing” sensation, particularly when speech frequencies 
are involved and speech frequency is affected. Vascular com
pression of the cochlear nerve may also lead to tinnitus.

10.4.4 Noise‐induced loss of hearing

Temporary or permanent loss of hearing for high tones, com
mon in patients with infections of the middle ear, is probably 
the result of injury to hair cells of the lower basal cochlear turn. 
In about one‐third of individuals with injuries to the head, 
there is loss of hearing. Such loss can result from excessive 
pressure waves that travel along bones of the skull to the inter
nal ear fluids causing injury to the delicate cochlear hair cells.

10.4.5 Aging and the loss of hearing

With aging, parts of the human internal ear may degenerate, 
leading to a loss of outer and inner hair cells, and loss of 
nerve fibers, especially in the basal coil of the cochlea. Aging 
may also lead to fused or modified stereocilia of cochlear hair 

cells, and accumulations of pigment in the upper part of 
supporting cells in the spiral organ and in cells of the stria 
vascularis. As degeneration continues, a gradual and progres
sive impairment of hearing is likely to follow. The pattern of 
degeneration in this case differs from that in the basal coch
lear turn in those exposed to industrial noise or gunfire. In 
those over 50 years of age, there is a decrease in the number 
of spiral ganglionic neurons and a decrease in the volume of 
ventral cochlear nuclei. There is often no cure for age‐related 
hearing loss. In such cases, a hearing aid for one or both ears 
may prove helpful. Many different types of hearing aids are 
available.

10.4.6 Unilateral loss of hearing

The auditory path in the brain stem is bilateral, interconnected 
by way of fibers of the trapezoid body and the commissure of 
the inferior colliculus. Unilateral brain stem injury, involving 
one lateral lemniscus, is not often clinically detectable. 
Peripheral injury in the cochlea, spiral ganglion, or cochlear 
nerve may lead to unilateral loss of hearing.

10.4.7 Injury to the inferior colliculi

Selective impairment of hearing caused by injury to both 
inferior colliculi, although rarely reported, is often due to a 
cyst of the inferior colliculi or to a large pinealoma com
pressing both inferior colliculi (without involvement of the 
superior colliculi). A junior medical student complained of 
difficulty understanding speech, although he heard speech 
sounds. With conventional audiometry, his hearing was 
within normal limits. Psychiatric referral and treatment for 
“an anxiety neurosis, agitated depression, and typical medi
cal student hypochondriasis” was unsuccessful. Subsequent 
Békésy audiometer and speech tests revealed a possible 
bilateral auditory injury. Re‐examination revealed a massive 
pinealoma compressing the inferior colliculi.

10.4.8 Unilateral injury to the medial 
geniculate body or auditory cortex

Destruction of only one human medial geniculate body leads 
to no appreciable loss of hearing, although there is slight loss 
of acuity in the auditory field on the opposite side. Unilateral 
injury to the human auditory cortex possibly leads to a loss of 
ability to localize sources of sounds in the contralateral ear, 
including the direction of the sound and estimation of its 
distance. Routine tests with tuning forks, conventional audi
ometry of pure tones, and discrimination tests of undistorted 
speech are incapable of detecting subtle auditory deficits 
accompanied by patterns of oral speech and marked by an 
excessive rate of production with normal rhythm and melody.

Effects of unilateral injury to the temporal lobe, involving 
the primary auditory cortex, are subtle and not demonstrable 
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by routine audiometric methods. No effect on audiograms 
for pure tones is evident, and the intelligibility of signals of 
undistorted speech is usually good. With distortion of the 
verbal signal, however, there is a relative deficit in the ear 
contralateral to the injury.

10.4.9 Bilateral injury to the primary 
auditory cortex

Although rare, bilateral injuries of the primary auditory 
cortex in humans result in a sudden onset of severe to total 
deafness, with some partial recovery, and a residual fre
quency‐dependent loss of hearing at middle or high frequen
cies. Although such patients likely have substantial loss of 
hearing by routine audiogram examination, they are able to 
hear environmental sounds of low frequencies. Bilateral inju
ries profoundly impair the ability to understand speech, 
including single words or sentences. The size and depth of 
the injury determine the magnitude of the loss in humans. 
A patient suffered, on separate occasions, injury to the primary 
auditory cortex in both hemispheres. The second cerebral 
injury occurred as the patient slept. When he awoke, he was 
immediately aware that the world about him was strangely 
silent. He awoke 30 min after his alarm clock should have 
started ringing. He had not heard the alarm clock, or the 
sound of his electric razor, running water, or traffic on the 
street. He heard nothing when others spoke to him.

10.4.10 Auditory seizures – audenes

During auditory seizures that involve the auditory cortex, 
patients likely experience audenes, including buzzing or 
drumming sounds that are similar to the simple sounds 
caused by cortical stimulation. These simple sounds are rec
ognizable in the contralateral ear.

10.5 COCHLeAr IMPLANtS
Many devices are available to help improve the hearing of 
those with sensorineural loss of hearing. These include 
hearing aids and cochlear implants. Approximately 324 200 
cochlear implants are in use worldwide, and in the United 
States about 58 000 devices are in use in adults and 38 000 in 
children (based on devices registered to the US Food and 
Drug Administration as of December 2012). These implants 
consist of single or multiple stimulating electrodes placed at 
various points along the auditory path, such as in the coch
lear window, scala tympani, and lateral wall of the first and 
second turns of the cochlea, directly into the cochlear nerve 
or into the cochlear nuclei. Another approach involves 
implanting electrodes in the primary auditory cortex; the 
primary advantage of this latter method is its application to 
patients who have suffered injury to the cochlea, cochlear 
nerve, or even brain stem auditory paths, provided that the 
primary auditory cortex remained uninjured.

Usually these devices are very useful used in combination 
with lip‐reading and have allowed those with impaired 
hearing to react to auditory stimuli in the environment. The 
sounds heard tend to be of a buzzing or electronic nature 
(similar to the audenes described in this paragraph). Such 
devices are likely to help a patient to monitor the intensity of 
their own voice and make appropriate adjustments in speak
ing that may make conversation easier. Currently the effi
ciency of cochlear prostheses for restoring useful auditory 
perception of speech and enhancing speech communica
tion is low. In the best of circumstances, some individuals 
are able to achieve not only sound awareness but also good 
speech comprehension such that they are able to converse on 
the telephone. Cochlear implants can be particularly valua
ble for hearing‐impaired children when implanted around 
the time when language skills are developing fastest (age 2–3 
years) or during a sensitive period of 3.5 years in early child
hood when the central auditory system is highly plastic.

10.6 AUDItOrY BrAIN SteM IMPLANtS
Hearing loss may result from bilateral surgical removal of 
both cochlear nerves due to acoustic neuromas, bilateral 
acoustic neuroma growth that impinges on both cochlear 
nerves, trauma to both nerves, or atresia of the internal 
auditory meatus on both sides. Such patients cannot benefit 
from cochlear implants. One option is an auditory brain 
stem implant that uses a multichannel design and an array 
of electrodes placed over the surface of the dorsal and ven
tral cochlear nuclei in the lateral recess of the fourth ventricle. 
The success of this method depends on the underlying 
pathological conditions.

The auditory midbrain implant provides stimulation to 
the human inferior colliculus. This recently developed 
prosthesis is also suitable for those who cannot benefit from 
cochlear implants and who have bilateral injuries to their 
cochlear nerves.
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… the whole vestibular system is a physiologic unit that finds itself in constant 
activity, and according to its functional state the afferent impulses set up reflexes 
of determined pattern, because they find open only a limited number of the 
extremely numerous anatomic paths.

R. Lorente de Nó (1902–1990)
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C H A P t e r  1 1

The Vestibular System

The vestibular nerve, one of two parts of the vestibulocochlear 
nerve [VIII], carries impulses related to vestibular sensation 
that serves to maintain our body, head, and eye position, and 
helps us appreciate our sense of awareness of the position 
(verticality) or movement of the body (self‐motion) caused by 
the effects of gravity, acceleration, and deceleration (equilib
rium and orientation). The descending or efferent component 
of the vestibular nerve influences skeletal muscles and 
regulates posture and ocular movements.

11.1 GrOSS ANAtOMY

11.1.1 Internal ear

Bony labyrinth

Information on the external and middle ear is provided in 
Chapter  10 (see Fig.  10.1). The internal ear (Fig.  11.1) is a 
continuous series of fluid‐filled cavities, the bony labyrinth, 

in the petrous part of the temporal bone. These cavities have 
a thin periosteal lining with a delicate epithelioid layer and 
contain perilymph, a fluid that resembles extracellular fluid 
with a high concentration of protein. Perilymph is continu
ous between the vestibular and auditory parts of the internal 
ear. The bony labyrinth (Fig. 11.1) is composed of an audi
tory part, the cochlea, a vestibular part formed by three 
semicircular canals (anterior, posterior, and lateral), and a 
vestibule. The vestibule is about 4 mm in diameter and 
receives the ends of the semicircular canals. Each canal forms 
about two‐thirds of a circle and each is at right‐angles to the 
other two, an arrangement resembling the three adjoining 
sides at each corner of a cube. On average, semicircular 
canals are about 1 mm in diameter, but expand on one end to 
about twice its size as a bony ampulla.

Membranous labyrinth

In the bony labyrinth is a continuous series of epithelial 
spaces and tubes, collectively called the membranous 
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labyrinth (Fig.  11.2), filled with a fluid called endolymph. 
Endolymph has a large DC potential (relative to perilymph) 
and a low concentration of proteins and sodium but is high 
in potassium. Polysaccharides dissolved in the endolymph 
give it a higher viscosity than water – a matter of functional 
significance. Endolymph in the cochlear duct (an auditory 
structure) is continuous with endolymph in the membranous 
vestibular labyrinth. The semicircular ducts (anterior, poste
rior, lateral) are membranous parts inside the bony semicir
cular canals (Fig. 11.2). Each semicircular duct has the same 
arrangement and name as the corresponding canal in which 
it lies. The average diameter of a semicircular duct is 0.23 mm.

Membranous ampullae and the ampullary crest

One end of each duct expands as a membranous ampulla, 
about 1.55 mm in height, 1.28 mm in width, and 1.94 mm in 

length. The ampullae are anterior, posterior, and lateral in 
name and position. Each has a saddle‐shaped ampullary 
crest (cristae ampullaris) (Fig.  11.2) that has non‐neuronal 
cells specialized for reception of vestibular stimuli.

Utricle, saccule, and their associated maculae

The utricle and saccule are connected parts of the mem
branous labyrinth in the bony vestibule (Fig.  11.2). The 
utricle in humans is ovoid, slightly flattened (Fig.  11.2) 
and measures 4.2 mm long and 6.5 mm in circumference; it 
communicates through five openings with the semicircu
lar ducts and with the saccule, which then communicates 
with the cochlear duct. The saccule in humans is smaller 
than the utricle, and ovoid (Fig. 11.2), measuring 2.6 mm in 
length, 2.2 mm in width and 5.4 mm at its greatest circum
ference. Each utricle and saccule has a thickened area, the 
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Figure 11.1 ● Vestibular components of the 
membranous labyrinth (semicircular ducts, utricle, and 
saccule) showing the location of the specialized sensory 
vestibular neuroepithelium (ampullary crests and 
maculae). A section is made of each of the maculae and 
of one crest. Figure 11.3 illustrates details of the macular 
crest. (Source: Adapted from Sobotta, 1957, and Gardner, 
Gray, and O’Rahilly, 1975.)
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of the semicircular canals, vestibule, and cochlea. Figure 11.3 
illustrates details of the membranous labyrinth.
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macula (Fig. 11.2), that has non‐neuronal cells specialized 
for the reception of vestibular stimuli. The utricular macula 
(Fig.  11.2) is anterolateral with the largest collection of 
 vestibular receptors and a surface area approximately 
twice the saccular macula. The utricular macula (Fig. 11.2) 
is 2.3 mm long and 2.1 mm wide; the saccular macula is 
2.2 mm long and 1.2 mm wide.

11.2 tHe ASCeNDING VeStIBULAr PAtH

11.2.1 Modalities and receptors

Vestibular receptors (see Fig.  11.6) innervate the vesti
bular nerve – the proprioceptive part of the vestibulococh
lear nerve [VIII] that serves vestibular sensation. Human 
vestibular receptors can be stimulated without involving 
proprioceptors in muscles, tendons, and joints or in visual 
receptors. Hence it is difficult to evaluate the role of ves
tibular receptors independent of these nonvestibular 
receptors. Other than vertigo (the abnormal sensation of 
motion of one’s self or of external objects often described 
as “dizziness”), there is no easily definable, discrete 
 vestibular sensation. Instead, it appears that vestibular 
stimuli integrate with visual and somatosensory modali
ties. In the process of this integration, vestibular stimuli 
seem to lose their original, pure character. Overlap of 
vestibular and visual sensations with other somatosensory 
modalities often allows each to compensate for a deficiency 
in the other.

The vestibular epithelium – vestibular hair cells 
and supporting cells

The vestibular epithelium, consisting of vestibular hair 
cells and supporting cells in the ampullary crests of each 
membranous ampulla and in both macula (Fig. 11.3), rests 
on subepithelial tissue containing afferent nerves (Fig. 11.3) 
and blood vessels. At the apex of each vestibular hair cell 
are sensory hairs (Fig. 11.3) consisting of many stereocilia 
and one kinocilium (Fig. 11.4). At their base, the supporting 
cells enclose nerves; at the epithelial surface, they surround 
the vestibular hair cells. Vestibular supporting cells have 
microvilli on their surface. Structural and functional differ
ences exist between the vestibular epithelium of the cristae 
and maculae. Vestibular hair cells in the cristae and maculae 
consist of two cell types. Type I vestibular hair cells (with 
chalice‐like synapses) are goblet shaped with a narrow neck 
and a round base that has a neurite surrounding it in a 
cup‐like manner (Fig. 11.4). Type II vestibular hair cells (with 
disseminated synapses) are cylindrical and innervated by 
several afferent and efferent fibers (Fig. 11.4). In addition to 
these two types of vestibular hair cells, the cristae and the 
maculae also have various supporting cells. The saccular 
macula in humans has about 18 800 vestibular hair cells and 
the utricular macula about 33 100. Each crista has about 
7600 cells.

Age‐related changes in vestibular hair cells

With aging, there are structural changes manifested as a 
reduction in vestibular function. Disequilibrium of aging 
(appearing after age 55 years) may be due to vestibular 
degeneration. Quantitative analyses in humans of hair cells 
in the vestibular epithelia show a reduction in hair cell 
number in those over 40 years of age, accompanied by a 
simultaneous reduction in the number and quality of vestib
ular axons. The decrease in vestibular hair cells seemed to 
precede that for neurons in these subjects. A clear reduction 
in the diameter of vestibular fibers also takes place in the 
elderly. A 40% reduction in number of vestibular hair cells in 
the cristae occurs in those over 70 years of age. A moderate 
but significant reduction (21%) of vestibular hair cell popula
tion in the macula of the utricle takes place in those between 
ages 70 and 95 years; in the macula of the saccule, the degree 
of this degeneration is about 24%. Large inclusions, identical 
with the appearance of lysosomes and lipofuscin granules, 
are in the vestibular epithelia of the elderly. Loss or derange
ment, increased fragility, or clumping of stereocilia and 
the formation of giant stereocilia also occur in the elderly. 
Age‐related extracellular inclusions may be present under 
the basement membrane of entering nerves.

Cupula and the cristae

The apices of vestibular hair cells in the cristae contain one 
kinocilium and 50–110 stiff stereocilia (Fig.  11.4) projecting 
into a gelatinous substance termed the cupula (Fig. 11.3C). 
The domed cupula blocks the lumen of the semicircular duct. 
Each duct, plus the cavity of the utricle related to it, forms a 
circle (Fig.  11.5). With rotation of the head, the semirigid 
endolymph in the semicircular ducts (Fig.  11.5) remains 
stationary, providing resistance against which the cupula 
and stereocilia projecting into it are deflected. The deflection 
of the cupula (Fig.  11.5) is in the opposite direction to the 
initial rotation of the head. Bending of stereocilia, caused 
by shearing motion of the cupula across their tips, excites 
vestibular hair cells and activates peripheral vestibular fibers 
innervating the hair cells. Ampullary receptors are sensitive 
to angular acceleration occurring with circular motion; their 
primary role, however, is to detect rotation of the head. Since 
each of the canals, ducts, and membranous ampullae is in a 
different plane, movement of the head in any plane stimu
lates receptors on one, two, or all three cristae.

Statoconia of the maculae

A statoconial membrane (Fig. 11.3A and B) covers stereocilia 
of vestibular hair cells in the maculae of the saccule and 
utricle. Stereocilia loosely attach to this membrane. The 
statoconial membrane consists of mucopolysaccharides, 
has the consistency of fine, packed sand, and is covered by a 
separate ridge or crystalline layer made up of statoconia 
(Fig. 11.3A and B). This membrane appears to make contact 
with the free surfaces of vestibular supporting cells. Statoconia 
are made of calcite or calcium carbonate, crystallized in 
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trigonal form. Calcite differs from bones and teeth, which 
are made of a complex calcium phosphate compound, 
hydroxyapatite. A crystalline ridge of statoconia covers that 
area of the vestibular epithelium having the greatest 
concentration of cells with chalice‐like synapses. Decreased 
production and loss of statoconia take place with age.

Statoconia in humans are cylindrical with pointed ends, 
and are 3–19 µm in length. Delicate strands of organic 
substance interconnect them. Those in the saccular macula 
are uniform in size and often twice as large as statoconia of 
the utricular macula. Statoconial surfaces have fine serra
tions, often displaying shallow furrows. Saccular statoconial 

destruction increases with age; the number of utricular 
statoconia often decreases drastically. Remaining utricular 
statoconia usually show no sign of degeneration. Thickening 
of statoconial membranes is part of the aging process.

Statoconia are dense (2.95 g cm–3 or about three times 
the density of water) and responsive to linear acceleration, 
including the effect of gravity, tilting of the head, and 
 perhaps also vibration. There are probably differences in 
response and, therefore, in function of statoconia in both 
maculae. Because of the loose attachment of the stereocilia 
of vestibular hair cells in the maculae to the statoconial 
membrane, motion of the head and maculae in a particular 
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Figure 11.3 ● Sections of the specialized vestibular neuroepithelium at three different locations of the membranous labyrinth (for orientation, see Fig. 11.2.) 
(A) The structural organization of the macula utriculi and (B) that of the macula sacculi. (Source: Adapted from Lindeman, 1973.) (C) Drawing of the crista ampullaris 
containing specialized vestibular hair cells. (Source: Adapted from Wersäll, 1972.) Figure 11.4 illustrates details of the vestibular hair cells.
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direction causes bending of the stereocilia in the opposite 
direction, thereby stimulating or inhibiting them. Move ment 
of the head and macula in one direction with bending of 
stereocilia in the other is analogous to the backward move
ment of bristles on a brush as the body of the brush moves 
forward. In this example the “brush” (vestibular hair cell) is 
upside down, with its bristles (stereocilia) projecting into the 
statoconial membrane (or into the cupula for ampullary 
receptors). With the head erect, the saccular macula is verti
cal and that of the utricle is horizontal. With these different 
orientations, the maculae probably serve a dual role, moni
toring static position or acceleration of the head.

Positional and functional polarization of vestibular 
hair cells

Positional polarization of vestibular hair cells refers to the 
eccentric position of the kinocilium on the vestibular hair 
cells. Its position in relation to the stereocilia determines 
the direction of polarization. Functional polarization refers 
to directional sensitivity of the sensory cells. Displacement 
of stereocilia in one direction yields an increase in discharge 
rate in vestibular nerve fibers (an excitatory effect). Displace
ment in the opposite direction has an inhibitory effect as 
the result of a decrease in discharge rate in fibers of the 
vestibular nerve. By determining the stereocilia–kinocilium 
relationship (positional polarization), the directional sensi
tivity (functional polarization) of the vestibular hair cells is 
inferred. Maculae in humans differ fundamentally in polari
zation pattern. Stimulation of sensory hairs on the vestibular 
hair cells in the maculae or ampullae causes current flow in 
the hair cells from terminal to basal surfaces, which then 
depolarizes receptors and leads to the release of a neuro
transmitter at the synapse between the hair cell and its 
afferent terminal. Movement of the sensory hairs is likely to 
result in increased neurotransmitter release; movement of 
the same hairs in the opposite direction causes decreased 
neurotransmitter release.

11.2.2 Primary neurons

Primary neurons in the vestibular system are bipolar neurons 
with their cell bodies in the vestibular ganglion (Fig. 11.6). 
These bipolar neurons in humans are ovoid and vary from 
15 to 37 µm in diameter. Each ganglion, located inferolaterally 
in the internal acoustic meatus, has two groups of neurons 
interconnected by a narrow isthmus and collected in a larger 
superior part and a smaller inferior part. Around 18 000+ 
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Figure 11.4 ● Two types of vestibular hair cells: 
type I cells with chalice‐like synapses and type II cells 
with disseminated synapses. Fine efferent terminals 
end at the base of both types of cells. (Source: 
Adapted from Wersäll, 1972, and Wersäll and 
Bagger‐Sjöbäck, 1974.)
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Figure 11.5 ● Each semicircular duct forms a full circle when the cavity of the 
utricle is included with it. When the head rotates in a clockwise direction in the 
plane of the page, the endolymph in the duct, with the consistency of a semirigid 
gel, remains stationary, providing resistance against which the cupula and the 
stereocilia protruding into it must move or be deflected. Because of this resistance, 
the cupula and the stereocilia protruding into it moves in the opposite direction 
from the initial rotation of the head. (Source: Adapted from Roberts, 1976.)
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neurons occupy each ganglion, with a corresponding number 
of fibers both central and peripheral to it.

Efferent fibers to the vestibular epithelium

Efferent fibers to the vestibular epithelium, although few in 
number, have collaterals that form a network at the base of 
the receptors. There are probably adrenergic, autonomic 
fibers innervating the vestibular epithelium.

Peripheral processes of primary neurons

Peripheral processes of these primary neurons form two 
divisions of the vestibular nerve, with many branches 
supplying vestibular hair cells in the cristae and maculae. 

A  superior division, arising from the superior part of the 
ganglion, supplies vestibular hair cells in the utricular macula, 
a small part of the saccular macula, and the cristae of the 
anterior and lateral semicircular ducts. An inferior division, 
arising from the inferior part of the ganglion, innervates 
vestibular hair cells in the main part of the saccular macula 
and on the crista of the posterior semicircular duct. 
Depending on the location of an electrode and length of 
stimulus, direct electrical stimulation of the inferior division 
to the saccule causes subjective or objective brief turning of 
the head (with short stimuli of 100 ms) or subjective or 
objective tilt of the body (using longer stimuli beyond 0.5 s). 
The vestibular nerve lies next to the facial nerve [VII] in the 
internal acoustic meatus.
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Figure 11.6 ● Path for vestibular impulses from 
receptors in the peripheral vestibular apparatus to the 
primary vestibular cortex of the parietal lobe. This path is 
presumably bilateral as there is never any direction of 
movement of the head that does not stimulate both sets 
of vestibular receptors. The thalamic termination of this 
path includes the oral part of the ventral posterior lateral 
nucleus (VPLo), caudal part of the ventral lateral nucleus 
(VLc), and dorsal part of the ventral posterior inferior 
nucleus (VPId). Some authors include VPI in the borders of 
the ventral posterior lateral nucleus (VPL) of the dorsal 
thalamus. Not shown are the few primary fibers that 
reach the cerebellum.
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Acoustic neuromas

Neurilemmal cells of the vestibular nerve or abnormal cells 
in the vestibular ganglion often give rise to acoustic neuromas, 
a common intracranial tumor. Such tumors often arise in the 
inferior division of the nerve and then assume a peripheral 
position as they grow. Because of the position in the internal 
acoustic meatus of the vestibular and cochlear roots of the 
nerve, the initial symptom of an acoustic neuroma is unilat
eral loss of hearing, gradual in onset for tones above l kHz. 
A unilateral deafness usually results within 2 years. Most 
patients, however, are unaware of the significance of their 
initial symptoms and fail to seek immediate attention. There 
is often a delay of 1 year or longer from the onset of symp
toms until a diagnosis is established.

In addition to involvement of the cochlear nerve, acoustic 
neuromas often impinge on the trigeminal nerve [V] at the 
pons, causing an abnormal corneal reflex on the side of the 
tumor, or numbness of the face. Less often, the facial nerve 
[VII] is involved, with weakness of facial muscles, numbness 
of the tongue, or a change in taste sensation. In a series of 205 
patients with acoustic neuromas, 15.1% (31) had ipsilateral 
symptoms of trigeminal neuralgia because of the effects of 
the tumor on the trigeminal nerve [V]. Rarely, trigeminal 
neuralgia is a symptom of a contralateral acoustic neuroma. 
In these cases, there is often compression, distortion, and 
rotation of the brain stem, causing a vessel to impinge con
tralaterally on the trigeminal nerve or causing stretch on the 
contralateral trigeminal nerve. These examples emphasize 
relations of the vestibulocochlear [VIII], facial [VII], and 
trigeminal [V] nerves with surrounding vessels.

Peripheral vestibular fibers

Peripheral vestibular fibers may be thick or thin, myelinated 
or nonmyelinated, each with a characteristic discharge. Thin 
fibers supply cylindrical vestibular hair cells with dissemi
nated synapses, are tonic receptors, and have regular‐spaced 
action potentials. Thick vestibular fibers supply the type I 
vestibular hair cells with chalice‐like synapses, are more 
phasic in behavior, and have irregular‐spaced action poten
tials. These thick fibers are more sensitive to stimuli during 
movements of the head. In either case, whether thick or thin, 
vestibular fibers have a resting discharge that provides a 
constant tonic input to the central nervous system. Input 
from each labyrinth provides a source of excitation to second
ary vestibular neurons.

Number of vestibular nerve fibers and their 
changes with age

Peripheral to the vestibular ganglion, the total number of 
myelinated fibers (between 1 day and 35 years of age) aver
ages 18 346, with two‐thirds in the superior division and 
one‐third in the inferior division. The number of myelinated 
fibers approximated the number of neurons in each vesti
bular ganglion (18 439). The numbers of myelinated fibers 
in an older group (ages 75–85 years) averaged 11 506. There is 

a quantitative reduction (averaging some 37%) in vestibular 
fibers with age. A noticeable decrease in vestibular gangli
onic cells, beginning at about 40 years of age, is in keeping 
with a moderate but significant reduction in vestibular hair 
cell population in the maculae found in those between ages 
70 and 95 years.

Central processes of primary neurons

Central processes of primary vestibular neurons form the 
vestibular nerve (Fig. 11.6). Fibers from the superior part of 
the vestibular ganglion take up approximately two‐thirds of 
the vestibular nerve and those from the inferior part form the 
remaining one‐third. Fibers from both parts of the ganglion 
have a precise arrangement in the vestibular nerve according 
to their peripheral distribution to the cristae and maculae. 
Fibers from the superior part are rostrolateral in the vestib
ular nerve with those innervating the cristae of the anterior 
(anterior ampullary nerve) and lateral (lateral ampullary 
nerve) canals being rostral to those to the macula of the utri
cle (utricular nerve). Fibers from the inferior part are caudo
medial in the vestibular nerve with those innervating the 
crista of the posterior canal (posterior ampullary nerve) 
being rostral to those from the macula of the saccule (saccular 
nerve).

Although a few central processes of primary vestibular 
neurons are primary vestibulocerebellar fibers reaching parts 
of the cerebellum and concerned with equilibrium, most 
project to the vestibular nuclei (secondary vestibular gray) 
medial to the inferior cerebellar peduncle at medullary and 
pontine levels (Fig.  11.6). The vestibular nuclei form a 
surface feature on the floor of the fourth ventricle called 
the vestibular area.

11.2.3 Secondary neurons

Secondary neurons in the vestibular path are the superior, 
inferior, medial, or lateral vestibular nuclei (Fig.  11.6). 
In humans, the vestibular nuclei, containing about 200 000 
neurons, have a collective volume of 177 mm3, with indi
vidual volumes of 22.4 mm3 (lateral), 45.9 mm3 (inferior), 
and 72.8 mm3 (medial). The inferior vestibular nucleus is 
only in the medulla oblongata and the medial vestibular 
nucleus in the pons and medulla oblongata, whereas the 
superior and lateral vestibular nuclei are only in the pons.

Superior vestibular nucleus

The presence in it of vertical bundles of myelinated cere
bellovestibular fibers clearly distinguishes the superior 
vestibular nucleus. Caudally it extends from inferior to the 
rostral pole of the trigeminal pontine nucleus in the middle 
pons to the rostral third of the abducent nucleus, where it 
overlaps the rostral pole of the medial vestibular nucleus. 
The rostrocaudal extent of the superior nucleus (~4 mm) is 
exclusively at pontine levels; it is ventromedial to the supe
rior cerebellar peduncle and the trigeminal mesencephalic 
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nucleus and dorsal to the trigeminal pontine and motor 
nuclei in the dorsolateral corner of the pontine tegmentum.

Medial vestibular nucleus

The medial vestibular nucleus in humans is the longest and 
most voluminous and cellular of the vestibular nuclei, meas
uring about 9 mm in length and extending from the lower 
one‐third of the pons into the medulla. Its rostral pole, at the 
caudal tip of the abducent nucleus, overlaps the caudal end 
of the superior vestibular nucleus. The caudal extent of the 
medial vestibular nucleus, in the upper medulla oblongata, 
is about 1 mm caudal to the rostral tip of the hypoglossal 
nucleus. Throughout its extent, the medial vestibular nucleus 
is beneath the widest part of the floor of the fourth ventricle. 
In cross‐section, it is a triangular, densely packed collection 
of neurons (more so than the other vestibular nuclei), with 
bundles of presumed cerebellovestibular fibers running in it.

Unilateral injuries (nondestructive but irritative) of the 
medial nucleus may cause a horizontal nystagmus  –  an 
involuntary, rhythmic, side‐to‐side movement of the eyes, 
with a clearly defined fast and slow phase. There may also 
be an inability to coordinate voluntary movements while walk
ing or standing, causing postural abnormalities, falling, or 
rotating to the side of the injury, a condition called vestibular 
ataxia. Lastly, a variable and perhaps transient diminution of 
deep reflexes, grasping responses, and righting reflexes may 
be present.

Lateral vestibular nucleus

The lateral vestibular nucleus is primarily at pontine levels, 
near the caudal pole of the trigeminal motor nucleus and 
contiguous with the caudal part of the superior vestibular 
nucleus. Caudally it extends about 4 mm to the caudal pole 
of the facial nucleus, where it is bordered medially by the 
medial vestibular nucleus (especially at caudal levels) and 
laterally by the inferior cerebellar peduncle. Numerous 
descending fibers, presumably cerebellovestibular in nature, 
along with the presence of large neurons distinguish the 
lateral vestibular nucleus and divide it into medial and lateral 
parts. The medial part extends more rostrally than the lateral, 
is more cellular, and its place caudally is taken by the inferior 
vestibular nucleus.

Inferior vestibular nucleus

A close companion of the medial vestibular nucleus, except 
most rostrally, is the inferior vestibular nucleus. About 5 mm 
in length, its rostral boundary is in the lower one‐third of the 
pons at the caudal pole of the facial nucleus, where it is con
tinuous with the caudal pole of the lateral vestibular nucleus. 
Caudally, the inferior vestibular nucleus is at the rostral pole 
of the lateral cuneate nucleus. Throughout its course, except 
in its caudal extent, it is medial to the inferior cerebellar 
peduncle and lateral to the medial vestibular nucleus. 
Although the border between both nuclei is indistinct, a lower 
density of neurons and the presence of fibers among its cells 

easily differentiate the inferior vestibular nucleus from the 
medial. Vertical fibers among the neurons of the inferior 
vestibular neurons consist of descending branches of primary 
vestibular, vestibulospinal, and cerebellovestibular fibers.

Distribution of primary fibers to the vestibular nuclei

Primary fibers to the vestibular nuclei enter the brain stem 
between the inferior cerebellar peduncle and the trigeminal 
spinal tract. Although there is a distinctive pattern of distri
bution of primary fibers to the vestibular nuclei, and areas 
of common projection, there are regions in all four nuclei 
that fail to receive primary fibers. Primary fibers ascend, 
descend, or pass medially to the vestibular nuclei. Primary 
neurons in the vestibular ganglia, with peripheral processes 
supplying receptors in the cristae ampullares of the lateral 
and anterior semicircular canals, also yield central processes 
(primary fibers) that supply the rostral and lateral parts of 
the superior nucleus and the dorsal and lateral parts of 
the medial nucleus at, and above, entering vestibular fibers. 
Primary fibers, whose peripheral processes supply vestibu
lar receptors in the crista of the posterior semicircular canal, 
end in medial and caudal parts of the superior vestibular 
nucleus. Vestibular ganglionic cells, whose peripheral pro
cesses innervate the macula of the utricle, have central 
processes (primary fibers) that traverse and give collaterals 
to the ventral part of the lateral vestibular nucleus, then 
descend to give collaterals to the medial nucleus before 
ending in the inferior nucleus.

Central processes of secondary 
neurons – the vestibulothalamic path

Secondary neurons, projecting to the thalamus for relay 
to the cerebral cortex, provide the anatomical basis for the 
conscious perception of motion (including falls or losing 
balance) and orientation in space. Fibers from each lateral 
vestibular nucleus contribute to an ipsilateral, vestibulotha-
lamic path (Fig.  11.6); contralateral fibers originate in the 
superior vestibular nucleus. Electrophysiological evidence 
from studies in rhesus monkeys confirms the location of the 
vestibulothalamic path probably between the medial and 
lateral lemnisci (perhaps nearer the lateral) and suggests that 
this path is presumably bilateral in that there is never any 
direction of movement of the head that does not stimulate 
both sets of vestibular receptors (Fig. 11.6).

At inferior collicular levels of the human midbrain, 
 vestibular responses are identifiable between 5 and 12 mm 
from the median plane (corresponding to a narrow zone 
between the medial and lateral lemnisci). Some researchers 
contend that vestibulothalamic fibers do not form a com
pact bundle but spread out in the brain stem, forming a 
bilateral system of fibers. Another view emphasizes the 
presence of two brain stem paths: one ascends with or near 
the lateral lemniscus and the other is ventral in the brain 
stem. At the junction of the midbrain and diencephalon, the 
latter passes lateral to the red nucleus and dorsal to the 
subthalamic nucleus. A double ascending system is in 
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keeping with the presence of vestibular areas in both the 
parietal and temporal lobes.

11.2.4 Thalamic neurons

Data regarding thalamic neurons in humans that participate 
in vestibular processing are sparse (Lopez and Blanke, 2011). 
The ascending vestibulothalamic path of primates projects 
to various thalamic nuclei (Fig. 11.6), including bilaterally to 
neurons in the oral part of the ventral posterior lateral 
nucleus (VPLo), to neurons in the caudal part of the ventral 
lateral nucleus (VLc), and to neurons in the dorsal part of the 
ventral posterior inferior nucleus (VPId). Other vestibular 
relay nuclei include the posterior nuclei (PLi) and the 
magnocellular part of the medial geniculate nucleus (MGmc). 
VPI and PLi with projections to the posterior part of the 
postcentral gyrus of the parietal lobe at the base of the intra
parietal sulcus, corresponding to the parietal vestibular 
cortex or Brodmann’s area 2v, are probably involved in the 
conscious appreciation of vestibular sensation. Based on its 
projections to primary motor cortex (area 4), however, VPLo 
and its extension VLc in monkeys are likely involved in 
vestibular aspects of motor coordination.

The vestibular and somatosensory nuclei in the thalamus 
of rhesus monkeys have a topographical and functional 
relationship. This permits interaction in VPL of vestibular 
and somatosensory (especially proprioceptive) inputs. Visual 
input is also part of this multimodal and multisensory 
integration in the vestibular thalamic neurons. Studies in 
primates revealed that the vestibular nuclear projection to 
these thalamic neurons is a sparse but definite bilateral 
projection. These thalamic neurons are activated in the alert 
monkey by vestibular stimulation, including angular accelera
tion, rotation of an optokinetic cylinder, rotation of the visual 
surround, and rotation of the animal itself about a vertical axis 
(both to the ipsilateral and to the contralateral side) following 
appropriate proprioceptive stimuli. Discharge patterns of 
these thalamic neurons are unrelated to ocular movements.

Thalamic terminology is a challenge, especially when data 
used to discuss anatomical and physiological aspects of tha
lamic nuclei are from nonhuman primates and humans, where 
the terminologies often differ. The human ventral posterior 
lateral nucleus may be divisible into anterior (VPLa) and poste
rior (VPLp) subnuclei, in keeping with electrophysiological 
divisions of VPL in nonhuman primates that include oral 
(VPLo) and caudal (VPLc) parts. Some authors also include VPId 
as part of VPL. The posterior part of the ventral lateral nucleus 
(VLp), as used in the present account (see Table 14.1), corre
sponds to the ventral intermediate nucleus (Vim) as used in 
some schemes of human thalamic terminology (Hassler, 1982).

Stimulation of the human thalamus

Stimulation of the human thalamus in the superolateral part 
of the medial geniculate body and in the brachium of the 
inferior colliculus between 10 and 17 mm from the median 

plane causes vertigo and related phenomena including the 
feelings of clockwise or counter‐clockwise rotation, rising 
or falling, floating, whole body displacement, fainting, or 
nausea. Such responses occur from thalamic stimulation of 
the region anterior to that giving rise to auditory responses. 
Stimulation of VPI in conscious humans evokes vestibular 
perceptions such as being tilted, whirled, or falling, and 
sensations of vertigo and of body movements. Less discrimi
native aspects of vestibular sensation are likely to become 
conscious at the thalamic level in humans.

Data from various studies in humans suggest that the 
ascending vestibulothalamic tract is a bilateral path at brain 
stem levels between the medial and lateral lemnisci (perhaps 
nearer the lateral). These multimodal vestibular impulses, 
integrated at thalamic levels, ultimately reach various areas in 
the cerebral cortex where the various aspects of vestibular 
processing occurs before these impulses enter consciousness.

11.2.5 Cortical neurons

Anatomical and physiological studies in nonhuman primates 
have delineated a number of areas of the cerebral cortex that 
are involved in processing vestibular impulses. These include 
areas in the parietal and temporal lobes and also in the insula.

Parietal vestibular cortex

Caloric and galvanic vestibular stimulation and functional 
magnetic resonance imaging (fMRI) localize the parietal 
vestibular cortex of humans in the anterior part of the infe-
rior lip of the intraparietal sulcus (Figs 11.6 and 11.7), where 
it adjoins, and is continuous with, the posterior part of 
the postcentral gyrus, corresponding to Brodmann’s area 2. 
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Figure 11.7 ● Lateral surface of the human cerebral cortex. At the base of the 
intraparietal sulcus, on its inferior lip, is the primary vestibular cortex (diagonal 
lines). The temporal vestibular cortex and adjacent vestibular association area 
along the rostral part of the temporal operculum are illustrated.
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This parietal vestibular cortex in the superior parietal lobule 
is therefore designated area 2v to distinguish it from that 
part of area 2 related to the primary somatosensory cortex.

Conscious appreciation of body position in space and its 
changes cannot rely exclusively on vestibular stimuli because 
the head moves with respect to the remainder of the body. 
Vestibular, somatosensory, and visual inputs participate in 
the assessment of body position and motion. The presence of 
a vestibular cortical area (area 2v) in the parietal lobe is not 
surprising, as both visual and proprioceptive stimuli activate 
these vestibular neurons in the cerebral cortex. An apprecia
tion of the position and movement (kinesthesia) of joints 
reaches consciousness in the primary somatosensory cortex. 
These sensations (and perhaps also visual input) probably 
combine with vestibular impulses related to body position 
in space for the ultimate recognition and appreciation of 
the motion and orientation of body parts, that is, for the 
conscious awareness of body orientation.

Stimulation in the depth of the intraparietal sulcus in a 
patient with a brain tumor (meningioma) resulted in a 
detailed account of the perception of rolling in one direc
tion. Electrical stimulation in the vestibular cortex of the 
parietal lobe in humans may evoke a sense of rotating or 
body displacement while the world around the patient 
remains stationary; seizure discharge here often yields an 
epileptic aura of that type. In another patient, stimulation of 
the parieto‐occipital junction on the lateral surface of the 
cerebral hemisphere caused vertigo. Everything appeared 
to be moving in a clockwise direction. These sensations 
resembled those that accompanied her previous seizures. 
In another patient, a right parieto‐occipital tumor initially 
irritated the parietal vestibular cortex (area 2v), causing a 
sensation of spinning. At times, the patient saw himself 
upside down. As the tumor continued to grow, there was 
disorientation in space and inversion of body image. Vertigo, 
the abnormal perception of movement or orientation, is 
likely to be secondary to injury to (pathological dysfunc
tion) or stimulation of the parietal vestibular cortex.

There is integration of vestibular input with other sen
sory modalities (proprioceptive and visual) at cortical levels. 
Therefore, it is reasonable to conclude that spatial skills 
functionally related to the parietal lobe such as right–left 
discrimination, directional sense, and body image, among 
others, are to some extent dependent on vestibular input and 
vestibulo–visual–somatosensory integration, a characteristic 
feature of the vestibular cortical processing.

Temporal vestibular cortex

Vestibular sensations occur during temporal lobe stimula
tion in patients undergoing exploratory craniotomy for 
focal epilepsy. The temporal vestibular cortex (Fig. 11.7) in 
humans is on the superior temporal convolution along the 
rostral part of the temporal operculum. An expanding 
intracranial tumor that stimulated a vestibular area on the 
medial aspect of the temporal operculum and the insula led 
to dizziness in a patient. As the tumor grew and destroyed 

this region, these vestibular symptoms disappeared. Irritative 
injury to this temporal lobe region led to the subjective 
feeling of whirling or the patient is likely to rotate in a quiet 
environment or feel as though they are rotating. Whether of 
parietal or temporal lobe origin, vestibular sensation is a 
complex phenomenon requiring the correlation, integration, 
and association of many types of sensations from various 
cortical areas. Rich interplay and complex association of 
vestibular‐related information probably take place in that 
area of the temporal lobe adjacent to the temporal vestibular 
cortex. This area likely functions as a vestibular association 
area (Fig. 11.7).

Temporal–parietal junction

Using fMRI of galvanic vestibular stimulation, the area of 
the temporal‐parietal junction corresponding to the pari
eto‐insular vestibular cortex (PIVC) in several nonhuman 
primate species is identifiable as a vestibular cortical area in 
humans. This area, deep in the lateral sulcus and posterior to 
the insular cortex, is involved in the perception of verticality 
(our “uprightness”), which results from otolith input and the 
perception of self‐motion (orientation in space) that involves 
otolith and semicircular canal input.

Central sulcus

Another vestibular area in humans is located in the depth of 
the central sulcus between the precentral and postcentral 
gyri, where it lies near the arm field that corresponds to 
Brodmann’s area 3a. Because of its vestibular function, it is 
termed area 3aV.

Premotor area of the frontal lobe

Of much interest with regard to vestibular processing at 
the cortical level is the bilateral activation in the frontal 
premotor area during vestibular stimulation. This area likely 
corresponds to Brodmann’s area 6. This area interconnects 
with the temporal–parietal junction and the vestibular area 
in the central sulcus, suggesting that these areas are part of a 
functional vestibular circuit in the primate brain. Additional 
studies would be helpful in sorting out the relationship 
between these various vestibular cortical areas and their par
ticular roles in vestibular processing and their functional 
relationship with one another.

11.3 OtHer VeStIBULAr CONNeCtIONS
In addition to the ascending vestibulothalamic path (Fig. 11.6), 
the vestibular system has significant connections with other 
regions of the nervous system. Entering primary vestibular 
fibers that bypass the vestibular nuclei and end in the cere-
bellum (primary vestibulocerebellar fibers) are an example 
of such connections. Secondary neurons in the vestibular 
nuclei send fibers to the spinal cord, brain stem motor nuclei 
innervating the extraocular muscles, reticular formation, 
and contralateral vestibular nuclei. Elucidation of the 
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functions of the vestibular system requires consideration of 
its bilateral organization, including the bilateral labyrinths 
and their associated receptors with their particular orien
tation and arrangement, the bilateral vestibular nuclear 
complexes, and the variety of connections of these nuclei 
with diverse areas of the nervous system.

11.3.1 Primary vestibulocerebellar fibers

A few primary vestibular fibers ascend to traverse the supe
rior vestibular nucleus, and then enter the cerebellum in a 
small inner part of the inferior cerebellar peduncle termed the 
juxtarestiform body. All parts of the vestibular ganglion send 
axons to the cerebellar cortex in the ipsilateral vermis (par
ticularly to all parts of the nodulus, ventral folia of the uvula, 
and a few to the lingula). Another bundle of fibers, from gan
glionic neurons innervating cristae of the semicircular ducts 
and maculae of the saccule and utricle, reach regions of the 
cerebellar flocculus. A third group of fibers enters the cerebel
lum to project ipsilaterally to folia of lobules V and VI on both 
sides of the primary fissure. Fibers of the vestibular nerve to 
the flocculus are identifiable in the cerebellum of the human 
fetus. Those cerebellar regions that receive primary vestibu
locerebellar fibers are termed the “vestibulocerebellum.”

11.3.2 Vestibular nuclear projections 
to the spinal cord

Humans have a narrow base for standing and a high center 
of gravity. Although vision helps indicate falling and stretch 
reflexes act during normal sway, the vestibular system and 
its spinal projections complement them in locomotion and 
standing, to help maintain equilibrium. Through a series of 
complex righting movements, requiring the shifting of body 
parts, including the head and neck, the vestibular system 
coordinates and adjusts the tone of extensor muscles by 
direct influence on alpha motor neurons and by acting on 
the gamma loop. Therefore, smooth and appropriate muscle 
responses occur with maintenance of balance and posture. 
Indeed, stimulation of, or injury to, these vestibulospinal 
projections is likely to cause a postural imbalance that leads 
to an incoordination of movement, or vestibular ataxia. 
Irritative injuries of these projections often lead to an objec
tive tilting or falling in affected individuals.

Medial vestibulospinal tract

Fibers arising from the medial vestibular nucleus (Fig. 11.8) 
course medially, decussate, and descend in the medial longi
tudinal fasciculus (MLF). In the cervical cord, these fibers 
are medial to the ventral horn in the ventral funiculus, 
where they form the medial vestibulospinal tract (Fig. 11.8). 
Some uncrossed fibers in this tract are in the ipsilateral 
medial longitudinal fasciculus. The medial vestibulospinal 
tract influences muscles of the neck and upper limbs and 

does not descend below midthoracic levels. Because fibers of 
the medial vestibulospinal tract run in the ventral funiculus, 
this tract is also termed the ventral vestibulospinal tract. 
The medial vestibulospinal tract appears to function in rela
tion to vestibular reflexes involving the neck.

Lateral vestibulospinal tract

Neurons in the lateral part of the lateral vestibular nucleus 
(Fig.  11.8) make a substantial contribution to the lateral 
vestibulospinal tract (Fig. 11.8) by way of ipsilateral fibers 
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Figure 11.8 ● Vestibular projections to the spinal cord. On the left are 
ipsilateral fibers from the lateral vestibular nucleus that contribute to the 
formation of the lateral vestibulospinal tract. A somatotopic arrangement of 
these vestibulospinal projections from the lateral vestibular nucleus exists. 
From the left medial vestibular nucleus are the crossed medial vestibulospinal 
fibers that course through the ventral funiculus to end at middle cervical levels 
with a few fibers extending into the lowermost cervical cord. From the right 
medial vestibular nucleus is an ipsilateral group of fibers that also contribute 
to the lateral vestibulospinal tract. Most of these fibers end in the upper 
cervical region with a few fibers to the middle cervical cord.
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that descend below C7 to influence muscles of the trunk 
and lower limbs. Neurons in the medial part of the lateral 
vestibular nucleus supply upper cervical spinal cord seg
ments for muscles of the neck and upper limbs. Most end in 
the upper cervical region, but a few reach the middle cervical 
level. After injury to this path, the body, head, and chin may 
show deviations  –  the body to the opposite side and head 
and chin to the side of injury

Labyrinthine injuries

Patients with bilateral destruction of vestibular labyrinths 
initially show impaired posture and locomotion. After a 
period of compensation, posture and locomotion become 
normal if such patients utilize visual and proprioceptive 
inputs. Because of enhanced proprioceptive reflexes, there 
is an increase in tone in the extensor muscles of the legs with 
a characteristic forward and backward body sway in the 
upright position. Patients with unilateral labyrinthine 
injury often show increased tone in the extensor muscles in 
the contralateral leg. Unilateral injury leads to an imbalance 
between vestibular nuclei on both sides, with inhibition of 
the injured side and excitation of the other resulting from 
reduced contralateral inhibition by way of commissural 
internuclear fibers.

11.3.3 Vestibular nuclear projections 
to nuclei of the extraocular muscles

Intimate structural and functional relations exist between 
the vestibular nuclei and brain stem nuclei that innervate 
extraocular muscles. By means of the vestibular connections 
with these nuclei, and internuclear connections among the 
extraocular motor nuclei, the vestibular system influences 
ocular movements in all directions and maintains gaze in a 
given direction despite movements of the body and head.

Complete examination of the vestibular system must 
involve investigation of spontaneous or induced nystagmus 
(caused by vestibular stimulation through caloric, rotational, 
postural, galvanic, or optokinetic means). Details of the 
vestibular projections to the extraocular motor nuclei, certain 
vestibulo‐ocular reflexes, their internuclear connections, and 
their functional significance are provided in Chapter 13.

11.3.4 Vestibular nuclear projections 
to the reticular formation

The medial vestibular nucleus gives short ascending and 
descending fibers to various medullary nuclei directly or 
indirectly via the reticular formation. Such connections 
presumably explain the visceral symptoms that accompany 
vertigo, induced by external stimulation of the vestibular 
system, a condition called motion sickness with typical 
symptoms of pallor, cold sweating, nausea, and vomiting. 
Although the exact connections mediating such symptoms 

are unclear, they may involve several sets of connections. 
For example, they may involve direct projections to the 
ipsilateral dorsal vagal nucleus from the medial vestibular 
nucleus, influencing nonstriated muscle of the stomach in 
reverse peristalsis. Other possible connections would be 
those to the solitary nucleus for the nausea and to the nucleus 
ambiguus (innervating the pharynx and larynx) for the fre
quent swallowing and regurgitation. A last set of connections 
might be direct connections to the intermediolateral nucleus, 
supplying blood vessels and sweat glands, for pallor and 
cold sweating that occasionally accompany visceral reflexes 
in motion sickness. Reticulospinal projections to the phrenic 
nucleus may provide the necessary diaphragmatic move
ments that accompany vomiting. Finally, projections from 
the medial vestibular nuclear complex, to both superior and 
inferior salivatory nuclei, provide for the excessive salivation 
in motion sickness.

11.3.5 Vestibular projections 
to the contralateral vestibular nuclei

In the fetus of humans, intramedullary fibers of the vestibular 
nerve decussate to form the vestibular decussation or 
commissure; it is unclear whether secondary fibers from the 
vestibular nucleus accompany these commissural fibers.

11.4 tHe eFFereNt COMPONeNt 
OF tHe VeStIBULAr SYSteM
Vestibular projections to vestibular receptors form the effer-
ent component of the vestibular system. These connections 
resemble the efferent component of the auditory system. 
Vestibular efferents arise from a dense collection of neurons 
that are dorsal to the intrapontine part of the facial nerve 
[VII] and interposed between the abducent and superior 
vestibular nuclei. A bilateral neuronal column, referred to as 
group e, extends from rostral to middle levels of the abdu
cent nucleus. Its neurons are acetylcholinesterase positive. 
Efferents emerge from group e, enter the vestibular nerve, 
and synapse with vestibular hair cells. Each vestibular appa
ratus receives a bilateral innervation of vestibular efferents. 
The path, taken by both auditory and vestibular efferent 
fibers, is the cochlear–vestibular efferent bundle (CVEB). 
The number of vestibular efferents is few compared with the 
vestibular afferents. There is sparse topographic specificity 
between individual efferents and afferents whose discharges 
they modify. Nevertheless, these few efferent fibers, by 
means of multisynaptic contacts, probably exert an influence 
on almost every afferent vestibular fiber.

11.5 AFFereNt PrOJeCtIONS 
tO tHe VeStIBULAr NUCLeI
Inputs to the vestibular nuclei, from a variety of sources, play 
a vital role in normal functioning of the vestibular system. 
Sources of these afferents include the spinal cord, cerebellar 
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cortex, deep cerebellar nuclei, contralateral vestibular nuclei, 
and perhaps the brain stem reticular formation. In humans, 
ascending spinovestibular fibers arise at lower spinal levels 
and end in the lateral vestibular nucleus. Massive bundles 
stream out of the cerebellum to reach the lateral vestibular 
nucleus.

11.6 VertIGO
Vertigo (dizziness) is an abnormal sensation of motion or 
orientation of oneself or external objects. Because vestibular, 
visual, and somatosensory stimuli are integrated, it is possible 
to produce vertigo by stimulation or injuries involving any 
of these modalities. Other manifestations likely to accom
pany vertigo include vestibular ataxia caused by involve
ment of the vestibulospinal projections, vestibular nystagmus 
(a succession of rhythmic, side‐to‐side ocular movements 
characterized by a slow movement away from the stimulus 
followed by a quick return to the primary position caused by 
vestibular nuclear injury, or caloric nystagmus caused by 
thermal stimulation of vestibular receptors. Certain visceral 
symptoms (pallor, cold sweating, nausea, vomiting) often 
accompany vertigo and are caused by stimulation of vestib
ular nuclear connections with the reticular formation of the 
brain stem.

11.6.1 Physiological vertigo

Physiological vertigo and related phenomena result from 
stimulation in conscious humans of the brachium of the infe
rior colliculus, the superolateral part of the medial geniculate 
body, the ventral posterior inferior nucleus, and the parietal 
and temporal vestibular cortical areas.

Motion sickness

Physiological vertigo, and its accompanying manifestations, 
often occurs while ascending in elevators and riding in cars, 
roller coasters, ships at sea, and in aircraft or spacecraft. 
Such vertigo, called motion sickness, results from sensory 
mismatch, in which one set of receptors is receiving informa
tion indicating a certain motion, position, or orientation, 
while another set is receiving different information about 
motion, position, or orientation. In the closed cabin of a ship, 
visual stimuli are likely to indicate that the body is fixed and 
stable (with respect to the cabin) while vestibular receptors 
indicate a great deal of motion. One aspect of such “sea 
sickness” is the observation, originally made in the early 
1900s, that sailors gradually lose their sea sickness, a phe
nomenon called habituation. Ballet dancers, ice skaters, and 
aerospace and marine personnel undergo a degree of occu
pational vestibular habituation.

Motion sickness involves patterns of acceleration differ
ent from normal environmental conditions that often occur 
in carnival rides and high‐speed vehicles (land‐based or 
airborne). In these examples, receptors for motion continue 

to function as before, but generate sensations and reflex 
adjustments that are no longer appropriate to the unusual 
environmental conditions.

Motion sickness in space

Motion sickness in space involves intravestibular mismatch. 
This involves a mismatch between information coming 
from statoconia versus information coming from the cristae 
ampullares. In the absence of forces supporting gravity, as 
found in an orbiting spacecraft, the statoconia are no longer 
responsive. Habituation takes place in 3–6 days and the 
motion sickness thereafter abates. On return to Earth, how
ever, transient vertigo appears and lasts from hours to days. 
About 15–20% of the American astronauts and Soviet cosmo
nauts experienced motion sickness in space.

Motion sickness in space, accompanied by inversion of 
body image, formed visual hallucinations, or unformed visual 
images such as flashes of light, probably requires involvement 
of the parietal, temporal, and occipital cortices. Reports of 
symptoms of motion sickness associated with flight in space 
and those experienced by patients with expanding injuries 
involving the vestibular cortex in the parietal or temporal 
lobes (or involvement of the underlying fiber bundles that may 
discharge to these and to remote areas of the brain) are similar. 
Motion sickness in space with cortical signs and symptoms 
might also be secondary to a transient vascular insufficiency to 
vestibular cortical areas. One Soviet cosmonaut experienced a 
feeling of being upside down in his visually upright space
craft – a feeling that persisted until re‐entry.

Experiments carried out in future manned spacecraft 
ventures will help us understand the capacity of humans to 
adapt to rearranged sensory stimuli and understand the 
ability of the brain to compensate for disturbances in orienta
tion and motion. Motion sickness is a serious problem that 
may severely impede the performance of an individual, 
whether weightless and orbiting the Earth or land‐locked 
and trying to get about the house.

Other types of physiological vertigo

Other types of physiological vertigo include vertigo due to 
height. This condition may occur when the distance between 
an individual and visible stationary objects in the environment 
becomes critically large. Visual vertigo may result from 
viewing a motion picture sequence of an automobile chase 
(the visual sensation of movement takes place in the absence 
of a simultaneous somatosensory and vestibular input).

11.6.2 Pathological vertigo

Vestibular vertigo

Vestibular vertigo is a type of pathological vertigo that 
usually results from irritative or destructive injuries at some 
point in the vestibular system. Because of the interrelation
ship of vestibular, visual, and somatosensory modalities in 
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vestibular sensation, it is also possible to have vertigo caused 
by disturbances of the visual and the somatosensory systems.

Rotational or linear vertigo

Unilateral injury to the vestibular labyrinth often leads to 
severe rotational or linear vertigo associated with vestibular 
nystagmus, vestibular ataxia, and nausea. Patients are likely 
to experience a subjective sense of motion in the same direc
tion as the nystagmus. They may also experience a compen
satory vestibulospinal reflex response that results in falling 
to the side of the injury. Vertigo with nystagmus is likely to 
occur after injury to the vestibulocochlear nerve [VIII] in the 
internal acoustic meatus or at its brain stem entry.

Positional or benign postural vertigo

Vertigo can result from changes in position or posture of the 
body or head. Such positional or benign postural vertigo is 
initiated by briskly turning the head so that one ear is facing 
down, by lying back in bed, arising from bed, or bending 
forward. Benign paroxysmal postural vertigo usually does 
not occur when the head is in a normal position or while 
seated. In a series of 10 patients, transection of the fibers 
to  the posterior semicircular canal led to relief from such 
vertigo, indicating that this canal or its contents are involved 
in the pathophysiology of this disorder.

Alcohol‐related positional vertigo with nystagmus

A common cause of motion sickness with accompanying 
nystagmus is alcohol ingestion. When appropriate blood 
levels of alcohol are reached (40 mg dl–1), alcohol diffuses 
into the cupulae of the semicircular ducts, making them 
temporarily lighter than endolymph and sensitizing these 
ampullary receptors to forces of gravity. Vertigo accompa
nied by nystagmus results when the intoxicated individual 
lies down. As time goes on, the alcohol then diffuses into 
the endolymph, therefore canceling out its initial effect on 
the cupula. A quiet period ensues in which vertigo is absent 
(this is usually about 3½–5 h after cessation of alcohol inges
tion). Alcohol diffuses out of the cupula before leaving the 
endolymph, again setting up the imbalance in specific grav
ity between the cupula and the endolymph. Alcohol‐related 
positional vertigo with nystagmus continues, beginning 
5–10 h after cessation of alcohol ingestion, and continues 
until all alcohol leaves the endolymph. It remains until the 
cupula and the endolymph regain their similar specific 
gravity  –  probably many hours after blood alcohol levels 
return to zero. Treatment of a hangover and its accompany
ing motion sickness with a morning‐after drink has its basis 
in attempts to equalize the specific gravity of the cupula 
and the endolymph.

Vertigo due to vestibular neuritis

Vestibular neuritis is a disorder of the vestibular system 
distinguished by sudden unilateral loss of vestibular func
tion in an otherwise healthy patient without auditory 

involvement or other disease of the central nervous system. 
Single or multiple attacks of vertigo, perceived as turning, 
whirling, or dizziness, often associated with milder periodic 
or constant unsteadiness (vestibular ataxia), may occur in 
this condition. Current evidence suggests that the disease 
involves atrophy of one or both trunks of the vestibular 
nerve, with or without involvement of their associated recep
tors. Clinical and pathological aspects of vestibular neuritis 
suggest that a virus often causes this disorder.
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No video system or computerized camera, no matter how sophisticated, can match 
the ability of the human visual system to make sense of an infinite variety of 
images. That ability is made possible by the brain’s capacity to process huge 
amounts of information simultaneously.

Margaret S. Livingstone, 1988



Human Neuroanatomy, Second Edition. James R. Augustine. 
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc. 
Companion website: www.wiley.com/go/Augustine/HumanNeuroanatomy2e

C H A P t e r  1 2

The Visual System

Vision, including the appreciation of the color, form (size, 
shape, and orientation), and motion of objects as well as their 
depth, is somatic afferent sensation served by the visual 
apparatus including the retinae, optic nerves, optic chiasm, 
lateral geniculate nuclei, optic tracts, optic radiations, and 
visual areas in the cerebral cortex.

12.1 retINA
The photoreceptive part of the visual system, the retina, is 
part of the inner tunic of the eye. The retina has 10 layers, that 
can be divided into an outermost, single layer of pigmented 
cells (layer 1), the pigmented layer, and a neural part, the 
neural layer (layers 2–9).

12.1.1 Pigmented layer1

The pigmented layer1 [Note that in this chapter, the layers of the 
retina are indicated as superscripts in the text] is formed by the 
retinal pigmented epithelium (RPE), a simple cuboidal epi-
thelium with cytoplasmic granules of melanin. Age‐related 
decrease and regional variations in melanin concentration in 
the pigmented layer1 occur in humans. The pigmented layer1 

(Fig. 12.1) adjoins a basement membrane adjoining choroidal 
connective tissue. The free surfaces of these pigmented cells 
are adjacent to the tips of the outer segments of specialized 
neurons modified to serve as photoreceptors. One pigmented 
epithelial cell may contact about 30 photoreceptors in the 
primate retina. Outer segments of one type of photoreceptor, 
the rods, are cylindrical whereas the outer segments of the 
other type, the cones, are tapering. By absorbing light and 
heat energy, pigmented cells protect photoreceptors from 
excess light. They also carry out resynthesis and isomeriza-
tion of visual pigments that reach the outer segments of reti-
nal photoreceptors. Pigmented cells demonstrate phagocytic 
activity, engulfing the apical tips of outer segments of retinal 
rods detached in the process of renewal. Age‐related accu-
mulation of lipofuscin granules takes place in the epithelial 
cells throughout the pigmented layer1.

12.1.2 Neural layer

The neural layer corresponds to the remaining nine layers of 
the retina (layers 2–10) illustrated, in part, in Fig. 12.1. Layer 
2 is the layer of inner and outer segments2 of cones, adjoining 
the pigmented layer1. Layer 3 is the outer limiting layer3 and 
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layer 4 is the outer nuclear layer4. Layer 5 is the outer plexi-
form layer5 and layer 6 is the inner nuclear layer6. Layer 7 is 
the inner plexiform layer7 and layer 8 is the ganglionic layer8. 
Layer 9 is the layer of nerve fibers9 and layer 10 is the inner 
limiting layer10. Several types of retinal neurons (Fig. 12.1), 
interneurons, supporting cells and neuroglial cells occur in 
these nine layers. Most synapses in the retina occur in the 
outer5 and inner plexiform7 layers (Fig. 12.1). Such synapses 
in humans are chemical synapses.

The layer of nerve fibers9 (Fig. 12.1) is identifiable with 
an ophthalmoscope as a series of fine striations near the 
inner surface of the retina. Such striations represent bundles 
of individual axons. Recognition of this normal pattern of 
striations often aids in early diagnosis of certain injuries. 
Retinal astrocytes, a neuroglial element, also occur in the 
layer of nerve fibers9.

12.1.3 Other retinal elements

Other retinal elements include two types of interneurons, 
horizontal and amacrine neurons, and also certain support-
ing cells, the radial gliocytes (Müller cells). Neither amacrine 
nor horizontal cells are “typical” neurons, considering their 
unusual synaptic organization and electrical responses. 
Processes of horizontal neurons, with cell bodies in the inner 
nuclear layer6, extend into the outer plexiform layer5 and 
synapse with dendrites of bipolar neurons.

Horizontal neurons

Two types of horizontal neurons occur in humans: one 
synapses with cones, the other with rods. Synapses between 

horizontal neurons and rods and cones underlie the process 
of retinal adaptation – the mechanism by which the retina 
is able to change sensitivity as light intensities vary under 
natural conditions. Retinal adaptation probably involves two 
processes – photochemical adaptation by the photoreceptors 
and neuronal adaptation by retinal neurons (including 
horizontal neurons) and photoreceptors.

Amacrine neurons

Amacrine [Greek: without long fibers] neurons are peculiar in 
having no axon. Their somata, occurring in the inner nuclear 
layer6, exhibit a selective accumulation of the inhibitory 
neurotransmitter glycine. Amacrine neurons in humans also 
contain the inhibitory amino acid γ‐aminobutyric acid (GABA) 
and several peptides, including substance P, vasoactive 
intestinal peptide (VIP), somatostatin (SOM), neuropeptide 
Y (NPY), and peptide histidine–isoleucine (PHI). Substance 
P, VIP, and PHI occur in neuronal cell bodies in the inner 
plexiform layer7 and GABA, substance P, VIP, SOM, and 
NPY occur in cell bodies in the ganglionic layer8. These pep-
tidergic neurons are either displaced or interstitial amacrine 
neurons. Many amacrine neurons synapse with processes of 
other amacrine neurons in the inner plexiform layer7. In 
humans, this layer shows an unusual diversity of neuro-
transmitters, including GABA and fibers immunoreactive 
for substance P that may be processes of amacrine neurons. 
The inner plexiform layer7 also features diffuse glycine 
labeling of processes of amacrine neurons, peptide immuno-
reactive fibers (presumably processes of amacrine neurons), 
and a density of high‐affinity [3H]muscimol binding sites 
that label high‐affinity GABA receptors. There are benzodi-
azepine receptors, [3H]strychnine binding presumably to 
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Inner plexiform layer (7)
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Outer segment
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Figure 12.1 ● Neuronal organization of the retina in 
humans. Also illustrated is the direction of incoming light. 
This stimulates the rods and cones that carry the resulting 
impulses in the opposite direction to bipolar neurons and 
then to ganglionic neurons. Axons of ganglionic neurons 
form the optic nerve [II] that carries visual impulses to the 
central nervous system. (Source: Adapted from Sjöstrand, 
1961, and Gardner, Gray, and O’Rahilly, 1975.)
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glycine receptors, dopamine receptor binding and dopaminergic 
nerve terminals, and a high density of muscarinic cholinergic 
receptors, but low levels of β‐adrenergic receptors in the inner 
plexiform layer7.

Radial gliocytes

Radial gliocytes are specially differentiated supporting cells 
in various retinal layers that provide paths for metabolites to 
and from retinal neurons. Radial gliocytic processes separate 
photoreceptors from each other near the outer limiting layer3. 
As retinal neurons diminish near the retinal periphery, radial 
gliocytes replace them, showing a structural modification 
based on their location in addition to a functional differentia-
tion. GABA‐like immunoreactiviy is demonstrable in radial 
gliocytes of the human retina.

Dopaminergic retinal neurons

Neurons that accumulate and those that contain dopamine 
and their processes are identifiable in the primate retina, 
therefore making dopamine the major catecholamine in the 
retina. One group of dopaminergic neurons, with many 
characteristics of amacrine neurons, called dopaminergic 
amacrine neurons, has their cell bodies in the inner nuclear 
layer6. Their dendrites arborize predominately in the outer 
part of the inner plexiform layer7. Here they synapse with 
other amacrine neurons, and hence are likely to be inter‐
amacrine neurons. A second group of dopaminergic neurons 
probably exists in humans, with cell bodies in the inner 
nuclear layer6 and processes extending to both plexiform 
layers5,7. Consequently, these neurons are termed interplexi-
form dopaminergic neurons. Perhaps they participate in the 
flow of impulses from inner7 to outer plexiform layer5. 
Studies of content, uptake, localization, synthesis, and release 
of dopamine in the retina have helped to substantiate its 
neurotransmitter role in the human retina. These dopaminer-
gic neurons are light sensitive and inhibitory. Peptidergic 

interplexiform neurons occur in the human retina. The 
presence of acetylcholinergic receptors in the human retina 
indicates that cholinergic neurotransmission takes place 
here. Although some properties of neurotransmitters exist at 
birth in humans, significant maturation of these properties 
takes place postnatally.

12.1.4 Special retinal regions

The macula

The macula (Fig.  12.2) is a small region about 4.5 mm in 
diameter near the center of the whole retina but on the 
temporal or lateral side (Fig. 12.2). A concentration of yellow 
pigment consisting of a mixture of carotenoids, lutein, and 
zeaxanthin characterizes the macula. This pigment protects 
the retina from short‐wave visible light and influences color 
vision and visual acuity (clarity or clearness of vision) by 
filtering blue light. After 10 years of age, there is much indi-
vidual variation in macular pigmentation, but this variation 
is not age related.

The fovea centralis and foveola

The macula has a central depression about 1.5 mm in diameter 
called the fovea centralis [Latin: central depression or pit], 
where visual resolution is most acute and pigmented cells 
most densely packed. Visual acuity declines by about 50% 
just two degrees from the fovea. The adjoining choroid nour-
ishes the avascular fovea. The central area of the fovea, the 
foveola, is thin, lacks at least four retinal layers (inner 
nuclear6, inner plexiform7, ganglionic8, and layer of nerve fib-
ers9), and is about 100–200 µm in diameter. The foveola does 
have cones, a few rods, and modified radial gliocytes. The 
density of cones is greatest in the foveola, with a peak den-
sity of 161 900 cones per square millimeter in one study. The 
foveal slope is termed the clivus.

Temporal side
of retina

Nasal side
of retina

Optic disc

Central
retinal vein

Central
retinal artery

Macula

Figure 12.2 ● Normal fundus of the left eye as viewed by the 
examiner. Notice the pale optic disc on the nasal side with 
retinal vessels radiating from the disc and over the surface of 
the retina. Approximately 3 mm on the temporal side of the 
optic disc is the darker, oval macula that is only slightly larger 
than the optic disc. The center of the macula, the foveola, has 
only cones and is a region of acute vision.
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The fovea and the visual axis

The fovea is specialized for fixation, acuity, and discrimina-
tion of depth. A line joining an object in the visual field and 
the foveola is the visual (optic) axis (Fig. 12.3). Misalignment 
between the visual axes of the two eyes leads to diplopia 
(double vision) that severely disrupts visual acuity. The 
orbital axis extends from the center of the optic foramen 
(apex of the orbit), travels through the center of the optic 
disc, and divides the bony orbit into equal halves (Fig. 12.3).

Developmental aspects of the retina

The retina appears to be sensitive to light as early as the sev-
enth prenatal month. Poorly developed at birth with a pau-
city of cones, foveal photoreceptors permit fixation on light 
by about the fourth postnatal month. They remain immature 
for the first year or more of life, becoming mature by 4 years 
of age, coinciding with the observation that visual perception 
reaches the adult level at that age. Although the visual capa-
bilities of infants seem to be considerable, only elements in 
the peripheral retina are fully functional a few days after 
birth, continuing to develop for several months thereafter. 
Visual acuity, as measured by the ability to see shapes of 
objects, such as symbols or letters on a chart, develops 
rapidly after birth, reaches adult levels at 6 months, and 
shows a steady level until 60 years of age, after which it 
declines. With age, visual acuity for a moving target is poor 
compared with that for a stationary target. The foveal cones 
at 11 months are slim and elongated, like those in adults.

The optic disc

About 3 mm to the nasal side of the macula is the optic disc 
(Fig. 12.2). Processes of retinal ganglionic neurons accumu-
late here as they leave the retina and form the optic nerve [II]. 
Since there are no photoreceptors here, this area is not in 
vision but is physiologically a blind spot. The optic disc is 

paler than the rest of the retina, 1.5 mm in diameter, and 
appears pink with its circumference or disc margins slightly 
elevated. The center of the optic disc has a slight depression, 
the physiological cup, pierced by the central retinal artery 
and vein (Fig. 12.2). Since the retinal vessels go around, not 
across, the macula, visual stimuli do not have to travel 
through blood vessels to reach photoreceptors in the macula. 
The optic disc is easily visible with an ophthalmoscope 
and therefore of commanding interest in certain diseases. 
In  the face of disease, it is elevated, flat, excavated, or 
 discolored – pale or white rather than pink.

12.1.5 Retinal areas

Because the fovea is slightly eccentric, a vertical line through 
it divides the retina into unequal parts  –  the hemiretinae. 
That part of the retina on the temporal side of the fovea, the 
temporal retina, is slightly smaller than the nasal retina 
(Fig.  12.3). A horizontal line through the fovea divides the 
retina into superior and inferior retinal areas. Combining 
superior and inferior retinal areas with temporal and nasal 
areas leads to four retinal quadrants in each eye: superior 
temporal, inferior temporal, superior nasal, and inferior 
nasal quadrants. About 41% of the retinal area in humans 
belongs to the temporal retina.

12.1.6 Visual fields

The visual field (Fig. 12.4) is the visual space in which objects 
are simultaneously visible to one eye when that eye fixes on 
a point in that field. Since visual acuity is greatest near the 
visual axis (fovea), objects nearest to this point are clearest 
while objects further from it are fainter, with small objects 
becoming almost invisible. Differences in visual acuity are a 
reflection of differences in retinal sensitivity. The retina as 
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Figure 12.3 ● Anatomical relationship of the visual 
and orbital axes and their relationship to the triangular‐
shaped walls of the orbit. Bisecting the angle formed by 
the medial and lateral orbital walls on the right is a 
dashed line representing the longitudinal or orbital axis. 
The visual or optic axis passes from the object viewed to 
the foveola. Also illustrated is the left visual field as 
viewed by the left retina. The lens inverts and reverses 
the visual image and projects it on the retina in that 
form. (Source: Adapted from Gardner, Gray, and 
O’Rahilly, 1975, figure redrawn from Whitnall, 1932.)
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a whole is most sensitive in its center (at the fovea), with 
sensitivity decreasing at its circular periphery.

Uniocular and binocular visual fields

The uniocular visual field (Fig. 12.4) is that region visualized 
by one retina extending 60° superiorly, 70–75° inferiorly, 60° 
nasally, and 100–110° laterally from the fovea. The uniocular 
visual fields of each retina in humans overlap such that a 
binocular visual field is formed (Fig. 12.4). Although binoc-
ular interaction (the interaction between both eyes) does 
not occur in the newborn, this phenomenon appears by 2–4 
months of age. By the end of the first year, the binocular 
visual field reaches adult size – especially its superior part. 
The binocular field includes a central part, common to both 
retinae and almost circular in diameter, extending within a 
30° radius of the visual axis (Fig. 12.4), and a peripheral part 
or temporal crescent (Fig. 12.4) visualized by one retina. The 
temporal crescent extends between 60° and 100° from the 
median plane (visual axis).

Quadrants of the visual fields

Each uniocular field is divisible into quadrants: superior and 
inferior nasal visual fields and superior and inferior tempo-
ral visual fields. Although the temporal retinal area is 
smaller than the nasal retinal area, the temporal visual field 
is larger than the nasal visual field (Fig. 12.3). The difference 
in size of the retinal areas versus the visual fields is due to the 

transparent lens system and the inverse relation that exists 
between the position of any point in the visual field and its 
corresponding image on the retina.

Examination of the visual fields

Testing retinal function by examining the visual fields is an 
essential part of a neurological examination. Defects are 
likely to be age related or result from cerebrovascular dis-
ease, tumors, or infections. The visual fields can be tested 
using colors or the fingers of the examiner. If the latter are used, 
the examiner faces or “confronts” the patient (hence the term 
confrontational visual field examination) at a distance of 
about 3 ft (1 m) and introduces his or her fingers or hand‐held 
colored objects into the visual field of the patient from the 
periphery. The border of the visual field is the outer point at 
which the patient is aware of a finger or colored object. The 
confrontational method of examining the visual fields is use-
ful in determining large or prominent defects in visual fields. 
Representation of the visual fields on a visual field chart 
(Fig.  12.5), which uses a coordinate system for specifying 
retinal location analogous to that in the visual field, provides 
a more precise physiological method of depicting the visual 
fields. The primary axis of this system is through the fovea. 
The horizontal meridian at 0° passes through the optic disc of 
the right eye and the 180° meridian passes through the optic 
disc of the left eye. The superior vertical meridian of both 
retinae is at 90° and the inferior vertical meridian is at 270°. 
The macula has a diameter of 6°30′ when plotted on a visual 
field chart; the fovea centralis, its central depression, has a 
diameter of about 1°.

Sensitivity to light and the volume of visual fields remain 
constant into the 37th year, after which they decrease linearly. 
Age‐related decreases in retinal sensitivity influence the 
superior half of the visual field more than the inferior half, 
and the peripheral and central visual field more than the 
pericentral region. Such changes are likely attributable to 
age‐related changes in photoreceptors, ganglionic neurons, 
and fibers in the primary visual cortex.

12.2 VISUAL PAtH

12.2.1 Receptors

Rods and cones are neurons modified to respond to intensity 
and wavelength, thereby serving as the receptors in the 
visual path, not as the primary neurons. The human visual 
system responds to light of wavelength from 400–700 nm. 
Each neuronal type, with their cell bodies in the outer nuclear 
layer4, has an outer segment (whose shape gives the cell its 
name) in layer 2, an inner segment, and a synaptic ending 
that puts these photoreceptors in contact with dendrites of 
retinal bipolar neurons (Fig.  12.1) in the outer plexiform 
layer5. A loss of photoreceptors from the outer nuclear layer4 
with a concomitant loss of photoreceptors in the macula is 
observable in retinae of patients over 40 years of age.

Temporal
crescent

(B)

(A)

Temporal
crescent

Central area
common to
both eyes

Figure 12.4 ● (A) Uniocular visual field as visualized by the right retina. 
Because the lens inverts the visual image and reverses it, the inferior half of 
the retina views the superior half of the visual field, whereas the temporal part 
of the retina views the nasal part of the visual field. (B) Visual fields of both 
eyes (binocular field). Temporal crescents bound a central area that is common 
to both eyes. In this central area, visual acuity is slightly greater than in the 
same area of either field separately.



192 ● ● ● CHAPter 12

Processes of horizontal neurons also synapse with bipolar 
dendrites in the outer plexiform layer5. About 111–125 million 
rods and about 6.3–6.8 million cones tightly pack the plate‐
like retina in humans. Receptive surfaces of rods and cones 
face away from incoming light that must then pass through 
all other retinal layers before reaching the outer segments of 
the rods and cones (Fig. 12.1). Such an arrangement protects 
the photoreceptors from overload by excess stimuli. An 
image in the visual field reaches the retina as light rays that 
stimulate the photosensitive pigments in the outer segments 
of rods and cones. Ultrastructural studies of rods in those 
over 40 years of age reveal elongation and convolutions in 
the outer segments of individual rods, with about 10–20% 
affected by the seventh decade. These changes represent an 
aging phenomenon.

Visual pigments

A visual pigment, rhodopsin, exists in the outer segment of 
rods. Retinal rods in humans have a mean wavelength near 
496.3 ± 2.3 nm. Different light‐absorbing pigments in the 
outer segments of cones permit the identification of three 
classes of cones in humans. Each class absorbs light of a cer-
tain wavelength in the visible spectrum. These include cones 
sensitive to light of long wavelength (with a mean of 
558.4 ± 5.2 nm) that are “red sensitive,” cones sensitive to 
light of middle wavelength (with a mean at 530.8 ± 3.5 nm) 
that are “green sensitive,” and cones sensitive to light of 
short wavelength (with a mean of 419.0 ± 3.6 nm) that are 
“blue sensitive.” Our ability to appreciate color requires the 
proper functioning of these classes of cones and the ability of 
the brain to compare impulses from them. There are likely 
congenital dysfunctions of these cones leading to disorders 
of color vision.

Melatonin, synthesized and released by the pineal gland, 
is identifiable in the human retina on a wet weight basis. 
A melanin‐synthesizing enzyme, hydroxyindole‐O‐methyl-
transferase (HIOMT), is present in the human retina. 
Cytoplasm of rods and cones has HIOMT‐like immunoreac-
tivity, suggesting that these cells are involved in synthesizing 
melatonin. Perhaps melatonin regulates the amount of light 
reaching the photoreceptors.

Visual pigments and phototransduction

The initial step in the conversion of light into neural impulses, 
a process called phototransduction, requires photosensitive 
pigments to undergo a change in molecular arrangement. 
Each retinal photoreceptor absorbs light from some point on 
the visual image and then generates an appropriate action 
potential that encodes the quantity of light absorbed by that 
photoreceptor. Action potentials thus generated are carried 
to the bipolar neurons and then to the ganglionic neurons 
(Fig. 12.1), in a direction opposite to that of incoming visual 
stimuli.

Scotopic and photopic vision

Rods are active in starlight and dim light at the lower end of 
the visible spectrum (scotopic vision). The same rods are 
overwhelmed in ordinary daylight or if lights in a darkened 
room suddenly brighten. With only one type of rod, it is 
not possible to compare different wavelengths of light in 
dim light or starlight. Under such conditions, humans are 
completely color blind. Cones function in bright light and 
daylight (photopic vision) and are especially involved in 
color vision with high acuity. Such attributes are characteris-
tic of the fovea, where the density of cones is greatest. 
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Figure 12.5 ● Normal visual fields as recorded on a visual field chart. The field of the right eye is on the right and that of the left eye is on the left of the chart. 
This is the physiological representation of the visual fields. (Source: Courtesy of James G. Ferguson Jr, MD.)
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Optimal foveal sensitivity, as measured by one investigator, 
occurred along the visible spectrum at a wavelength of about 
562 nm, resembling the absorbance of long‐wave “red” cones. 
The density of cones falls sharply peripheral to the fovea 
although it is higher in the nasal than in the temporal retina.

Retinal photoreceptors are directionally transmitting 
and directionally sensitive

Retinal rods and cones are directionally transmitting and 
directionally sensitive, qualities based on many structural 
features of photoreceptors and their surroundings. 
Photoreceptors are transparent, with a high index of refrac-
tion. Near the retinal pigment epithelium1, processes of pig-
mented cells separate photoreceptors from each other whereas 
near the outer limiting layer3 processes of radial glial cells 
separate photoreceptors. Interstitial spaces around photore-
ceptors, created by these processes, have a low index of refrac-
tion. The combination of transparent cells with a high index of 
refraction and an environment distinguished by a low index 
of refraction creates a bundle of fiber optic elements. The sys-
tem of photoreceptors and fiber optics effectively and effi-
ciently receives appropriate visual stimuli and then guides 
light to the photosensitive pigment in their outer segments.

12.2.2 Primary retinal neurons

Retinal bipolar neurons, whose cell bodies occur in the 
inner nuclear layer6 together with amacrine neurons, 
are primary neurons in the visual path. Bipolar and amacrine 
neurons display selective accumulation of glycine and 
are likely interconnected, allowing feedback between them, 
which is possibly significant in retinal adaptation or other 
aspects of visual processing. Retinal bipolar neurons are 
comparable to bipolar neurons in the spiral ganglia that 
serve as primary auditory neurons and those in the vestibu-
lar ganglia that serve as primary vestibular neurons. 
Terminals of rods and cones synapse with dendrites of bipo-
lar neurons (Fig.  12.1) in the outer plexiform layer5. Cone 
terminals (pedicles) in primates are larger than rod terminals 
(spherules). Rods synapse with rod bipolar neurons; each 
cone synapses with a midget and a flat bipolar neuron. 
Although a midget bipolar neuron synapses with one cone, a 
flat bipolar neuron often synapses with up to seven cones. 
Midget bipolar neurons seem color coded; flat bipolar neu-
rons are probably concerned with brightness or luminosity. 
As many as 10–50 rods synapse with a single rod bipolar 
neuron. A neurotransmitter, either glutamate or aspartate, 
links the photoreceptors with bipolar neurons. Terminals of 
primary bipolar neurons (and processes of many amacrine 
neurons) synapse with dendrites of retinal ganglionic neurons 
and with many amacrine neurons in the inner plexiform layer7 
(Fig. 12.1). Therefore, bipolar neurons carry visual impulses 
from the outer5 to the inner plexiform layer7 (Fig. 12.1). In the 
primate inner plexiform layer7, at least 35% of synapses are 

bipolar synapses. Since the remaining synapses are with 
amacrine neurons, the latter neurons likely have a role in 
processing visual information.

12.2.3 Secondary retinal neurons

Retinal ganglionic neurons with cell bodies in the gangli-
onic layer8 (also containing displaced amacrine neurons) 
are secondary neurons in the visual path. There is a sparse 
synaptic plexus in the layer of nerve fibers9 where it adjoins the 
ganglionic layer8. Some synapses in this zone stain positively 
for GABA in humans. These contacts are from displaced 
amacrine neurons.

Type I retinal ganglionic neurons

At least three types of ganglionic neurons are identifiable 
in the human retina. Type I ganglionic neurons, also called 
“giant” or “very large” ganglionic neurons, have laterally 
directed dendrites that ramify forming large dendritic fields 
in the inner plexiform layer7 These large neurons usually 
have somal diameters between 26 and 40 µm (called J‐cells); 
some are up to 55 µm (called S‐cells).

Type II retinal ganglionic neurons

Type II ganglionic neurons, also called parasol cells, have 
large cell bodies (20–30 µm or more in diameter) with a bushy 
dendritic field and axons that are thicker than axons of type 
III ganglionic neurons. Type II ganglionic neurons, number-
ing no more than 10% of retinal ganglionic neurons, send 
processes to tertiary neurons in magnocellular layers of the 
lateral geniculate nucleus (LG). Hence type II parasol cells 
are also called M‐cells. They are not selective to wavelength, 
have large receptive fields, and are sensitive to the fine 
details needed for pattern vision.

Type III retinal ganglionic neurons

The most numerous retinal ganglionic neurons (80%) are type 
III ganglionic neurons with small cell bodies (10.5–30 µm) 
and smaller dendritic fields. Since they send processes to ter-
tiary visual neurons in parvocellular layers of the dorsal lat-
eral geniculate nucleus (LGd), they are termed P‐cells or 
midget cells. They have small receptive fields, are selective to 
wavelength (they respond selectively to one wavelength more 
than to others), and are specialized for color vision. In all pri-
mates, there are likely two types of P‐cells: those near the reti-
nal center participating in the full range of color vision and 
those outside the retinal center that are red cone dominated. 
In addition to type II and III neurons, retinae of nonhuman 
primates contain another class of ganglionic neurons  –  pri-
mate γ‐cells, which send axons to the midbrain. Further study 
will aid in determining the role of various retinal ganglionic 
neurons in processing visual stimuli and in visual perception. 
In the visual systems of primates, with their great visual 
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ability, at least two mechanisms exist  –  one for fine detail 
(needed for pattern vision) and the other for color.

General features of retinal ganglionic neurons

Ganglionic neurons in the fovea centralis are smaller than 
ganglionic neurons in the peripheral part of the retina. Their 
dendrites synapse with terminals of primary bipolar neurons 
and with many amacrine neurons in the inner plexiform 
layer7. The type of retinal bipolar neuron (rod, flat, or midget) 
that synapses with a retinal ganglionic neuron is uncertain. 
Although both rods and cones likely influence the same 
retinal ganglionic neuron, it responds to only one type of 
photoreceptor at any particular time, with some responding 
exclusively to stimulation by cones. Central processes of 
ganglionic neurons, along with processes of retinal astrocyte 
and radial gliocytes, collectively form the retinal layer of 
nerve fibers9 that eventually becomes the optic nerve [II]. 
Radial gliocytes separate axons in the layer of nerve fibers9 
into discrete bundles. Convergence of 130 photoreceptors on 
to a single ganglionic neuron may take place.

Receptive fields of retinal ganglionic neurons

The receptive field of a retinal neuron is the area in the retina 
or visual field where stimulation by changes in illumination 
causes a significant modification of the activity in that 
neuron (excitatory or inhibitory). If explored experimentally, 
receptive fields of retinal ganglionic neurons are circular 
and have a center–surround organization, with functionally 
distinct central (center) and peripheral (surround) zones. 
The response to light in the center of the receptive field may 
be excitatory or inhibitory. If stimulation in the central zone 
yields excitation, it is an ON ganglionic or “on‐center” 
cell. If central zone stimulation yields inhibition, it is an OFF 
ganglionic or “off‐center” cell. The ON cells detect bright 
areas on a dark background and the OFF cells detect a dark 
area on a bright background. In general, stimulation in the 
surround tends to inhibit effects of central zone stimulation – a 
phenomenon called opponent surround. Some neurons likely 
show an on‐center, off‐surround organization or vice versa. 
A center–surround organization is present in tertiary visual 
neurons in the lateral geniculate body and in neurons of the 
visual cortex. This “on” and “off” arrangement of ganglionic 
cells is a feature of bipolar cells whose cell bodies occur in the 
inner nuclear layer6 of the retina.

From the peripheral retina towards the fovea, the sizes of 
the centers of receptive fields gradually decrease. The overall 
size of a receptive field, including center plus periphery, does 
not vary across the retina. The center of a receptive field 
seems to be served by rods or cones to bipolar neurons and 
to ganglionic neurons, but its peripheral zone includes con-
nections from rods or cones to bipolar neurons, to retinal 
interneurons (horizontal and amacrine neurons), and then 
to ganglionic neurons. Terminals of cones synapse with 
dendrites of bipolar neurons in the outer plexiform layer5 
whereas terminals of primary bipolar neurons synapse with 
dendrites of retinal ganglionic neurons in the inner plexiform 

layer7. Therefore, bipolar neurons carry visual impulses from 
the outer5 to the inner plexiform layer7. There is likely a 1:1 
relation between a foveal cone and a ganglionic neuron. The 
receptive fields of such ganglionic neurons, which are prob-
ably involved in the perception of small details, have small 
centers (perhaps the diameter of a retinal cone). Many rods 
and cones influence ganglionic neurons with large receptive 
fields. These neurons integrate incoming light from photore-
ceptors and are sensitive to moving objects and objects at low 
levels of light without much detail.

12.2.4 Optic nerve [II]

Central processes of retinal ganglionic neurons along with 
processes of retinal astrocytes and radial gliocytes collec-
tively form the retinal layer of nerve fibers9 that eventually 
becomes the optic nerve [II]. The optic nerve [II] has several 
parts, including intraocular, intraorbital, intracanalicular, 
and intracranial parts.

Intraocular part of the optic nerve

Optic fibers in the eyeball form the intraocular part. Here 
the fibers are nonmyelinated and the nerve is narrow in com-
parison with the intraorbital part. As these fibers traverse the 
outer layers of the retina, then the choroid, and finally the 
sclera, they are termed the retinal, choroidal, and scleral 
parts of the intraocular optic nerve. Ultrastructurally the 
optic nerve resembles central white matter not peripheral 
nerve even though it is one of the 12 cranial nerves.

Intraorbital part of the optic nerve

As the nonmyelinated intraocular optic fibers leave the 
eyeball, they pass through the lamina cribrosa sclerae (the 
perforated part of the sclera) to become the intraorbital part 
of the optic nerve [II]. Myelinated optic fibers begin poste-
rior to the lamina cribrosa of the sclera. At birth, few fibers 
near the globe are myelinated. After birth and continuing for 
about 2 years, this process of myelination increases dra-
matically. As a developmental anomaly, myelination often 
extends from the lamina cribrosa into the intraocular optic 
nerve and is continuous with the retina. Using an ophthal-
moscope, clusters of myelinated fibers appear as dense gray 
or white striated patches. The intraorbital part of the optic 
nerve is ensheathed by three meningeal layers: pia mater, 
arachnoid, and dura mater. Anteriorly, these sheaths blend 
into the outer scleral layers. Here the subarachnoid and the 
potential subdural space end. They do not communicate 
with the eyeball or intraocular cavity. As the optic nerves 
leave the orbit posteriorly via the optic canal, these meningeal 
sheaths are continuous with their intracranial counterparts. 
Therefore, there is continuity between the cerebrospinal fluid 
of the intracranial subarachnoid space and that in the thin 
subarachnoid space that extends by way of the optic canal, 
surrounds the intraorbital optic nerve, and ends at the lamina 
cribrosa. Along the course of the intraorbital part of the optic 
nerve, the inner surface of cranial pia mater extends into the 
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optic nerve as longitudinal septa incompletely separating 
fibers into bundles. These septa probably provide some sup-
port for the optic nerve.

Each optic nerve [II] has about 1.1 million fibers (range 
0.8–1.6 million) with variability between nerves. Most optic 
fibers (about 92%) are about 2 µm or less in diameter and 
myelinated, averaging 1–1.2 µm in diameter. A small, but 
statistically significant, age‐related decrease in axonal num-
ber and density occurs in the human optic nerve. Substance 
P is localizable to the human optic nerves from 13–14 to 37 
prenatal weeks.

Fibers from the macula travel together as the papillo-
macular bundle on the lateral side of the orbital part of the 
optic nerve immediately behind the eyeball (Fig. 12.6); small 
axons of small ganglionic neurons in the fovea centralis pre-
dominate in this bundle. Here the papillomacular bundle is 
especially vulnerable to trauma or to a tumor that impinges 
on the lateral aspect of the optic nerve. Fibers in the papillo-
macular bundle shift into the center of the optic nerve as they 
approach the optic chiasm (Fig.  12.6). At this point, fibers 
from retinal areas surrounding the macula and forming the 
paramacular fibers travel together; the remaining periph-
eral fibers from peripheral retinal areas are grouped together 
peripheral to the paramacular fibers.

Intracanalicular part of the optic nerve

After traversing the orbit, intraorbital optic fibers enter the 
optic canal with the ophthalmic artery, as the intracanalicu-
lar part of the optic nerve. Meningeal layers on the superior 

aspect of this part of the nerve fuse with the periosteum of 
the canal superficial to the nerve, fixing it in place, preventing 
anteroposterior movement, and obliterating the subarach-
noid and subdural spaces superior to it.

Intracranial part of the optic nerve

The optic nerve [II] enters the middle cranial fossa as the intrac-
ranial part of the optic nerve, which measures about 17.1 mm 
in length, 5 mm in breadth, and 3.2 mm in height. From the optic 
canal, this part of the optic nerve then inclines with its fibers in 
a plane 45° from the horizontal. Intracranial parts of each optic 
nerve join to form the optic chiasm (Figs 12.6 and 12.7).

Small efferent fibers traverse the optic nerve and retinal 
layer of nerve fibers9 and bypass the retinal ganglionic neu-
rons before synapsing with amacrine neurons in the inner 
nuclear layer6. About 10% of the fibers in the human optic 
disc are efferent. They probably excite amacrine neurons that 
then inhibit the ganglionic neurons. The many synapses of 
amacrine neurons with retinal ganglionic neurons allow a 
few efferents to influence many retinal ganglionic neurons.

Retinotopic organization

Fibers from specific retinal areas maintain a definite position 
throughout the visual path, from the retina to the primary 
visual cortex in the occipital lobe. Ample evidence, both clini-
cal and experimental, of this retinotopic organization is pre-
sent in primates. Experimental studies have emphasized 
such organization in the layer of nerve fibers9 and in the optic 
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Figure 12.6 ● Course of optic fibers from the posterior 
aspect of the globe to the optic chiasma. Immediately behind 
the globe, fibers from the macula are in a lateral position in 
the optic nerve, where they are vulnerable to injury. The 
macular fibers move to the center of the optic nerve as it 
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Adapted from Scott, 1957.)
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disc, an arrangement continuing as central processes of 
almost all retinal ganglionic neurons enter the optic nerves. 
Fibers from retinal ganglionic neurons in the superior or infe-
rior temporal retina are superior or inferior in the optic nerve 
(Fig. 12.6); nasal retinal fibers are medial in the optic nerve.

12.2.5 Optic chiasm

Union of both intracranial optic nerves takes place in the 
optic chiasm (Fig. 12.7), a flattened, oblong structure meas-
uring about 12 mm transversely and 8 mm anteroposteriorly 
and 4 mm thick. Bathed by cerebrospinal fluid in the chias-
matic cistern of the subarachnoid space, the optic chiasm 
forms a convex elevation that indents the anteroinferior wall 
of the third ventricle. Since the intracranial optic nerves 
ascend from the optic canal, the chiasm tilts upwards and its 
anterior margin is directed anteroinferiorly to the chiasmatic 
sulcus of the sphenoid bone; its posterior margin is directed 
posterosuperior.

The optic chiasm has decussating nasal retinal fibers 
from each optic nerve and nondecussating temporal retinal 
fibers from each optic nerve. Because of this decussation, 
axons of ganglionic neurons in the left hemiretina of each eye 
(temporal retina of the left eye and nasal retina of the right 
eye) will eventually enter the left optic tract (Fig. 12.7). Axons 
of ganglionic neurons in the right hemiretina of each eye 
(nasal retina of the left eye and temporal retina of the right 
eye) enter the right optic tract. Each optic tract therefore 
transmits impulses from the contralateral visual field. About 

53% of fibers in each optic nerve (nasal retinal fibers) decus-
sate in the chiasm; 47% (from each temporal retina) do not 
cross. These percentages reflect the nasal retina being slightly 
larger than the temporal retina and thus the temporal visual 
field is slightly larger than the nasal retinal field. Decussating 
fibers appear in the optic chiasm during the eighth week of 
development; uncrossed fibers begin to appear about the 
11th week. The adult pattern of partial decussation in the 
chiasm appears by week 13.

The anterior chiasmatic angle, between the optic nerves, 
narrows as the developing eyes approach the median plane. 
Fibers in the optic nerve and the anterior chiasmatic margin 
are compressed and anteriorly displaced. Because of the 
breadth of the anterior chiasmatic margin, some fibers arch 
into the optic nerves (Fig. 12.7). The narrower the angle, the 
more marked is the arching. Crossed nasal fibers from ipsi-
lateral and contralateral optic nerves and uncrossed fibers 
from ipsilateral nerves (temporal retinal fibers) are involved 
in this arching. In the posterior chiasm, with a wider angle, 
there is sparse arching of fibers.

In the retina, macular fibers are surrounded by those from 
paramacular retinal areas, fibers from superior retinal quad-
rants being dorsal and those from inferior retinal quadrants 
ventral in the chiasm. Fibers from peripheral and central 
superior retinal areas descend from the superior rim of the 
optic nerve and undergo inversion in the chiasm to enter 
each optic tract inferomedially. As noted earlier, about 10% of 
the fibers in the optic disc are efferents. Many authors sug-
gest the presence of these efferents in the human optic nerve 
and chiasm. Their origin, course posterior to the chiasm, and 
function are unclear.

Superior
temporal fibers

Superior
nasal fibers

Superior
nasal fibers

Optic nerve

Optic chiasma

Optic tract

Superior
temporal fibers

Inferior
temporal fibers

Inferior
temporal fibers

Inferior
nasal fibers

Inferior
nasal fibers

Left Right

Figure 12.7 ● View from above of the course of fibers in 
the optic chiasma. Fibers from the temporal half of the left 
retina have vertical (inferior temporal retina) or diagonal 
(superior temporal retina) lines through them. Fibers from 
the temporal retina do not cross in the chiasma. Fibers from 
the nasal half of the right retina have open (superior nasal 
retina) or closed (inferior nasal retina) circles in them. Fibers 
from the inferior retinal quadrant of each optic nerve cross 
in the anterior part of the chiasma and loop into the 
termination of the contralateral optic nerve before passing 
to the medial side of the tract. Fibers from the superior 
retinal quadrant of each optic nerve arch into the beginning 
of the optic tract ipsilaterally before crossing in the posterior 
part of the chiasma to reach the medial side of the 
contralateral optic tract (Source: Adapted from Williams and 
Warwick, 1975).
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12.2.6 Optic tract

The optic tract (Figs 12.7 and 12.8) has fibers from both reti-
nae – contralateral nasal fibers and ipsilateral temporal fibers. 
The right optic tract has fibers from the right temporal and left 
nasal retina or, described in another way, fibers from the right 
hemiretina of each eye. The left optic tract has fibers from the 
left temporal and right nasal retina. Most secondary fibers in 
the optic tracts synapse with the cell bodies of tertiary neurons 
in the thalamus; a few enter the superior colliculi of the mid-
brain. The arrangement of fibers in the optic tracts is retino-
topic with macular fibers dorsal, those from the superior retina 
medial, and those from the inferior retinal quadrants lateral.

12.2.7 Thalamic neurons

Tertiary neurons in the visual path are in the dorsal part of 
the lateral geniculate nucleus (LGd) of the lateral geniculate 
body (Fig. 12.8) of the dorsal thalamus. An almost 1:1 ratio 
exists between optic tract fibers and lateral geniculate somata 
such that practically all the retinal ganglionic neurons syn-
apse with lateral geniculate somata. There is a direct, bilat-
eral projection from the retina to the pretectal complex 
(consisting of five small nuclei) in the diencephalon and a 
direct retinal projection to the superior colliculus in humans. 
More information on these nongeniculate retinal connections 
can be found in Chapter 13.

The lateral geniculate body

Each human lateral geniculate body (LGB) is triangular and 
tilted about 45° with a hilum on its ventromedial surface. 
Fibers of the optic tract enter on its anterior, convex surface. 

The horizontal meridian of the visual field corresponds to 
the long axis of each lateral geniculate body, from hilum to 
convex surface. The fovea is represented in the posterior pole 
of the lateral geniculate with the upper quadrant of the visual 
field represented anterolaterally and the lower quadrant 
anteromedially in the lateral geniculate nucleus.

Layers of the lateral geniculate nucleus

Sections through the grossly visible lateral geniculate body 
reveal the microscopically visible lateral geniculate nucleus. 
The lateral geniculate nucleus is surprisingly variable in 
structure, with several segments: one with two layers, 
another with four, and one in the caudal half with six parallel 
layers. The six‐layered part has two large‐celled layers (an 
outer magnocellular layer ventral to an inner magnocellular 
layer) and four small‐celled layers (an inner, outer, and two 
superficial parvocellular layers). A poorly developed S‐
region is ventral to the magnocellular region in humans. 
Neurons in the parvocellular layers display rapid growth 
that ends about 6 months after birth. Parvocellular neurons 
reach adult size near the end of the first year; those in magno-
cellular layers continue to grow rapidly for a year after birth, 
reaching adult size by the end of the second year. A reduction 
in mean diameter (and consequently cell volume) is observ-
able in lateral geniculate neurons in patients with severe vis-
ual impairment (blindness). There was reduced cytoplasmic 
RNA, nucleolar volume, and tetraploid nuclei in glial cells.

Termination of retinal fibers in the lateral 
geniculate nuclei

Superior retinal fibers end medially in the lateral geniculate 
nucleus, as inferior retinal fibers end laterally. As macular 
fibers end in the nucleus, they form a central cone, its apex 
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Figure 12.8 ● Retinal origin of optic fibers in humans, their 
decussation in the optic chiasm, course in the optic tracts, and 
termination in the lateral geniculate bodies. Note that only 
fibers from the nasal half of the retina, shown on the left, cross 
in the optic chiasma to enter the contralateral optic tract. From 
the lateral geniculate body, the optic radiations pass to the 
occipital lobe to end in the primary visual area 17.
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directed to the hilus of this nucleus. Nasal retinal fibers 
decussate in the chiasm and end in geniculate nuclear layers 
1, 4, and 6; temporal retinal fibers do not decussate in the 
chiasm but end in layers 2, 3, and 5. In prenatal humans, 
fibers immunoreactive to substance P occur in the optic 
nerve and reach the lateral geniculate nuclei.

Amblyopia and the lateral geniculate nucleus (LG)

Reduction in vision, called amblyopia or “lazy eye,” results 
from disuse of an eye. If the eyes differ in refractive power 
(called anisometropia) and if this condition remains uncor-
rected, amblyopia often results. Anisometropic amblyopia 
will result in a decrease in neuronal size in the dorsal lateral 
geniculate (LGd) parvocellular layers connected with the 
“lazy” eye.

12.2.8 Optic radiations

Tertiary visual neurons, with their cell bodies in the lateral 
geniculate body, send axons as optic radiations (geniculocal-
carine fibers) (Fig. 12.8) to the primary visual cortex, corre-
sponding to Brodmann’s area 17 on the superior and inferior 
lips of the calcarine sulcus (Fig. 12.9) of the occipital lobe. 
Axons from the medial half of the dorsal lateral geniculate 
nucleus (LGd) (carrying impulses from the superior retinal 
quadrants) pass posteriorly to the superior lip of the calcar-
ine sulcus. Many axons from the lateral half of the dorsal 
lateral geniculate nucleus (LGd) (carrying impulses from 
the inferior retinal quadrants) arch into the rostral part of 
the temporal lobe as far forward as 0.5–1 cm lateral to the 
tip of the temporal horn and the deeply located amygdaloid 
complex (near the plane of the uncus). They then reach the 
inferior lip of the calcarine sulcus. These arching fibers 
from the inferior retina, with a few macular fibers, form the 
temporal loop (of Meyer) of the optic radiations (Fig. 12.8). 
In general, fibers in the optic radiations have a dorsoventral 
arrangement into three bundles: those from the superior 

peripheral retina, a central group from the macula, and a 
ventral group from the inferior retina. Although these fibers 
have a retinotopic organization, as they course in the tempo-
ral lobe, there is considerable variation in their position in 
the temporal lobe and an asymmetry in arrangement 
between the two lobes. Collaterals of optic radiations often 
enter the ipsilateral parahippocampal gyrus.

Termination of the optic radiations

The optic radiations end in an orderly manner in the pri-
mary visual cortex (Fig.  12.8) of the occipital lobe, specifi-
cally in the superior and inferior lips of the calcarine sulcus 
(Fig.  12.9). Fibers carrying impulses from the macula 
(Fig. 12.9) end most posteriorly (1–3 cm rostral to the occipi-
tal pole), those from the paramacular retina (Fig. 12.9) adjoin 
them, and those from the unpaired, peripheral retina 
(Fig.  12.9) end most anteriorly along the calcarine sulcus 
(Fig. 12.9). The area of macular projection along the primary 
visual cortex is larger than the area of macular projection on 
the dorsal lateral geniculate nucleus (LGd). The latter area is 
larger than the retinal macular area. A few fibers of the optic 
radiations reach the lateral surface of the human cerebral 
hemisphere. Such projections show individual variation 
and, where present, often extend 1–1.5 cm onto the lateral 
surface.

12.2.9 Cortical neurons

Primary visual cortex ( V 1)

At the cortical level, there is reception, identification, and 
interpretation of visual impulses. The primary visual cortex, 
on the superior and inferior lips, banks, and depths of the 
calcarine sulcus (Fig. 12.9) on the medial surface of the occip-
ital lobe, corresponds to Brodmann’s area 17. About two‐
thirds of the primary visual cortex is in the calcarine sulcus, 
hidden from view. The primary visual cortex, extending 
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Figure 12.9 ● Medial surface of the left cerebral 
hemisphere to show the location of the primary visual 
area 17. This region is on the superior and inferior lips, 
banks, and depths of the calcarine sulcus. Macular (M), 
paramacular (PM), and peripheral (P) parts of the 
contralateral superior nasal and ipsilateral superior 
temporal retinal quadrants project fibers on to the 
superior lip of the calcarine sulcus. Corresponding parts 
of the inferior retinal quadrants project on to the 
inferior lip of the calcarine sulcus. Adjoining 
Brodmann’s area 17 is area 18 and adjoining area 18 is 
Brodmann’s area 19 as shown. Part of area 19 is in the 
parietal lobe anterior to the parieto‐occipital sulcus. 
This parietal part of area 19 is the preoccipital area. 
Areas 18 and 19 are secondary visual areas.
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from the occipital pole posteriorly to the parieto‐occipital 
sulcus anteriorly, is designated visual area 1 (V1), the striate 
area, or striate cortex. Myelinated fibers of the visual radia-
tions enter area 17 and end in its layer IV (the stria of the 
internal granular layer or stripe of Gennari), forming a visi-
bly evident stripe of fibers that give the primary visual cortex 
a striated appearance and hence give rise to the term striate 
area or striate cortex. The primary visual cortex contains a 
direct representation of retinal activation and carries out 
low‐level feature processing.

Surrounding primary visual area 17 are a number of 
secondary or “extrastriate” visual areas, designated visual 
area 2 (V2) and corresponding to Brodmann’s areas 18 and 
19 (Fig. 12.9). Areas 18 and 19 do not have a visible stripe of 
fibers in layer IV. Part of area 19 is in the parietal lobe anterior 
to the parieto‐occipital sulcus. Parts of areas 18 and 19 are on 
the lateral surface of the occipital lobe near the occipital pole. 
These secondary visual areas are visual association areas. 
These extra‐striate areas participate in further processing 
and more advanced analysis of visual information that comes 
from the primary visual area. Fibers from area 17 end in layers 
III and IV of area 18, whereas fibers from area 18 end in upper 
(layers I, II, III) and lower (V and VI) layers of area 17.

The retinotopic organization of the human visual cortex 
is identifiable by positron emission tomography (PET). 
Impulses from the macula project most caudally near the 
occipital pole but do not extend onto the lateral surface, 
whereas peripheral areas of the retina project most rostrally 
along the calcarine sulcus. Paramacular regions project their 
impulses between these two. The superior retina projects on 
the superior lip of the calcarine sulcus while the inferior 
retina projects on the inferior lip of the calcarine sulcus.

Layers of the primary visual cortex

The primary visual cortex (V1/area 17) is thin, averages 
1.8 mm in thickness, and amounts to about 3% (range 2–4%) 
of the entire cerebral cortex. Although it resembles other cor-
tical areas, being arranged in six layers (layers I–VI), exten-
sive quantitative analyses and correlation studies in humans 
have identified at least 10 layers in the primary visual cor-
tex: layers I, II, III, IVa, IVb, IVc, Va, Vb, VIa, and VIb. The 
primary visual cortex occupies about 21 cm2 in each cerebral 
hemisphere. Area 17 in young adults has about 35 000 neu-
rons per mm3, alternately cell‐sparse and cell‐rich horizontal 
laminae with a conspicuous fibrous layer IV (stria of the 
inner granular layer), a thin, cell‐poor layer V, and a thin, 
cell‐rich layer VI. Layer IV has several subdivisions desig-
nated IVa, IVb, and IVc while layer IVc, in turn, is divisible 
into IVc‐α and IVc‐β. Neurons in each layer have a distinctive 
size, shape, density, and response to visual stimuli. Those in 
layer IV show the simplest response to visual stimuli and 
reveal an intermingled input from both eyes. Neurons in lay-
ers I–III, V, and VI are complex in responses and usually 
driven by both eyes. Neurons in layer IV of the striate cortex 
send axons to neurons in layers II and III whereas neurons in 
layers II and III send axons to other cortical areas. Neurons in 

layer V send axons to the superior colliculus whereas 
neurons in layer VI send axons back to the lateral geniculate 
nuclei.

About 67% of the primary visual cortex is not visibly 
evident on the cortical surface but rather is in the calcarine 
sulcus, its branches, or accessory sulci. As myelinated fibers 
of the optic radiations enter area 17 to end in layer IV, they 
add to the thickly myelinated intracortical fibers there, form-
ing a broad and visible layer, the stria of the internal granular 
layer (layer IVb). Hence the primary visual cortex is termed 
the striate cortex. Layer IV of the primary visual cortex 
occupies about 33% of the total cortical thickness. About 
20% or fewer of the synapses in layer IV occur on processes 
of neurons from the lateral geniculate nuclei. Hence the 
intrinsic input to this layer, structurally and perhaps func-
tionally, is dominant. A great deal of thalamic and intrinsic 
input converges on visual neurons in the cerebral cortex. 
There is a gradual reduction in the myelin in this stria, begin-
ning in the third decade of life. This is likely the result of 
normal aging but also due to blindness, Alzheimer disease, 
or multiple‐infarct dementia. The human primary visual cor-
tex is responsible for conscious vision but not visual interpre-
tation. No appreciable visual consciousness is demonstrable 
at thalamic levels in humans.

Extrastriate visual areas

Secondary visual cortex ( V 2/area 18)

Area 18, the secondary visual cortex, also designated area 
V2, surrounds V1, connects with it, and lacks a specialized 
layer IV. It is termed “extrastriate” as it is outside or beyond 
the striate cortex. Primary visual area 17 sends many fibers to 
extrastriate visual areas 18 and 19 that have an especially 
well‐differentiated system of intracortical and myelinated 
fibers. Area 18, in turn, has reciprocal connections with other 
extrastriate areas.

Extrastriate area 19

Extrastriate area 19 is the most rostral part of the visual cor-
tex in the occipital lobe. This area is not homogeneous but is 
divisible into a number of visual areas. It is likely a tertiary 
visual area.

Visual area V 4

In humans, this extrastriate visual area is specialized for dif-
ferent aspects of object recognition including color and shape. 
Visual area V4 is in the collateral sulcus or lingual gyrus of 
the occipital lobe. Patients with lesions in this area have an 
inability to see color, a condition called achromatopsia.

Visual area V 5

Another extrastriate visual area is visual area V5 in the 
ascending limb of the inferior temporal sulcus that is 
involved in the perception of motion in humans, including 
both speed and direction. There may be direct projections 
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from V1 to V5 or indirect to V5 through V2 or V3. This motion 
pathway likely extends beyond the middle temporal area to 
the medial superior temporal area, the parietal lobe, and the 
frontal eye fields. Patients with lesions in this area may have 
a selective disturbance of movement vision such as visual 
tracking.

Magno and parvo paths from retina to visual cortex

The types of retinal ganglionic neurons (type II or type M 
cells and type III or type P cells), and their relation to differ-
ent layers in the dorsal lateral geniculate nuclei (magnocel-
lular and parvocellular) define two parallel paths from 
retinal ganglionic neurons to the visual cortex. These struc-
tural divisions (“magno” and “parvo”) differ in color, acuity, 
speed, and contrast sensitivity. At cortical levels, these two 
divisions are probably selective for form, color, movement, 
and stereopsis.

“What” and “where” processing in the visual cortex

At the cortical level, the somatosensory, auditory, and visual 
systems in primates are each organized into “what” and 
“where” paths (see Table 8.2). Within this concept, informa-
tion travels first to the primary visual cortex and then relays 
in serial fashion through a series of increasingly complex 
visual association areas (the extrastriate visual area). This 
“what” and “where” model of vision in nonhuman pri-
mates includes a ventral stream (“what” path), the occipital–
temporal–prefrontal path for perception, identification, and 
recognition of visually presented objects (object vision, for 
example faces and words) based on features such as color, 
texture, and contours. The dorsal stream (“where” path), or 
occipital–parietal–prefrontal path participates in the appre-
ciation of the spatial relations among objects (spatial vision) 
and also for the visual guidance of movements toward 
objects in visual space. Examples of objects are faces, build-
ings, and letters. The occiptotemporal cortex includes 
Brodmann’s areas 19 and 37 whereas the occipitoparietal 
cortex includes parts of Brodmann’s area 19 and area 7 in 
the superior parietal lobule. The “prefrontal part” of these 
paths includes parts of the inferior frontal gyrus corre-
sponding to Brodmann’s areas 45 and 47 and also the dorsal 
part of premotor area 6. Both of these paths in the end send 
information related to identity and location to the same 
areas of the prefrontal cortex so that this is not a completely 
segregated system. There seems to be some left hemisphere 
specialization or dominance for visual form in the ventral 
stream. Finally, there is much more to this story, including 
the possibility of additional functional streams or even 
“streams within streams.” The myriad of extrastriate visual 
areas makes this highly probable.

Developmental aspects of the visual cortex

Some differentiation of neurons and dendritic growth takes 
place in the primary visual cortex in humans in the first 
few postnatal months, with a regular decrease in neuronal 

density from 21 prenatal weeks until about the fourth post-
natal month. However, most developmental changes in neu-
ronal structure and connections in the human visual system 
take place in the absence of visual experience. Synaptic 
development in the human primary visual cortex covers a 
period from the third trimester prenatally to the eighth 
month postnatally, by which time synaptic density and 
number are maximal. Adult levels of synaptic density occur 
at 11 years, being 40% less than at 8 months. The synaptic 
density is probably lower in the human primary visual cor-
tex than in other cortical areas. Neuronal differentiation, 
dendritic growth, changes in neuronal density, synaptogen-
esis, and synapse elimination in the human primary visual 
cortex provide excellent examples of plasticity in the central 
nervous system. The timing and sequence of these events 
coincide with the development of certain visual functions. 
When synaptogenesis is rapid (4–5 postnatal months), there 
is a sudden increase in visual abilities, including binocular 
interactions. The apparent excess production of synapses 
and their eventual elimination are probably a manifestation 
of activation of certain cortical circuits (neuronal somata, 
processes, and synapses) that are in use, stabilize, and per-
sist. Nonactivated elements of this circuit often regress and 
disappear.

Studies of the primary visual cortex in humans suggest 
that it has an overabundance of synapses that are nonspecific 
or labile from the fourth to the eighth postnatal months, 
regression and stabilization follow between the eighth month 
and 11th year, followed by a persistent, stable period 
throughout adulthood. By analogy, what starts out as a large 
mass of clay (the developing primary visual cortex with neu-
rons, processes, and synapses) is “sculptured” (neuronal dif-
ferentiation, dendritic growth, changes in neuronal density, 
synaptic elimination) during development until a final form 
results, that is, the formation of the adult primary visual cor-
tex. No evidence exists for age‐related neuronal loss in the 
human primary visual cortex.

12.3 INJUrIeS tO tHe VISUAL SYSteM

12.3.1 Retinal injuries

Depending on the nature, location, and size of the injury, 
changes in visual acuity, visual fields, and perhaps abnormal 
visual sensations may occur in humans. The most frequent 
cause of retinal injury is generalized vascular disease. 
Involvement of both retinae results in complete blindness. 
A small injury to the retina often leads to a visual field defect 
corresponding to the position, shape, and extent of the retinal 
injury. Blindness in the visual field corresponding to the 
macular retinal area with sparing of the peripheral field is a 
central scotoma. In such cases, vision is lost in a central area 
surrounded by an area of normal vision, like the hole in a 
doughnut, with the hole representing the scotoma. Patients 
often describe visual field defects as spots, glares, shades, 
veils, or blank areas of vision. If the injury involves fibers in 
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the layer of nerve fibers9, the visual field defect conforms to 
the retinal area represented by those fibers. Therefore, a small 
injury to the macular fibers, or to the optic disc, has a drastic 
effect. Degeneration of retinal ganglionic neurons was present 
in the retinas of eight of 10 patients with Alzheimer disease.

Separation of the pigmented layer of the retina from the 
neural layers results in a condition called retinal detach-
ment. This is likely due to one or more holes in the retina that 
permit fluid to enter between the pigmented and neural lay-
ers. Photocoagulation, cryotherapy, and diathermy are use-
ful methods of repairing these holes and correcting the 
detachment.

12.3.2 Injury to the optic nerve

Injury to one optic nerve [II] by inflammation, demyelina-
tion, or vascular disease may lead to complete blindness the 
uniocular visual field of that eye (Fig. 12.10B). Injury to the 
lateral part of the optic nerve as the nerve leaves the eyeball 
often involves the papillomacular bundle. The affected 
patient will have impaired vision in the macular part of the 
visual field of that eye, with normal peripheral vision. This 
condition is termed a central scotoma. Optic neuropathy is a 
functional disturbance or pathological change in the optic 
nerve. Impairment of brightness is a consistent finding with 
optic neuropathy. Objects and surfaces appear as shades of 
gray with an absence of color that persists in the face of 
changes in ambient illumination and accompanying changes 
in reflected light. Gray levels of an object or surface normal-
ize over a broad range of illumination – a phenomenon called 
brightness constancy.

Swelling of the optic disc, called papilledema, may result 
from a space‐occupying, intracranial tumor or as an indirect 
result of a swollen brain. Papilledema can occur without 
impairment of vision. In one series, the optic nerves in eight 
of 10 patients with Alzheimer disease exhibited widespread 
axonal degeneration, including sparse packing of axons and 
considerable glial replacement. Radiation therapy for pitui-
tary tumors and craniopharyngiomas often causes necrosis 
of fibers in the optic nerve and chiasm.

12.3.3 Injuries to the optic chiasm

Fibers in the optic chiasm may be flattened or stretched and 
their vascular supply interrupted by trauma, vascular dis-
ease, or tumors of the hypophysial or parasellar region, caus-
ing visual impairment. Transection of the chiasm by a 
gunshot wound in the temple will lead to blindness. If a 
hypophysial tumor expands beyond the sella (suprasellar 
extension), it can elevate and flatten the optic nerves and 
chiasm, causing injury to only those fibers from the inferior 
retina. The result may be a symmetrical, superior temporal 
visual field defect called bitemporal superior quadrantano-
pia. If the tumor continues to expand and impinge on the 
optic chiasm and its decussating fibers from each nasal 
hemiretina, a visual field defect results, with loss of vision 
in both temporal visual fields – a defect called bitemporal 
hemianopia (Fig.  12.10A). Hemianopia (also hemianopsia) 
means “half without vision” and the term bitemporal refers 
to the affected visual fields (both temporal crescents). The 
anatomical basis of bitemporal hemianopia is injury to the 
decussating nasal retinal fibers in the optic chiasm (Fig. 12.10), 
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Figure 12.10 ● Visual field deficits caused by interruption 
or transection of fibers at certain points along the visual path. 
(A) Section of the optic chiasma with a resulting bitemporal 
hemianopia (loss of vision in the temporal parts of both right 
and left visual fields). (B) Section of the left optic nerve with 
blindness in the left visual field and a normal right visual field. 
(C) Section of the optic tract causing a contralateral 
homonymous hemianopia. (D) Section of the optic radiations 
in the temporal lobe with an incongruous visual field defect. 
Involvement of the temporal part of the right visual field 
corresponding to the superior nasal quadrant of the left visual 
field results in a superior quadrantanopia. (E) Section of the 
optic radiations in the parietal lobe with a resulting 
contralateral homonymous hemianopia. (Source: Adapted from 
Harrington, 1981.)
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causing a sharply defined temporal field defect. Bryan et al. 
(2014) recently reported on two patients, one 17 and the other 
83 years old, with complete binasal hemianopia but without 
any identifiable ocular or intracranial etiology! About a 
dozen patients with complete or incomplete binasal hemia-
nopia have been described in the literature.

Although it seems easy to correlate visual field defects 
with the arrangement of fibers in the optic chiasm, the inva-
sive character of injuries to the chiasm and their effects on its 
vascular supply often result in visual field defects that defy 
such correlations. Examination of visual fields using confron-
tation with colors may help detect early injuries to the chiasm.

12.3.4 Injuries to the optic tract

Ganglionic neurons in the left hemiretina of each eye (tempo-
ral retinal fibers of the left eye and nasal retinal fibers of 
the right eye) send axons to the left cerebral hemisphere. 
Ganglionic neurons in the right hemiretina of each eye (nasal 
retinal fibers of the left eye and temporal retinal fibers of the 
right eye) send axons to the right cerebral hemisphere. Injury 
to the left optic tract damages fibers from the temporal 
hemiretina of the left eye and fibers from the nasal hemiretina 
of the right eye as they pass to the primary visual cortex, 
causing a defect in the right half of each uniocular visual 
field. The resulting condition is termed homonymous hemi-
anopia (Fig. 12.10C). “Homonymous” means that the defect 
is in the same or similar half of each uniocular visual field 
whereas “hemianopia” means that half of each visual field is 
injured. The optic tract is short, small in diameter, and closely 
related to the oculomotor nerve, cerebral peduncle, uncus, 
and posterior cerebral artery. Compression of the optic tract 
against adjacent structures may follow increased intracranial 
pressure or injuries in the cranial cavity. Because some fibers 
in the optic tract transmit impulses for pupillary reflexes, an 
afferent pupillary defect (described in Chapter 13) is likely 
contralateral to optic tract injury. As pupillomotor fibers 
in the optic tract are absent from the optic radiations, a com-
plete homonymous hemianopia with an afferent pupillary 
defect distinguishes injury in an optic tract from one in the 
optic radiations. Injury to the optic tract causes atrophy in 
the retinae and optic nerves after about 6 weeks.

Visual field defects resulting from injuries behind the 
optic chiasm are substantial and most often of vascular 
origin. They are detectable with confrontation techniques 
using the fingers to delineate the visual fields. Such homony-
mous defects usually have a slight chance of spontaneous 
recovery, although there is often some improvement within 
48 h of the cortical injury.

12.3.5 Injury to the lateral geniculate body

Nonvascular injuries such as tumors, which infiltrate or 
compress the lateral geniculate, cause incongruent field 
defects (the fields are not superimposable). If the injury is 

limited to the lateral aspect of the lateral geniculate nucleus, 
where inferior retinal fibers end, a defect in the superior 
nasal fields (superior quadrantanopia) results.

The lateral geniculate nucleus receives blood from two 
sources. The anterior choroidal artery normally arises as a 
single trunk from the supraclinoid part of the internal carotid 
artery several millimeters distal to the posterior communicat-
ing artery. It then makes an anterior approach to the lateral 
geniculate body along the optic tract (passing from the lateral 
to the medial side of the tract) before entering the choroidal 
fissure to end in the choroid plexus of the temporal horn. With 
regard to the visual system, the anterior choroidal artery sends 
branches to the optic tract and lateral geniculate body (ante-
rior hilum and anterolateral half of this nucleus) and supplies 
the optic radiations in the retrolenticular part of the posterior 
limb of the internal capsule. Because of this, a typical anterior 
choroidal artery infarction causes a congruent defect in the 
superior and inferior quadrants of the same half of each visual 
field (a contralateral homonymous hemianopia).

One or more of the posterior choroidal rami of the posterior 
cerebral artery (see Figs 22.2, 22.3 and 22.9) supply the poster-
omedial parts of the lateral geniculate nucleus on their way to 
the choroid plexus of the lateral ventricle. Injury to the medial 
aspect of this nucleus, where superior retinal fibers end – the 
territory of the posterior choroidal artery – causes a defect in 
the inferior visual fields without involvement of the macular 
area. Macular fibers form a central cone in the lateral genicu-
late nucleus, with its apex directed to the nuclear hilus.

12.3.6 Injuries to the optic radiations

Owing to their length, the optic radiations are more often 
subject to injury than the optic tract or the lateral geniculate 
nucleus (LG). Injury may occur in the internal capsule or in 
the temporal lobe as the optic radiations travel through them 
to reach the occipital lobe. The resulting visual field loss is 
termed a contralateral homonymous hemianopia. Here the 
defect is in the contralateral half (hemianopia) of the visual 
field of each eye (Fig. 12.10E), that is, on the side of the visual 
field of each eye that is contralateral to the side of injury. The 
same or homonymous half of each uniocular field is involved. 
Injury to the optic radiations in the temporal lobe may dam-
age a variable number of fibers that arch into the temporal 
lobe as part of the temporal loop of the optic radiations. 
Fibers from the ipsilateral inferior temporal retina are more 
anterior and ventral in the temporal loop than the crossed 
inferior nasal retinal fibers and therefore more vulnerable to 
injury involving the temporal lobe or small surgical resec-
tions of the temporal lobe. The resulting visual field defect in 
this instance is a superior nasal quadrantanopia (Fig. 12.10D), 
depending on the number of fibers involved. A field defect 
caused by injury to the optic radiations depends on the 
nature, extent, and rate of development of the injury, and 
whether the fibers involved are in the temporal, parietal, or 
occipital lobe. Ischemic injury to the optic radiations causes 
decreased glucose metabolism in the appropriate part of the 
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primary visual cortex when examined with PET in conjunc-
tion with [18F]fluorodeoxyglucose (18FDG).

The extent to which patients with homonymous hemia-
nopia are aware of their visual deficit varies from complete 
awareness to complete unawareness. Analysis of computed 
tomographic scans of 41 patients demonstrated smaller inju-
ries in the occipital lobe in those who were aware of their 
defect. Patients unaware of their visual defect had extensive, 
anteriorly located injuries in the parietal lobe.

12.3.7 Injuries to the visual cortex

Injuries to the inferior lip of both visual cortices will lead to 
blindness in the superior half of both visual fields. If, how-
ever, the inferior lip on only one side is affected, the loss will 
be in the superior quadrant on the opposite side and the 
resulting deficit will be a contralateral superior quadratic 
anopsia. Patients often describe the visual field defect caused 
by a cortical injury as a mist or a haze. If the left primary 
visual cortex is injured, a contralateral (right‐sided) homon-
ymous hemianopia will occur in the right half of each 
 uniocular visual field. Patients with visual field defects 
learn to look with their good eye into the area not well seen 
by the other eye. Patients easily and unknowingly carry out 
compensation for visual field defects. Rehabilitation in 
patients with visual field deficits attributable to injuries to 
the primary visual cortex has proven unsuccessful to date. 
Ischemic injuries to the human visual cortex, causing visual 
field defects such as homonymous hemianopia, are demon-
strable by metabolic mapping. Such methods reveal low 
glucose utilization in parts of the striate cortex consistent 
with the visual field loss. Glucose utilization in the adjacent 
extrastriate cortex is also lower in such instances.

Unilateral damage to the entire primary visual cortex 
(superior and inferior lips of the calcarine sulcus) and the 
optic radiations may occur during occipital lobectomy, 
performed to remove tumors. In such cases, there is a con-
tralateral homonymous hemianopia with distinct sparing of 
vision along a narrow strip about 2–3° from the foveal center. 
With other types of post‐chiasmatic injuries, particularly of a 
vascular nature, there is often a contralateral homonymous 
hemianopia with some degree of visual sparing. Since the 
macula has a diameter of 6°30′ on a visual field chart, this 
2–3° of sparing is most likely foveal and not macular in 
nature. Therefore, the term foveal sparing is most appropri-
ate for this phenomenon. The fundamental question under-
lying such sparing, discussed by Lavidor and Walsh (2004), 
is whether the representation of the fovea is split at the 
median plane between the two hemispheres or is bilaterally 
represented by overlapping projections of the fovea in each 
hemisphere. Their examination of the experiments of others 
led them in the direction of strong support for the split fovea 
theory. These authors concur with Leff (2004) that foveal 
sparing is not due to the bilateral representation of central 
vision in the primary visual cortex. Leff (2004) contends that 
the only explanation consistent with the pattern of this 

deficit and our present understanding of it is that such spar-
ing results from incomplete damage to the visual cortex and 
its connections. Those interested in this controversy of the 
split fovea theory versus the bilateral representation theory 
are encouraged to read the discussion by Jordan and Paterson 
(2010), who argue that the balance of evidence continues to 
support the bilateral projection theory, and that by Ellis and 
Brysbaert (2010), who continue to believe that the split fovea 
theory is worthy of serious consideration.

Injuries to the visual cortex in children do not show a 
uniform degree of sparing or recovery. Sparing, which does 
occur after such injury neonatally or in early childhood, 
often results from subcortical areas becoming proficient in 
functions that later are carried out primarily by the striate 
cortex. Altitudinal hemianopia is a visual field defect caused 
by bilateral injury to the occipital lobes. If the superior lips 
of both calcarine sulci are injured, an inferior altitudinal 
defect will result. Selective involvement of the inferior lips 
of both calcarine sulci with sparing of the superior lips 
causes a superior altitudinal defect. Although rare, these 
altitudinal field defects emphasize the representation of 
the superior visual fields along the inferior lip of the calcar-
ine sulcus and the inferior visual fields along the superior 
lip of the calcarine sulcus.
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The study of eye movements is a source of valuable information to both basic sci-
entists and clinicians. To the neurobiologist, the study of the control of eye move-
ments provides a unique opportunity to understand the workings of the brain. To 
neurologists and ophthalmologists, abnormalities of ocular motility are frequently 
the clue to the localization of a disease process.

R. John Leigh and David S. Zee, 2006
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13.1 OCULAr MOVeMeNtS

13.1.1 Primary position of the eyes

Normally our eyes look straight ahead and steadily fixate on 
objects in the visual field. This is the primary position 
(Figs 12.3 and 13.1) of the eyes. In this position, the visual 
axes of the two eyes are parallel and each vertical corneal 
meridian is parallel to the median plane of the head. The 
primary position is also termed the position of fixation or 
ocular fixation. The position of rest for the eyes exists in 
sleep when the eyelids are closed. In the newborn, the eyes 

often move separately. Ocular fixation and coordination of 
ocular movements take place by about 3 months of age.

13.2 CONJUGAte OCULAr MOVeMeNtS
Moving our eyes, head, and body increases our range of 
vision. Under normal circumstances, both eyes move in uni-
son (yoked together or conjoined) and in the same direction. 
There are several types of such movements, termed conju-
gate ocular movements: (1) miniature ocular movements, (2) 
saccades, (3) pursuit movements, and (4) vestibular move-
ments. The eyes move in opposite directions, independent of 
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each other but with equal magnitude, when both eyes turn 
medially to a common point such as during convergence of 
the eyes. Such nonconjugate ocular movements are termed 
vergence movements.

13.2.1 Miniature ocular movements

Because of a continuous stream of impulses to the extraoc-
ular muscles from many sources, the eyes are constantly in 
motion, making as many as 33 back and forth miniature 
ocular movements per second. These miniature ocular 
movements occur while we are conscious and have our 
eyes in the primary position and our eyelids are open. We 
are unaware of these movements in that they are smaller 
than voluntary ocular movements and occur during efforts 
to stabilize the eyes and maintain them in the primary 
position. These miniature ocular movements enhance the 
clarity of our vision. The arc minute is a unit of angular 
measurement that corresponds to one‐sixtieth of a degree. 
Each arc minute is divisible into 60 arc seconds. During 
these miniature ocular movements, the eyes never travel 
far from their primary position – only about 2–5 minutes of 
arc on the horizontal or vertical meridian. The retinal 
image of the target remains centered on a few receptors in 
the fovea where visual acuity is best and relatively uni-
form. Miniature ocular movements encompass several 
types of movements. These include flicks (small, rapid 
changes in eye position, 1–3 per second, and about 6 

minutes of arc), drifts (occurring over an arc of about 5 
minutes), and physiological nystagmus (consisting of 
high‐frequency tremors of the order of 50–100 Hz with an 
average amplitude of less than 1 minute of arc – 5–30 arc 
seconds is normal).

13.2.2 Saccades

In addition to miniature ocular movements, two other types 
of voluntary ocular movements are recognized. Saccades 
(scanning or rapid ocular movements) are high‐velocity 
movements (angular velocity of 400–600° s–1) that direct the 
fovea from object to object in the shortest possible time. 
Saccades occur when we read or as the eyes move from one 
point of interest to another in the field of vision. While read-
ing, the eyes move from word to word between periods of 
fixation. These periods of fixation may last 200–300 ms. The 
large saccade that changes fixation from the end of one line 
to the beginning of the next is termed the return sweep. 
Humans make thousands of saccades daily that are seldom 
larger than 5° and take about 40–50 ms. In normal reading, 
such movements are probably 2° or less and take about 
30 ms. Hence saccades are fast, brief, and accurate  movements 
brought about by a large burst of activity in the agonistic 
muscle (lateral rectus), with simultaneous and complete 
inhibition or silencing in the antagonistic muscle (medial 
rectus). Another burst of neural activity then steadily fixes 
the eye in its new position. The eye comes to rest at the end 

Inferior oblique:
elevates adducted

eyeball

Superior rectus:
elevates abducted

eyeball

Superior oblique:
depresses abducted

eyeball

Lateral rectus:
abducts eyeball

Inferior rectus:
depresses abducted

eyeball

Medial rectus:
adducts eyeball

Figure 13.1 ● Certain actions of the muscles of the right eye. In the center, the eye is in its primary position with its six muscles indicated. Left of center 
the medial rectus adducts the eye. The inferior oblique elevates the adducted eye (left and above, the adducted eye is elevated by the inferior oblique) 
while the superior oblique depresses the adducted eye (left and below). The lateral rectus abducts the eye (to the right of center) while the superior rectus 
elevates the abducted eye (right and above). The inferior rectus depresses the abducted eye (right and below). (Source: Adapted from Gardner, Gray, and 
O’Rahilly, 1975.)
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of a saccade not by the braking action of the antagonistic 
muscle but rather due to the viscous drag and elastic forces 
imposed by the surrounding orbital tissues. When larger 
changes are necessary beyond the normal range of a saccade, 
movement of the head is required. Saccades are rarely repeti-
tive, rapid, and consistent in performance regardless of the 
demands on them. It is possible to alter saccadic amplitude 
voluntarily but not saccadic velocity. The ventral layers of 
the superior colliculus of the midbrain play an important 
role in the initiation and speed of saccades and also the selec-
tion of saccade targets. Areas of the human cerebral cortex 
thought to be involved in the paths for saccades include the 
intraparietal cortex, frontal eye fields, and supplementary 
eye fields. Numerous functional imaging studies have shown 
that human intraparietal cortex is involved in attention and 
control of eye movements (Grefkes and Fink, 2005). There is 
an age‐related increase in visually guided saccade latency.

13.2.3 Smooth pursuit movements

Another type of conjugate ocular movement is the smooth 
pursuit or tracking movements that occur when there is 
fixation of the fovea on a moving target. This fixation on the 
fovea throughout the movement ensures that our vision of 
the moving object remains clear during the movement. The 
amplitude and velocity for such tracking movements 
depend on the speed of the moving target – up to a rate of 
30° s–1. Without the moving visual target, such movements 
do not take place. Many of the same cortical areas involved 
in the paths for saccades (the intraparietal cortex, the fron-
tal eye fields, and the supplementary eye fields) are 
involved in pursuit movements along with the middle tem-
poral and medial superior temporal areas. Apparently, 
these overlapping areas have separate subregions for the 
two types of movements. There is an age‐related decline in 
smooth pursuit movements such that eye velocity is lower 
than the target velocity.

13.2.4 Vestibular movements

The vestibular system also influences ocular movements. 
Movement of the head is required when larger changes in 
ocular movements are necessary beyond the size of normal 
saccades. The eyes turn and remain fixed on their target but, 
as the head moves to the target, the eyes then move in a 
direction opposite to that of the head. Stimulation of vestibu-
lar receptors provides input to the vestibular nuclei that 
 signals the velocity of the head needed and provides a burst 
of impulses causing ocular movements that are opposite to 
those of the head (thus moving the eyes back to the primary 
position). The brain stem reflex responsible for these move-
ments is termed the vestibulo‐ocular reflex (VOR). Such 
movements are termed compensatory ocular movements 
because they are compensating for the movement of the head 
and moving the eyes back to the primary position.

13.3 eXtrAOCULAr MUSCLeS
Regardless of the type of ocular movement, the extraocular 
muscles, nerves, and their nuclei, and the internuclear 
 connections among them, all participate in ocular move-
ments. The extraocular eye muscles include the medial, 
 lateral, superior, and inferior recti and the superior and infe-
rior obliques (Figs  13.1 and 13.2). Except for the inferior 
oblique, all other extraocular muscles arise from the common 
tendinous ring, a fibrous ring that surrounds the margins of 
the optic canal. The extraocular muscles prevent ocular 
 protrusion, help maintain the primary position of the eyes, 
and permit conjugate ocular movements to occur.

Human extraocular muscles contain extrafusal (motor) 
and intrafusal (spindle) muscle fibers or myocytes. The 
extrafusal myocytes include at least two populations of myo-
cytes and nerve terminals. Peripheral myocytes that are small 
in diameter, red, oxidative, and well suited for sustained 
contraction or tonus are termed “slow” or tonic myocytes. 
These tonic myocytes receive their innervation from nerves 
that discharge continuously, are involved in slower move-
ments, and maintain the primary position of the eyes. Indeed, 
extraocular muscles seldom show signs of fatigue in that they 
work against a constant and relatively light load at all times. 
There are no slow myocytes in the levator palpebrae superio-
ris. The inner core of large extraocular myocytes have “fast,” 
phasic, or twitch myocytes that are nonoxidative in metabo-
lism and better suited for larger, rapid movements. This inner 
core of large extraocular myocytes receives its innervation 
through large‐diameter nerves that are active for a short time. 
Cholinesterase‐positive “en plaque” endings and “en 
grappe” endings are on both types of myocytes. The “en 
grappe” endings are somatic motor terminals that are smaller, 
lighter stained clusters or chains along a single myocyte.

Sections of human extraocular muscles reveal muscle 
spindles in the peripheral layers of small‐diameter myocytes 
near their tendon of origin with about 50 spindles in each 
extraocular muscle. Extraocular muscles are richly inner-
vated skeletal muscles compared with other muscles in the 
body. In spite of this, humans have no conscious perception 
of eye position. Each spindle has 2–10 small‐diameter 
intrafusal myocytes enclosed in a delicate capsule. Nerves 
enter the capsule and synapse with the intrafusal myocytes. 
Age‐related changes in human extraocular muscles include 
degeneration, loss of myocytes with muscle mass, and 
increase of fibrous tissue occurring before middle age and 
with increasing frequency thereafter. These findings probably 
account for age‐related alterations in ocular movements, con-
traction and relaxation phenomena, excursions, ptosis, limi-
tation of eyelid elevation, and convergence insufficiency.

All extraocular muscles participate in all ocular move-
ments, maintaining smooth, coordinated ocular move-
ments at all times. Under normal circumstances, no 
extraocular muscle acts alone, nor is any extraocular mus-
cle allowed to act fully hiding the cornea. Movement in any 
direction is under the influence of the antagonist extraocu-
lar muscles that actively participate in ending a saccade by 
serving as a brake. In some rare individuals, the eyes can be 
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voluntarily “turned up” with open lids and the corneas 
hidden from view.

The eyelids remain closed in sleep and while blinking – an 
involuntary reflex involving brief (0.13–0.2 s) eyelid closure 
that does not interrupt vision because the duration of the 
retinal after‐image exceeds that of the act of blinking. In 
young infants, the rate of eye blinking is low, about eight 
blinks per minute, but this steadily increases over time to an 
adult rate of 15–20 blinks per minute.

Bilateral eyelid closure takes place in the corneal reflex 
(described in Chapter 8), on sudden exposure to intense illu-
mination, the dazzle reflex, by an unexpected and threaten-
ing object that moves into the visual field near the eyes, the 
menace reflex, or by corneal irritants such as tobacco smoke. 
Application of a local anesthetic to the cornea does not inter-
rupt blinking as it does in the congenitally blind and in those 
who have lost their sight after birth. Figure 13.1 illustrates 
actions of the extraocular muscles. Because of the complexity 
of the interactions among the extraocular muscles, it is best 
to examine them in isolation.

13.4 INNerVAtION OF tHe eXtrAOCULAr 
MUSCLeS
The six extraocular muscles and the levator of the upper 
eyelid (levator palpebrae superioris) receive their innerva-
tion by three cranial nerves: the oculomotor, trochlear, and 
abducent. The extraocular muscles receive a constant 
 barrage of nerve impulses even when the eyes are in the 
 primary position. Impulses provided to the extraocular 
muscles allow the eyes to remain in the primary position or 
to move in any direction of gaze. Ocular movements take 
place by increase in activity in one set of muscles (the 
 agonists) and a simultaneous decrease in activity in the 
antagonistic muscles. The eyeball moves if the agonist con-
tracts, if the antagonist relaxes, or if both vary their activity 
together. Therefore, in the control of ocular movements, 
activity by the antagonists is as significant as activity of the 
agonists.

The abducent nerve [VI], or sixth cranial nerve, inner-
vates the lateral rectus. The designation LR6 indicates the 
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Figure 13.2 ● (A) View from above of the muscles of the right eye. Only 
the tendon of origin remains following resection of the levator palpebrae 
superioris muscle. (B) The muscles of the right eye as seen from the lateral 
aspect. Only the tendon of origin of the levator remains following its 
resection and removal of the middle of the lateral rectus. (Source: Adapted 
from Gardner, Gray, and O’Rahilly, 1975.)
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lateral rectus innervation. The trochlear nerve [IV], or fourth 
cranial nerve, innervates the superior oblique. The designa-
tion SO4 indicates the superior oblique innervation. The 
remaining extraocular muscles and the levator palpebrae 
superioris receive their innervation through the oculomotor 
nerve [III], the third cranial nerve, for which the designation 
R3 indicates the pattern of innervation.

If an extraocular muscle or its nerve is injured, certain 
signs will appear. First, there will be limitation of ocular 
movement in the direction of action of the injured muscle. 
Second, the patient visualizes two images that separated 
maximally when attempting to use the injured muscle. The 
resulting condition, called diplopia or double vision, results 
because of a disruption in parallelism of the visual axes. The 
images are likely to be horizontal (side‐by‐side) or vertical 
(one over the other), depending on which ocular muscle, 
nerve, or nucleus is injured.

13.4.1 Abducent nucleus and nerve

The abducent nerve [VI] supplies the lateral rectus muscle 
(Figs  13.1 and 13.2). Its nuclear origin, the abducent 
nucleus, is in the lower pons, lateral to the medial longitu-
dinal  fasciculus (MLF), and beneath the facial colliculus 
on the floor of the fourth ventricle (Fig. 13.3). The abdu-
cent axons leave the nucleus and cross the medial lemnis-
cus and pontocerebellar fibers lying near the descending 
corticospinal fibers as they spread throughout the basilar 
pons (Fig. 13.3). These intra‐axial relations of the abducent 
fibers are clinically significant. Abducent axons emerge 
from the brain stem caudal to their nuclear level, at the 
pontomedullary junction where they collectively form the 
abducent nerve. Individual abducent cell bodies partici-
pate in all types of ocular movements, none of which are 
under exclusive control of a special subset of abducent 
somata.

Injury to the abducent nerve

The abducent nerve is frequently injured and has a long 
intracranial course in which it comes near many other 
structures. Thus, in addition to lateral rectus paralysis, 
other neurological signs are necessary to localize abducent 
injury. Isolated abducent injury is likely to be the only 
manifestation of a disease process for a considerable period. 
With unilateral abducent or lateral rectus injury, a patient 
will be unable to abduct the eye on the injured side 
(Fig. 13.3). Because of the unopposed medial rectus muscle, 
the eye on the injured side turns towards the nose, a condi-
tion called unilateral internal (convergent) strabismus. 
Double vision with images side‐by‐side, called horizontal 
diplopia, results when attempting to look laterally. 
Weakness of one lateral rectus muscle leads to a lack of par-
allelism in the visual axis of both eyes. Since the injured 
lateral rectus is not working properly, the paralyzed eye 
will not function in conjunction with the contralateral 

uninjured eye. Injury to the abducent nuclei or the abdu-
cent nerves will cause a bilateral internal (convergent) stra-
bismus with paralysis of lateral movement of each eye and 
both eyes drawn to the nose. Often this is due to abducent 
involvement in or near the ventral pontine surface where 
both nerves leave the brain stem. In one series of abducent 
injuries, the cause was uncertain in 30% of the instances, 
due to head trauma in 17%, had a vascular cause in 17%, or 
was due to a tumor in 15% of those examined. Other 
 common causes of abducent injury include increased intrac-
ranial pressure, infections, and diabetes.

13.4.2 Trochlear nucleus and nerve

The trochlear nerve [IV] innervates the superior oblique 
muscle (Fig. 13.2). Its cell bodies of origin are in the trochlear 
nucleus embedded in the dorsal border of the medial 
 longitudinal fasciculus in the upper pons at the level of the 
trochlear decussation (Fig. 13.4). The rostral pole of the troch-
lear nucleus overlaps the caudal pole of the oculomotor 
nucleus. Fibers of the trochlear nerve originate in the troch-
lear nucleus, travel dorsolaterally around the lateral edge of 
the periaqueductal gray, and decussate at the rostral end of 
the superior medullary velum before emerging from the 
brain stem contralateral to their origin and caudal to the 
 inferior colliculus as the trochlear nerve [IV]. The human 
trochlear nerve has about 1200 fibers ranging in diameter 
from 4 to 19 µm. Upon emerging from the brain stem, the 
trochlear nerve passes near the cerebral peduncles and then 
travels to the orbit. As they course in the brain stem from 
their origin to their emergence, trochlear fibers are unrelated 
to any intra‐axial structures. The trochlear nerve is slender, 
has a long intracranial course, and is the only cranial nerve 
that  originates from the dorsal brain stem surface. The troch-
lear nerve is the only cranial nerve all of whose fibers decus-
sate before leaving the brain stem. Thus, the left trochlear 
nucleus supplies the right superior oblique muscle.

Injury to the trochlear nerve

Unilateral injury to the trochlear nerve causes limitation of 
movement of that eye and a vertical diplopia evident to the 
patient as two images, one over the other (not side‐by‐side as 
is found with abducent or oculomotor injury). Those with 
unilateral trochlear injury often complain of difficulty in 
reading or going down stairs. Such injury is demonstrable if 
the patient looks downwards when there is adduction of the 
injured eye. To compensate for a unilateral trochlear injury, 
some patients adopt a compensatory head tilt (Fig.  13.4B). 
With a right superior oblique paresis, the head may tilt to the 
left, the face to the right, and the chin down (Fig. 13.4B). In 
such instances, old photographs and a careful history may 
reveal a long‐standing trochlear injury.

If the oculomotor nerve is injured and only the abducent 
and trochlear nerves are intact, the eye is deviated laterally, 
not laterally and downwards, even though the superior 
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oblique is unopposed by the paralyzed inferior oblique and 
superior rectus. In patients with unilateral oculomotor and 
abducent injury, sparing only the superior oblique innerva-
tion, the eye remains in its primary position. Superior oblique 
contraction (alone or in combination with the inferior rectus) 
does not cause rotation of the vertical corneal meridian 
(called ocular intorsion). Therefore, the function of the supe-
rior oblique is likely that of ocular stabilization, working 
with the inferior oblique and the superior and inferior recti in 
producing vertical ocular movements.

Because trochlear nerve fibers decussate at upper pon-
tine levels before emerging from the brain stem, an injury 
here often damages both trochlear nerves. In 90% of the 
cases of vertical diplopia, the trochlear nerve is involved. 

The trochlear nerve is less commonly subject to injury than 
the abducent or oculomotor nerves. The list of causes of 
trochlear nerve paralysis is extensive, including trauma 
(automobile or motorcycle accident with orbital, frontal, or 
oblique blows to the head), vascular disease and diabetes 
with small vessel disease in the peripheral part of the nerve, 
and tumors.

Bilateral trochlear nerve injury likely results from severe 
injury to the head in which the patient loses consciousness 
and experiences coma for some time. The diplopia is usually 
permanent. The most likely site of bilateral fourth nerve 
injury is the superior medullary velum where the nerves 
decussate and the velum is thin, such that decussating troch-
lear fibers are easily detached.
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(B–E) The effects on ocular movements of a unilateral left abducent injury. Ocular movements are normal except for abduction of the left eye on left lateral gaze (D). 
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13.4.3 Oculomotor nucleus and nerve

The oculomotor nerve [III], innervating the remainder (R3) of 
the extraocular muscles, has its cells of origin in the oculomo-
tor nucleus at the superior collicular level of the midbrain 
(Fig. 13.5). About 5 mm in length, the oculomotor nucleus 
extends to the caudal three‐fourths of the superior colliculus. 
Throughout its length, it is dorsal and medial to the medial 
longitudinal fasciculus but ventral to the aqueduct (Fig. 13.5). 
At their caudal extent, the oculomotor nuclei fuse and over-
lap with the rostral part of the trochlear nuclei. Various pat-
terns of localization are identifiable in the oculomotor 
nucleus. In the baboon, and presumably in humans, the 
 inferior oblique, inferior rectus, medial rectus, and levator 
palpebrae superioris muscles receive their innervation from 
neurons in the ipsilateral oculomotor nucleus whereas the 
superior rectus receives fibers from neurons in the contralat-
eral oculomotor nucleus. Functional neuronal groups in the 
baboon oculomotor nucleus intermingle with each other and 
do not remain segregated into distinct subnuclei. From the 
oculomotor nucleus, axons arise and cross the medial part of 
the red nucleus and also the substantia nigra and cerebral 
crus (Fig. 13.5). These fibers then emerge from the interpe-
duncular fossa (Fig. 13.5). Once outside the brain stem, each 
nerve passes between a posterior cerebral and a superior 
cerebellar artery and then continues in the interpeduncular 
cistern of the subarachnoid space. In course, the oculomotor 

nerve is on the lateral aspect of the posterior communicating 
artery traversing the cavernous sinus before it enters the 
orbital cavity.

A significant number of ganglionic cells are scattered or 
clustered in the rootlets of the human oculomotor nerve. In 
addition, afferent fibers with neuronal cell bodies in the 
trigeminal ganglia are identifiable in the oculomotor nerve 
in humans. On entering the orbit in the lower part of the 
 superior orbital fissure, the oculomotor nerve divides into 
a superior branch that innervates the superior rectus and 
the levator palpebrae superioris and an inferior branch 
that  travels to innervate the inferior rectus, medial rectus, 
and inferior oblique. Because of this method of branching, 
injuries that involve one branch while sparing the other 
often occur.

Injury to the oculomotor nerve

Unilateral injury to the oculomotor nerve leads to ptosis, 
abduction of the eye, limitation of movement, diplopia, 
and pupillary dilatation (Fig.  13.5). Ptosis [Greek: fall], 
caused by weakness or paralysis of the levator palpebrae 
superioris, exists if the lid covers more than half of the cor-
nea, including complete closure of the palpebral fissure. A 
mild or partial ptosis with the upper lid covering one‐third 
or less of the cornea may result from injury to the tarsal or 
palpebral  muscle (of Müller) in the upper eyelid or with 
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injury to the innervation of this muscle. The tarsal muscle 
is smooth muscle that has a sympathetic innervation and 
elevates the lid for approximately 2 mm. After injury to 
both oculomotor nuclei or to both nerves, loss of all ocular 
movements and the upper eyelids results, with double pto-
sis. Abduction of the eye  following unilateral oculomotor 
injury is likely due to the unopposed action of the lateral 
rectus causing external strabismus and the inability to 
turn that eye medially. The abducted eye is turned out-
wards but not outwards and downwards even though the 
superior oblique is unopposed by the paralyzed inferior 
oblique (and perhaps the superior rectus). Pupillary dila-
tation may result from injury to the preganglionic para-
sympathetic fibers in the oculomotor nerve. These 
autonomic (pupillomotor) fibers arise from neurons in the 

accessory oculomotor (Edinger–Westphal) nucleus, a 
compact neuronal mass on either side of the median plane 
through the rostral third of the oculomotor nucleus. These 
preganglionic parasympathetic neurons are smaller than 
oculomotor neurons. Each neuronal mass is composed of 
rostral and caudal parts. With an expanding intracranial 
mass and compression or distortion of the oculomotor 
nerve, the ipsilateral pupil is frequently dilated, a condi-
tion called paralytic mydriasis, without any detectable 
impairment of the extraocular muscles. In one series, most 
oculomotor nerve injuries were of uncertain origin, 20.7% 
were vascular in nature, 16% caused by trauma, 13.8% due 
to aneurysms, and 12% resulted from tumors. In the same 
study, 48.3% of those with signs of oculomotor injury 
recovered.
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Figure 13.5 ● (A) A transverse section of the upper midbrain at the level of the oculomotor nucleus and the emerging oculomotor fibers. The relation of these 
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13.5 ANAtOMICAL BASIS OF CONJUGAte 
OCULAr MOVeMeNtS
Under normal conditions, ocular movements in the horizon-
tal plane are dominant over those in other planes in primates. 
In all horizontal movements, it appears that the lateral rectus 
leads the way and determines the direction of movement. As 
the right eye turns laterally in a horizontal plane, the left eye 
turns medially. Movements of both eyes in a given direction 
and in the same plane are termed conjugate ocular move-
ments. During such movements, the eyes move together 
(yoked, paired, or joined) as their muscles work in unison 
with the ipsilateral lateral rectus and the contralateral medial 
rectus contracting simultaneously as their opposing muscles 
relax. Since motor neurons innervating the lateral rectus are 
in the lower pons and those innervating the medial rectus 
are  in the upper midbrain, there must be a connection 

between these nuclear groups if they are to function in 
 concert with one another.

Abducent neurons supply the ipsilateral lateral rectus. 
Adjoining the inferior aspect of the abducent nucleus 
(Fig.  13.6) is the crescent‐shaped para‐abducent nucleus. 
Fibers arise from the para‐abducent nucleus, immediately 
decussate, and as internuclear fibers ascend in the con-
tralateral medial longitudinal fasciculus (Fig. 13.6) to syn-
apse with medial rectus neuronal cell bodies in the 
oculomotor nucleus. The anatomical basis for horizontal 
conjugate ocular movements involving the simultaneous 
contraction of the ipsilateral lateral rectus and the contralat-
eral medial rectus depends on these connections. 
Connections exist, allowing the opposing (antagonistic) 
muscles to relax as the agonist muscles contract. Abducent 
neurons use acetylcholine as their neurotransmitter whereas 
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the neurons of the para‐abducent nucleus use glutamate 
and aspartate as neurotransmitters. In addition to these cra-
nial nerve ocular motor nuclei, there are premotor excita-
tory burst neurons that reside rostral to the abducent 
nucleus, inhibitory burst neurons that reside caudal to the 
abducent nucleus, and omnipause neurons near the median 
raphé at the level of the abducent nucleus. All three of these 
neuronal groups (excitatory, inhibitory, and omnipause) 
and their connections with abducent neurons are essential 
for horizontal ocular movements. Collectively, these three 
neuronal groups form a physiological entity termed the 
paramedian pontine reticular formation (PPRF). Perhaps a 
better term for this group of neurons could be one that rec-
ognizes their anatomical relationship to named reticular 
nuclei in the human rostral medulla and pons in addition to 
their function.

13.6 MeDIAL LONGItUDINAL FASCICULUS
The medial longitudinal fasciculus (MLF) is a prominent 
bundle of fibers in the brain stem that participates in coordi-
nating activity of several neuronal populations. This well‐ 
circumscribed bundle is near the median plane and beneath 
the periaqueductal gray (Fig. 13.5). The oculomotor nucleus 
indents the MLF dorsally and medially at the superior colli-
cular level (Fig. 13.5). The trochlear nucleus indents the MLF 
at upper pons levels (Fig. 13.4). In the lower pons, the MLF is 
on the medial aspect of the abducent nucleus (Fig.  13.3). 
Therefore, these three nuclear groups, related to ocular 
movements, form a column from the superior colliculus to 
the lower pons and all adjoin the medial longitudinal fascic-
ulus. There is a large burst of activity in the agonistic muscle 
(lateral recti), with simultaneous and complete inhibition in 
the ipsilateral antagonistic muscle (medial recti). This occurs 
because there are fibers connecting neurons innervating 
the lateral rectus of one eye and the neurons innervating the 
medial rectus of the other eye as a basis for horizontal conju-
gate ocular movements. These fibers form the internuclear 
component of the medial longitudinal fasciculus (Fig. 13.6). 
The trigeminal motor, facial, and hypoglossal nuclei and also 
the nucleus ambiguus have internuclear fibers interconnect-
ing them through the medial longitudinal fasciculus as well. 
These internuclear fibers permit coordinated speech, chew-
ing, and swallowing. Connections also exist in the medial 
longitudinal fasciculus that permit opening and closing of 
the eyelids while allowing the vestibular nuclei to influence 
ocular motor nuclei.

13.7 VeStIBULAr CONNeCtIONS AND 
OCULAr MOVeMeNtS
In addition to ocular movements in the horizontal plane 
induced by stimulation of the abducent nerves and nuclei 
and the medial longitudinal fasciculus, stimulation of many 
other parts of the nervous system such as the pontine reticu-
lar formation, vestibular receptors, nerves, and nuclei, the 
cerebellum, and the cerebral cortex often result in ocular 

movements in the horizontal plane. Indeed, the vestibular 
system probably influences ocular movements in all direc-
tions of gaze.

13.7.1 Horizontal ocular movements

Receptors in this path are the vestibular hair cells on the 
ampullary crest in the lateral semicircular duct. Their 
 primary neurons, in the vestibular ganglia, have peripheral 
processes that innervate these receptors and central  processes 
that pass to the vestibular nuclei (Fig. 13.6) to synapse with 
secondary neurons. The secondary vestibular neurons at 
medullary levels (the medial, rostral one‐third of the inferior, 
and the caudal two‐thirds of the lateral vestibular nuclei) 
participate in this path for horizontal ocular movements. 
Axons of these secondary neurons proceed to the median 
plane, decussate and ascend in the contralateral medial 
 longitudinal fasciculus (Fig.  13.6). These secondary fibers 
 synapse with lateral rectus motor neurons in the abducent 
nucleus and with neurons in the para‐abducent nucleus. 
Physiologically, the vestibular nuclear complex influences 
the contralateral abducent nucleus that innervates the lateral 
rectus muscle. Such connections between these ocular motor 
nuclei occur through the medial longitudinal fasciculus and 
are the same connections as those that underlie horizontal 
conjugate ocular movements.

A secondary relay system for reciprocal inhibition con-
nects the vestibular nuclei with the ipsilateral abducent and 
para‐abducent nuclei whose fibers innervate the contralat-
eral oculomotor nucleus. It is by way of this secondary 
relay system in the medial longitudinal fasciculus (Fig. 13.6) 
that impulses for the inhibition of antagonistic muscles 
influence these muscles to relax as the agonist muscles 
 contract, permitting smooth, coordinated, conjugate ocular 
movements.

By maintaining fixation despite movements of the body 
and head, the vestibulo‐ocular reflex minimizes motion of 
an image on the retina as movements of the head occur. (If 
the reader rapidly shakes their head from side‐to‐side while 
reading these words, the words remain stationary and in 
focus.) Movements of the head increase activity in the already 
tonically active vestibular nerves. This increased neuronal 
activity relays to the ocular motor nuclei. The connections 
underlying the vestibulo‐ocular reflex in the horizontal plane 
are the same as those that underlie horizontal conjugate ocu-
lar movements. Ocular position at any moment is the result 
of a balance of impulses from vestibular receptors and nuclei 
on one side of the brain stem versus impulses coming to the 
contralateral structures.

13.7.2 Doll’s ocular movements

Compensatory ocular movements that occur with changes 
in position of the head are under the influence of vestibular 
stimuli without influence from visual stimuli. Turning the 
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head briskly in different directions in a newborn or a 
 comatose patient with intact brain stem function leads to 
these reflexive, compensatory, or doll’s head or doll’s 
 ocular movements (also referred to as proprioceptive head 
turning). When the eyes of a newborn are looking straight 
ahead and the head extended, the eyes will turn down 
involuntarily; flexing the head causes the eyes to turn up 
involuntarily. Turning the head to the right causes the eyes 
to turn to the left until they reach the primary position. 
Beyond 1 month of life, visual stimuli override this reflexive 
response and the response is no longer demonstrable. 
Motion of the head stimulates the appropriate vestibular 
receptors with connections from them to the vestibular 
nuclei and on to the abducent nuclei through the medial 
longitudinal fasciculus, causing the eyes to move in the 
direction opposite the stimulus.

With bilateral injury to the medial longitudinal fasciculi 
below the abducent nucleus, there will be no reflexive ocular 
movements when the head turns laterally because impulses 
from the vestibular receptors to the vestibular nuclei will 
have no way of reaching the abducent nuclei. After injury 
rostral to the abducent nucleus, the patient will have 

nonconjugate ocular movements or bilateral internuclear 
ophthalmoplegia so that when the head rotates to either side, 
the lateral rectus on the side opposite the direction of rotation 
will contract but the contralateral medial rectus with which it 
is connected does not contract. Such individuals retain the 
ability to converge their eyes because the medial recti motor 
neurons in the oculomotor nuclei are intact. The absence of a 
response in infants or comatose patients suggests injury 
somewhere along this path.

13.7.3 Vertical ocular movements

The receptors related to ocular movements in the vertical 
plane (Fig. 13.7) are probably vestibular hair cells on the 
superior ampullary crest at the peripheral end of the 
 primary neurons in the vestibular ganglion. Central 
 processes of these primary neurons synapse with secondary 
neurons in the vestibular nuclear complex. In the monkey, 
neurons in the superior vestibular nuclear complex (and 
perhaps in the rostral part of the lateral vestibular nucleus) 
have axons that proceed to the median plane to ascend 
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exclusively in the ipsilateral medial longitudinal fascicu-
lus. A few fibers enter the abducent nucleus but the major-
ity synapse with trochlear and oculomotor neurons. These 
connections supply motor nuclei related to vertical and 
perhaps oblique ocular movements. A secondary relay 
system for reciprocal inhibition of the antagonistic muscles 
is involved in ocular movements in the vertical plane. In 
principle, this secondary system resembles a similar sec-
ondary relay system described for ocular movements in 
the horizontal plane.

13.8 INJUrY tO tHe MeDIAL LONGItUDINAL 
FASCICULUS
Injury to both medial longitudinal fasciculi between the 
oculomotor nucleus and the abducent nucleus causes a 
lack of coordinated, voluntary, ocular movements in either 
direction called nonconjugate ocular movements. In these 
instances, there is medial rectus paralysis on attempted 
horizontal  conjugate ocular movement such that the 
patient can look laterally with either eye but in neither case 
will the contralateral eye turn medially. The contralateral 
eye remains in the primary position. Both eyes are able to 
turn medially or converge, as there is preservation of 
medial rectus function. This condition is termed ophthal-
moplegia or “eye stroke.” If there is bilateral injury to the 
internuclear fibers in the medial longitudinal fasciculi 
between the abducent and oculomotor nuclei, the condi-
tion is termed bilateral internuclear  ophthalmoplegia. If 
only one MLF is injured, a unilateral internuclear ophthal-
moplegia results. A patient with a long history of intermit-
tent and progressive CNS symptoms with bilateral 
internuclear ophthalmoplegia is likely to have  multiple 
sclerosis. Other causes include tumors or occlusive vascu-
lar brain stem disease.

13.9 VeStIBULAr NYStAGMUS
The vestibular nuclei receive a continuous stream of 
impulses from the vestibular receptors. If these impulses 
are excitatory, they increase the impulse frequency in the 
vestibular nerve above resting levels. If they are inhibitory, 
they decrease impulse frequency below resting levels. 
There are intimate and extensive interconnections between 
the vestibular nuclei and the ocular motor nuclei. Thus, 
any injury, or stimulation of the vestibular nuclei or nerves, 
will influence ocular movements. Irritative injury or exper-
imental vestibular nuclear stimulation at upper medullary 
levels (medial or inferior nuclei) forces the eyes to the 
opposite side, perhaps along with head deviation. The 
head and eyes turn away from the stimulus and may remain 
in that position. Vestibular nuclear destruction at medul-
lary levels forces the eyes to the same side (towards the 
stimulus). In both of these instances, an imbalance exists in 

the discharge from the vestibular nuclei on either side. If 
the injury is not sufficiently irritative, nor does it destroy 
the vestibular nuclei, the eyes will slowly turn to the 
 contralateral side and then quickly return to the primary 
position. This is followed by a succession of rhythmic, 
side‐to‐side ocular movements characterized by a slow 
movement away from the stimulus followed by a quick 
return to the primary position, a phenomenon called 
 vestibular nystagmus or, more completely, horizontal ves-
tibular nystagmus with a quick component to the injured 
side. The slow or vestibular component depends on the 
vestibular nuclei and is often difficult to see. Since this 
quick return or compensatory component is easier to see, 
it is common practice to describe nystagmus by the direc-
tion of the quick component – an active return to the pri-
mary position. The compensatory, return, or quick 
component of vestibular nystagmus requires the participa-
tion of the brain stem reticular formation. The quick com-
ponent of nystagmus is associated with an increase in 
frequency among reticular neurons. Therefore, vestibular 
nystagmus is dependent upon the interaction between ves-
tibular and reticular nuclei. The concept of interaction is 
significant because there can be no quick component with-
out the slow component. In any event, these ocular move-
ments, be they forced or nystagmoid, represent an 
imbalance in the vestibular nuclear discharges on both 
sides of the brain stem.

Vertical and rotatory ocular movements may occur fol-
lowing superior vestibular nuclear stimulation or destruc-
tion in nonhuman primates. Injury to the vestibular 
nuclear complex at pontine levels involving the superior 
vestibular nucleus and perhaps the rostral part of the lat-
eral vestibular nucleus will have a different result. The 
eyes look up or down and remain involuntarily in that 
position or there is an upward rotatory nystagmus. If the 
injury involves considerable parts of the vestibular nuclear 
complex at pontine and medullary levels, an oblique or 
rotatory nystagmus often results, depending on the 
 specific vestibular nuclei involved. In the course of a 
 progressive pathological disease process, there is likely to 
be a shift from an irritative to a destructive injury that 
upsets the balance between the vestibular areas on both 
sides. At the onset, nystagmus is likely present with a 
quick component to one side caused by an irritative injury. 
Later on in the disease, after destruction of the vestibular 
nuclei, the nystagmus reverses its direction with a quick 
component in the opposite direction.

A horizontal or vertical nystagmus may result from 
injury to upper cervical cord levels (C4 and above). Such a 
nystagmus is likely due to involvement of spino‐vestibular 
fibers in the lateral or ventrolateral vestibulospinal tract. This 
primarily uncrossed path supplies trunk and axial muscula-
ture. Vestibulospinal fibers often bring proprioceptive 
impulses from the spinal cord to the inferior vestibular 
nucleus. If these fibers are irritated, a horizontal nystagmus 
may result.
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13.10 tHe retICULAr FOrMAtION 
AND OCULAr MOVeMeNtS
Horizontal conjugate ocular movements can be induced in 
nonhuman primates by electrical stimulation of the medial 
nucleus reticularis magnocellularis of the pontine reticular 
formation, which corresponds to the human pontine reticu-
lar nucleus, oral part (PnO) (Fig. 9.8), and the pontine reticu-
lar nucleus, caudal part (PnC) (Figs  9.6 and 9.7). This area 
extends from the oculomotor and trochlear nuclei to the 
abducent nuclei where it is ventral to the medial longitudinal 
fasciculi, lateral to the median raphé, and dorsal to the trap-
ezoid body. Two projections from this paramedian pontine 
reticular formation occur in nonhuman primates: an ascend-
ing group of fibers through the ipsilateral oculomotor 
nucleus and a descending connection to the ipsilateral abdu-
cent nucleus. Electrical activity in this area precedes saccades 
whereas unilateral injury causes paralysis of conjugate gaze 
to the ipsilateral side. Unit activity recorded from this area in 
the monkey, followed by microstimulation of the recording 
site, resulted in the identification of three main categories of 
discharge pattern, including burst units in association with 
saccades, tonic units with continuous activity related to posi-
tion during fixation, and pause units that fired continuously 
during fixation but stopped during saccades.

Depending on stimulus parameters, medial pontine reticu-
lar formation stimulation causes horizontal ocular movements 
of constant velocity resembling the slow component of nystag-
mus, pursuit movements resembling the quick component of 
nystagmus, and saccades. Pupillary dilatation often accompa-
nied stimulations. In nonhuman primates, horizontal saccades 
and the quick component of horizontal vestibular nystagmus 
likely have their origin in the medial pontine reticular forma-
tion. Activation of the ipsilateral lateral rectus and the con-
tralateral medial rectus muscles occurs by medial pontine 
reticular stimulation through the descending connections from 
this region to the ipsilateral abducent nucleus. The path from 
the medial pontine reticular formation to the contralateral 
medial rectus has not more than two synapses. No vertical 
ocular movements are elicitable from this area. The finding of 
head and circling movements, if the animals were unrestrained, 
and pupillary dilatation accompanying medial pontine reticu-
lar stimulation, suggests that this region is not an exclusive 
integrator of neural activity responsible for ocular movements 
but a generalized extrapyramidal motor area involved in head, 
eye, and body movements. The role of the medial pontine 
reticular formation in human ocular movements is unclear.

13.11 CONGeNItAL NYStAGMUS
In addition to physiological nystagmus and vestibular nys-
tagmus, some individuals are born with congenital nystag-
mus. In such cases, there is reduction in visual acuity because 
the image remains on the fovea and its receptors for a 
reduced period, causing a drop in resolution.

While conjugate ocular movements occur by moving the 
eyes in the same direction, the vergence system maintains 

both eyes on an approaching or receding object by moving the 
eyes in opposite directions. However, convergence usually 
reduces or stops nystagmus: in some individuals, nystagmus 
results when they look at near targets with both eyes. Such 
convergence‐evoked nystagmus is congenital or acquired.

13.12 OCULAr BOBBING
Ocular bobbing is a distinctive, abnormal ocular movement 
that involves abrupt, spontaneous, conjugate downward 
movement of the eyes followed by a slow return to their pri-
mary position with a frequency of 2–12 per minute. The eyes 
often remain downwards for as long as 10 s, then drift 
upwards. Horizontal conjugate ocular movements are 
absent, with only bobbing movements remaining, as the 
patient is typically comatose. Ocular bobbing differs from 
downward nystagmus in that the latter has an initial slow 
movement downwards followed by a quick return to the 
primary position – the reverse of the rapid–slow sequence in 
ocular bobbing. Extensive, intrapontine injury is the most 
frequent cause of this phenomenon, although cerebellar 
hemorrhage is another cause.

13.13 eXAMINAtION 
OF tHe VeStIBULAr SYSteM
The vestibulo‐ocular reflex and the integrity of the vestibular 
connections mediating it are testable in the normal conscious 
patient by using caloric stimulation and producing caloric 
nystagmus. Since this test permits examination of each 
 vestibular apparatus separately, it detects unilateral periph-
eral vestibular injury. With the patient supine, eyes open in 
darkness, and the head elevated to 30° above the horizontal, 
10–15 ml of warm water (about 40 °C) or cool to cold water 
(30 °C), or less than 1 ml of ice–water is slowly introduced 
into the external acoustic meatus. In this position, the lateral 
semicircular duct, responsible for lateral ocular movements, 
will be in a vertical plane (Fig. 13.8). In the normal, conscious 
patient, the use of warm water will result in a slow ocular 
movement away from the irrigated ear followed by a quick 
return to the primary position (Fig. 13.9). This induced back‐
and‐forth ocular movement is termed caloric nystagmus. 
The slow component, away from the irrigated ear, is the 
vestibular component whereas the quick component, repre-
senting the compensatory component, is towards the pri-
mary position (the irrigated side). The quick component of 
caloric induced nystagmus is slightly slower than saccades. 
Caloric‐induced nystagmus is regular, rhythmic, and lasts 
2–3 min. The mnemonic COWS indicates the direction of the 
quick component of the response: ‘CO’ refers to “cold oppo-
site” and “WS” refers to “warm same.” When cold water is 
used, the quick component is away from the irrigated ear or 
to the opposite side, i.e., “cold opposite.” When warm water 
is used, the quick component is to the same side as the irri-
gated ear, i.e., “warm same.” The classification of nystagmus 
is in accordance with the direction of the quick component 
because the quick component is easily recognized.
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An explanation of the caloric response (Fig. 13.9) is that 
the water placed in the external acoustic meatus sets up tem-
perature gradients in the temporal bone that result in changes 
in endolymph density and activation of vestibular receptors 
(cupula deflection). Cold stimuli result in an endolymphatic 
current that moves away from the vestibular receptors 
whereas warm stimuli cause an upward endolymphatic cur-
rent towards the vestibular receptors, causing receptor stim-
ulation (cupular deflection) and an increase in vestibular 
nerve activity on that side (Fig.  13.9). Since the vestibular 
nerve is tonically active at rest, warm water leads to an 
increase in impulses in the vestibular nerve to the vestibular 
nuclei on the stimulated side. Cold caloric stimulation has an 
opposite effect, decreasing the frequency of discharge below 

the resting level on the irrigated side. This distorts the bal-
ance of neuronal activity between both vestibular nerves. 
The vestibular nerve and nuclei on the opposite side of the 
cold‐water irrigation predominate and the eyes slowly turn 
towards the irrigated ear then quickly return to the primary 
position. Therefore, the nystagmus with cold water has its 
quick component opposite or away from the irrigated ear.

The simultaneous examination of the vestibular system 
on both sides involves the use of a Bárány chair. In this test, 
the patient sits quietly in a chair that rotates about a vertical 
axis. After about 30 s of smooth, constant rotation, the 
patient, with eyes closed, will report that they have no sensa-
tion of turning. If the chair is then suddenly brought to a 
halt  (deceleration), the cupula (that gelatinous substance 
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Figure 13.8 ● Anatomic position of the semicircular canals (bony labyrinth) in the skull base. (A) The expanded ends of the semicircular canals (SC) are the 
ampullae that contain the vestibular receptors. No matter what direction the head moves in, complementary canals on the opposite sides of the head will always be 
stimulated. (B) The bony labyrinth in anatomical position. Note that in this position the lateral semicircular canal is 30° above the horizontal. (C) With the head tilted 
backwards at an angle of 60°, the lateral semicircular canal is in a vertical position where it may be maximally stimulated during the caloric test. (Source: Adapted 
from Haymaker, 1969).
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associated with the apices of vestibular hair cells in the 
 cristae and into which the stereocilia project) will be deflected 
in the direction opposite to that of the rotation. This deflec-
tion provides stimuli and sensory discharges that the patient 
interprets as sensations of motion even though they are no 
longer rotating. Cupular deflection generates ocular move-
ments. The eyes slowly turn and then quickly return to their 
primary position. This slow rotation–quick return pattern 
characteristic of nystagmus continues as long as the vestibu-
lar receptors are stimulated. The caloric test is reliable for 
demonstrating the presence of an acoustic neuroma. In one 
series, there was significantly reduced caloric response on 
the affected side in 94% of those patients tested who pre-
sented with symptoms of an acoustic neuroma.

13.14 VISUAL reFLeXeS
The iris is a circular, pigmented diaphragm in front of the 
lens and behind the cornea. Its central border is free and 
bounds an aperture known as the pupil that normally 
appears black (because of reflected light from the retina). The 
pupils are normally round, regular, equal in diameter, cen-
tered in the iris, and usually 3–4 mm in diameter (range 
2–7 mm). Anisocoria is a condition in which the pupils are 
unequal in size. Usually no pathological significance exists if 
the difference between the pupils is 1 mm or less. About 
15–20% of normal individuals show inequality of pupils on a 
congenital basis.

The pupils are small and react poorly at birth and in early 
infancy, but are larger in younger individuals (perhaps 4 mm 

and perfectly round in adolescents, 3.5 mm in middle age, 
and 3 mm or less in old age but slightly irregular). Although 
many factors influence pupillary size, the intensity of illumi-
nation reaching the retina is most significant. Under ordinary 
illumination, the pupils are constantly moving with a certain 
amount of fluctuation in pupillary size, a condition that is 
termed pupillary unrest.

A miotic pupil is a pupil 2 mm or less in diameter. Causes 
of small pupils include alcoholism, arteriosclerosis, brain 
stem injuries, deep coma, diabetes, increased intracranial 
pressure, drug intoxications (morphine, other opium deriva-
tives), syphilis, sleep (in which size decreases), and senility. 
Mydriasis is a condition in which the pupils are dilated more 
than 5 mm in diameter. Anxiety, cardiac arrest, fears, cerebral 
anoxia, pain, hyperthyroidism, injuries to the midbrain, and 
drug intoxications such as cocaine and amphetamines may be 
the underlying cause of pupillary dilatation. Pupillary dilata-
tion may exist during coma. The drug atropine is useful for 
dilating the pupils for diagnostic purposes. Although some 
gifted individuals can voluntarily produce pupillary dilata-
tion, it may be passive in type due to paralysis of the sphinc-
ter mechanism or active in type due to direct stimulation of 
the dilator pupillae or the nerves that innervate that muscle.

13.14.1 The light reflex

If you shine a small penlight into one eye and shade the 
other, both pupils will constrict  –  a phenomenon called 
 miosis. The response in the stimulated eye is the direct 
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Figure 13.9 ● Connections that underlie the caloric test. With the head tilted backwards at an angle of 60°, the lateral semicircular canal will be in a vertical 
position with its ampulla and vestibular receptors placed superiorly.
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response – that in the nonstimulated eye is the consensual 
response (crossed response). The delay of this response is a 
condition termed the Piltz–Westphal syndrome.

Anatomic connections mediating the light reflex

Both rods and cones are receptors for the light reflex. The 
primary neurons in this reflex path are retinal bipolar neu-
rons and the secondary neurons are retinal ganglionic neu-
rons. The appropriate impulses follow the visual path from 
bipolar to ganglionic neurons with central processes of the 
latter neurons contributing fibers to the optic nerve, optic 
chiasm, and optic tract (Fig. 13.10). Fibers for the light reflex 
separate from the optic tract to join the brachium of the supe-
rior colliculus. From here, they pass to the superior collicu-
lus, and synapse with tertiary neurons in the pretectal 
nuclear complex on both sides (Fig. 13.10) of the diencepha-
lon, rostral and ventral to the laminated part of the superior 
colliculus (and, therefore, “pretectal”). Central processes of 
these tertiary neurons (pretecto‐oculomotor fibers) project 
bilaterally as to quaternary (fourth‐order) neurons in this 
path in the rostral part of both accessory oculomotor nuclei 
(Fig.  13.10). This preganglionic parasympathetic nucleus, 
lying rostral, dorsal, and dorsomedial to the oculomotor 
nucleus, sends its axons into the oculomotor nerve [III]. In 

the interpeduncular fossa, these fibers are superficial on the 
dorsomedial and medial aspect of the oculomotor nerve. 
They have a descending course as they travel from their 
brain stem emergence to their dural entry beneath the 
epineurium of the nerve. At their orbital entrance, these 
preganglionic fibers join the inferior division of the oculo-
motor nerve, and synapse with fifth‐order neurons in the 
ipsilateral ciliary ganglion. From each ciliary ganglion, post-
ganglionic parasympathetic fibers enter the short ciliary 
nerves and pass to the sphincter pupillae of the iris. The 
sphincter pupillae is nonstriated muscle that develops from 
ectoderm. Retinal stimulation with a small penlight therefore 
causes contraction of both sphincter pupillae and constric-
tion of both pupils.

13.14.2 The near reflex

On looking from a distant to a near object, pupillary constric-
tion takes place in association with ocular convergence and 
accommodation of the lens. Ocular convergence refers to 
adduction of both eyes through medial recti contraction 
whereas accommodation refers to a modification in the power 
of the refraction of the lens caused by changes in the shape of 
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Figure 13.10 ● The light reflex pathway. (Source: Adapted from Crosby, Humphrey, and Lauer, 1962.)



OCULAr MOVeMeNtS AND VISUAL reFLeXeS ● ● ● 223

the lens due to ciliary body movement. As the ciliary body 
moves anteriorly, decreased tension results on fibers of the 
 ciliary zonule of the lens capsule and the lens becomes fatter. 
Alteration of the lens curvature results as its front surface moves 
towards the corneal vertex. Therefore, the lens thickens when 
near objects are viewed and the eye forms sharp images on the 
retina of objects that are at different distances from the eye.

Anatomic connections mediating the near reflex

The exact sequence of events, the appropriate stimulus, and 
the connections involved in this reflex are still a matter of 
question. Proprioceptive impulses from the converging mus-
cles may serve as the necessary stimulus for accommodation 
and constriction or accommodation occurring simultane-
ously with convergence. The site of an object often provides 
the stimulus for the resulting constriction. Another possibil-
ity, because all three components of this reflex are obtainable 
by preoccipital cortical stimulation in humans, is that cortical 
areas are involved in initiating this reflex response.

Fibers of retinal origin separate from the optic tract to enter 
the superior colliculus. Both superior colliculi are intercon-
nected and each discharges to the caudal part of the accessory 
oculomotor nucleus by way of colliculo‐oculomotor fibers 
(tecto‐oculomotor fibers). As with the light reflex, pregangli-
onic parasympathetic fibers travel from their origin in the 
caudal part of the accessory oculomotor nucleus, enter the 
oculomotor nerve, and travel in it to the ciliary ganglion. 
Some fibers bypass the ciliary ganglion to synapse in the epis-
cleral ganglia (a small collection of ganglionic cells in the 
sclera). Postganglionic parasympathetic fibers from the epis-
cleral ganglion travel in the short ciliary nerves to supply the 
ciliaris whereas postganglionic fibers from the ciliary ganglion 
innervate the sphincter pupillae. Hence, in addition to pupil-
lary constriction by way of the sphincter pupillae contraction, 
contraction of the ciliary muscles permits the ciliary body to 
move forwards, decreasing tension on the lens. The increased 
curvature of the lens allows the eye to focus on near objects.

The rostral part of the accessory oculomotor nucleus, con-
nected with the pretectal nuclear complex over pretecto‐ocu-
lomotor fibers, participates in the light reflex whereas the 
caudal part of the accessory oculomotor nucleus participates 
in the near reflex. The caudal part of the accessory oculomo-
tor nucleus connects with the superior colliculi over colliculo‐
oculomotor fibers. Since fibers to the respective parts of the 
accessory oculomotor nucleus do not pass through the same 
level of the midbrain, it is possible to injure one set of fibers 
(pretecto‐oculomotor to the rostral part of the AON) and pre-
serve the other (colliculo‐oculomotor to the caudal part of the 
AON). Absence of pupillary constriction in the light reflex 
(direct and consensual response) with preservation of con-
striction in the near reflex is termed an Argyll–Robertson 
pupil. Causes of this condition include syphilis, diabetes, 
multiple sclerosis, alcoholic encephalopathy, and encephalitis.

Inactive pupils do not respond to light or accommodation. 
This condition may be the result of a single circumscribed 
injury involving both accessory oculomotor nuclei in the 

rostral part of the midbrain or two small injuries, one injury 
involving each accessory oculomotor nucleus.

13.14.3 Pupillary dilatation

The dilator pupillae muscles consist of nonstriated fibers 
derived from myoepithelial cells that form part of the under-
lying pigmented epithelium and hence are ectodermal in 
 origin (in front of pigmented epithelium on the back of the 
iris) constituting the iridial part of the retina. Sympathetic 
 fibers originating in neurons of the intermediolateral cell 
column in spinal segments T1 and T2 innervate the dilator 
pupillae. These neurons are termed the ciliospinal nucleus 
(or center of Budge). Preganglionic fibers leave the spinal 
cord in the C8–T2 ventral roots and enter the sympathetic 
trunk to  synapse in the superior cervical ganglia. 
Postganglionic  sympathetic fibers travel in the internal carotid 
plexus, enter the ophthalmic nerve [V1], and reach the orbit by 
way of the nasociliary nerve. From here, they enter the long 
ciliary branches of the nasociliary nerve to reach the dilator 
pupillae and the tarsal or palpebral muscle (of Müller).

13.14.4 The lateral tectotegmentospinal tract

Cells of the intermediolateral nucleus in spinal segments 
T1  and T2 supply sympathetic fibers to the dilator pupil-
lae  under the influence of a path that originates in first‐
order   sympathetic neurons in the posterior hypothalamus. 
Hypothalamotegmental fibers synapse on second‐order 
neurons at upper levels of the midbrain (Fig.  13.11). From 
second‐order neurons in both the tectum (superior colliculi) 
and the underlying tegmentum of the midbrain, fibers accu-
mulate, turn caudally, and descend in the lateral field of the 
ipsilateral brain stem. This path, the  lateral tectotegmento-
spinal tract (Fig. 13.11), descends from the midbrain into the 
pons, medulla oblongata, and spinal cord where it is ventral 
to the lateral corticospinal tract in the lateral funiculus. The 
termination of this path is on third‐order neurons in the 
intermediolateral nucleus at T1 and T2. Destruction of any of 
the three neurons in this path (first‐,  second‐, or third‐order 
neurons) may lead to an ipsilateral partial ptosis, a small 
pupil (miosis) ipsilaterally that does not dilate in response to 
light or to its absence and the absence of sweating on the face 
(anhidrosis). Collectively, this clinical triad of ipsilateral pto-
sis, miosis, and facial anhidrosis due to involvement of this 
sympathetic pathway makes up the characteristic features of 
a Horner’s syndrome.

13.14.5 The spinotectal tract

Pupillary dilatation may result from a painful, cutaneous 
stimulus. In comatose patients, a pupillary pain reflex is 
elicitable by applying a painful stimulus on the cheek, below 
the orbit. Painful impulses reach the superior colliculus 
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(tectum) in the spinotectal tract as follows: primary neurons 
in the trigeminal or certain spinal ganglia give off peripheral 
processes that have the appropriate nociceptors at their 
 termination. Central processes of primary neurons end in the 
substantia gelatinosa and the dorsal funicular gray. Fibers of 
secondary neurons pass ventrolaterally and decussate 
through the ventral white commissure, taking up a position 
on the medial border of the lateral spinothalamic tract. 
This  neither large nor well‐myelinated spinotectal tract 
ascends  through the cord and into the brain stem. As it 
ascends, it gradually shifts to a position dorsal to the lateral 

spinothalamic tract at the uppermost tip of the medial lem-
niscus. The spinotectal path ends in the superior colliculus 
(which forms the tectum of the midbrain). Ventral trigemi-
nothalamic fibers also continue to the superior colliculus. 
Ascending painful impulses from the body in the spinotectal 
path and from the head in the ventral trigeminothalamic 
tract therefore reach the superior colliculus. Here they are 
associated with the tectal areas of the superior colliculus that 
contribute to the lateral tectotegmentospinal tract. Hence an 
increase in pupillary size is likely a direct response to painful 
stimuli that travel in these paths.
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Figure 13.11 ● The origin, course, and termination of the lateral tectotegmentospinal tract. This path originates in the posterior hypothalamus, projects to the 
tectum and tegmentum of the midbrain, and continues to descend into the brain stem before it terminates on preganglionic neurons in the intermediolateral cell 
column at T1 and T2 cord levels. From these preganglionic neurons, fibers arise and exit the ventral roots from C8–T4 spinal cord levels to enter the sympathetic 
trunk through the white rami communicantes. These preganglionic fibers synapse in the superior cervical ganglion. Postganglionic fibers from the superior cervical 
ganglion accompany the internal carotid artery as the internal carotid plexus. This plexus gives fibers that pass through the ciliary ganglion and short ciliary nerves 
to supply the dilator pupillae muscle. (Source: Adapted from DeJong, 1979.)
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13.14.6 The afferent pupillary defect

In unilateral retinal or optic nerve disease, it is possible to 
observe pupillary constriction followed by dilatation on the 
affected side using the swinging flashlight test. In such 
cases, the examiner moves a small flashlight rapidly from 
one eye to the other and back again, every 2–3 s. As the light 
moves from the good eye to the injured eye, there is an initial 
failure of immediate constriction of the injured pupil fol-
lowed by dilatation. Removal of light from the normal side 
causes dilatation in the injured eye and is a normal consen-
sual response to the absence of light in the normal eye. The 
normal consensual dilatation to darkness masks the impair-
ment of the light reflex in the injured eye. The pupil on the 
unaffected side constricts normally. This afferent pupillary 
defect is also termed a paradoxical reaction, the Marcus 
Gunn pupillary sign, or the swinging flashlight sign. This 
sign is often the earliest indicator of optic nerve injury.
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We are inclined to think of the thalamus as central to all cortical functions and to 
believe that a better understanding of the thalamus will lead to a fuller apprecia-
tion of cortical function … we suggest that cerebral cortex, without thalamus, is 
rather like a great church organ without an organist: fascinating, but useless.

S. Murray Sherman and R.W. Guillery, 2001
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The Thalamus

14.1 INtrODUCtION
The major part of the diencephalon in humans is the dorsal 
thalamus (Fig. 14.1), generally referred to as the “thalamus.” 
The thalamus is in the median plane of each cerebral hemi-
sphere and presents symmetrical right and left halves, each 
with about 120 nuclear groups (Figs 14.2, 14.3, 14.4, 14.5, 14.6, 
14.7, 14.8, 14.9, and 14.10). Along with immense structural 
complexity and functional significance, the thalamus is the 
site of convergence of impulses from a variety of sources, 
permitting a great deal of integration, correlation, and asso-
ciation of impulses.

In general, the thalamus corresponds to those structures 
that bound the third ventricle. Its caudal boundary is the 
junction between the midbrain and diencephalon and its ros-
tral boundary is roughly the anterior commissure. In about 
70–80% of normal human brains, both halves of the thalamus 
meet in the median plane. When they do, a structure in the 
median plane, called the interthalamic adhesion (Fig. 19.1), 

connects both halves with a few commissural fibers and one 
or two small nuclei. The interthalamic adhesion is more often 
present in women than in men (in one study, 68% of the 
males and 78% of the females had an interthalamic adhesion) 
and is 53% larger in females than in males, despite the fact 
that the male brain is larger than the female brain. The lateral 
boundary of the thalamus is a prominent fiber bundle, the 
posterior limb of the internal capsule. The ventral boundary 
of the thalamus is the hypothalamic sulcus (Fig. 5.9), a sur-
face feature on the wall of the third ventricle best visualized 
on the medial surface of the brain (Fig. 19.1). The thalamus is 
superior to this sulcus whereas the subthalamus is inferior to 
the sulcus but lateral to the hypothalamus.

Grossly, the thalamus is egg shaped (Fig. 14.1), lying dorsal 
to the hypothalamic sulcus and medial to the internal capsule 
(Figs 14.2, 14.3, 14.4, 14.5, 14.6, 14.7, and 14.8) until the internal 
capsule disappears (Figs  14.9 and 14.10). Coronal sections 
through the thalamus (Figs  14.2, 14.3, 14.4, 14.5, 14.6, 14.7, 
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14.8, 14.9, and 14.10) reveal its internal complexity, with many 
named nuclei and fiber bundles. One of these, the internal 
medullary lamina, is a narrow band of myelinated fibers that 
divides the thalamus into medial and lateral parts (Figs 14.1, 
14.6, and 14.7). The intralaminar nuclei of the thalamus are 
scattered within the internal medullary lamina. Forming a 
shell over the lateral aspect of the thalamus is a second myeli-
nated band, the external medullary lamina, which separates 
most of the thalamic nuclei from the internal capsule. 
However, between the fibers of this external medullary lam-
ina and the internal capsule is a thin layer of neurons forming 
the reticular nuclei of the thalamus (Figs 14.3, 14.4, 14.5, 14.6, 
14.7, 14.8, 14.9, and 14.10). Between the internal medullary 
lamina and the external medullary lamina of the thalamus are 
the ventral nuclei and the pulvinar nuclei.

14.2 NUCLeAr GrOUPS OF tHe tHALAMUS
The thalamus is 4 cm in length, with an anterior and  posterior 
end and four surfaces: medial, lateral, ventral, and dorsal. 
About half of the 120 nuclei in the thalamus send fibers to the 
cerebral cortex and the other half send fibers to subcorti-
cal  areas exclusively or in addition to a collateral cortical 
projection. Terminology related to the thalamic n‐nuclei is 
extremely complex and varies from author to author even in 
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Figure 14.1 ● Three dimensional view of the human thalamus as seen from the 
superolateral surface. The lateral (LG) and medical geniculate (MG) nuclei are located 
posteriorly whereas the anterior nuclei (AN) are located superior and anteriorly. The 
human thalamus in this view appears egg shaped with the internal medullary lamina 
(iml) in a median position dividing the thalamus into medial and lateral parts. The arrows 
indicate the presence of several intralaminar nuclei in the internal medullar lamina.
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Figure 14.2 ● Coronal section through the human brain about 4 mm 
posterior to the center of the anterior commissure. The reticular thalamic nuclei 
(Rt) are the only thalamic nuclei present at this level and are colored blue. 
(Source: Mai et al., 2004. Reproduced with permission of Elsevier.) 
Nonthalamic abbreviations for Figs 14.2–14.10: cc, corpus callosum; CD, 
caudate nucleus; Cl, claustrum; cp, cerebral peduncle; eml, external medullary 
lamina; GPe, globus pallidus externus; GPi, globus pallidus internus; ic, internal 
capsule; iml, internal medullary lamina; MB, mamillary body; PHA, posterior 
hypothalamic area; Pu, putamen; RN, red nucleus; Rt, reticular thalamic 
nucleus; SN, substantia nigra; STh, subthalamic nucleus; ZI, zona incerta.
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Figure 14.3 ● Coronal section through the human brain about 8 mm 
posterior to the center of the anterior commissure. The anteromedial (AM), 
anteroventral (AV), reticular (Rt), and ventral anterior (VA) thalamic nuclei are 
present at this level and are colored blue. (Source: Mai et al., 2004. Reproduced 
with permission of Elsevier.)
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the human brain. Nuclei of the thalamus are divisible into 
two functional groups: relay nuclei and association nuclei. 
For the sake of convenience, we will separate the thalamus 
into nine nuclear groups based on the work by Hirai and 
Jones (1989) and Jones (1997) along with the terminology 
found in Terminologia Anatomica (Federative Committee on 
Anatomical Terminology, 1998)and used in the Atlas of the 
Human Brain (Mai, Assheuer, and Paxinos, 2004). These nine 
nuclear groups, listed in Table  14.1, are (1) anterior nuclei 

and lateral dorsal nucleus; (2) intralaminar nuclei; (3) medial 
nuclei; (4) median nuclei; (5) metathalamic nuclei; (6) poste-
rior nuclear complex; (7) pulvinar nuclei and lateral  posterior 
nucleus; (8) reticular nucleus; and (9) ventral nuclei.

14.2.1 Anterior nuclei and the lateral 
dorsal nucleus

Anterior nuclei

The triangular‐shaped anterior nuclei, at the rostral end of 
the thalamus, are divisible into anterodorsal (AD), antero-
medial (AM), and anteroventral (AV) nuclei (Figs 14.3 and 
14.5). These nuclei are easily identifiable because of the many 
fibers that surround them. As the anteroventral nucleus 
tapers posteriorly to a narrow tail, it blends into the lateral 
dorsal nucleus (LD) (Figs 14.6, 14.7, and 14.8). The junction 
between AV and LD occurs at about the midpoint of the ros-
trocaudal extent of the human thalamus. The anterior nuclei 
and the lateral dorsal nucleus expand across the dorsal sur-
face of the medial dorsal nucleus (MD) but are separable 
from it by  fibers of the internal medullary lamina that 

table 14.1 ● Nuclei of the human thalamus.

terms in english Abbreviation

1. Anterior nuclei and lateral dorsal nucleus
a. Anterodorsal nucleus AD
b. Anteromedial nucleus AM
c. Anteroventral nucleus AV
d. Lateral dorsal nucleus LD

2. Intralaminar nuclei
a. Central lateral nucleus CenL
b. Central medial nucleus CenM
c. Paracentral nucleus PC
d. Centromedian nucleus CM
e. Parafascicular nucleus PF

3. Medial nuclei
a. Medial dorsal nucleus (dorsomedial) MD
b. Medial ventral nucleus MV

4. Median nuclei
a. Nucleus reuniens Re
b. Paratenial nucleus PT
c. Paraventricular nuclei PV
d. Rhomboid nucleus Rh

5. Metathalamic nuclei
a. Medial geniculate nuclei MG
b. Lateral geniculate nucleus LG

6. Posterior nuclear complex
a. Limitans nucleus Lim
b. Posterior nuclei PLi
c. Suprageniculate nucleus SG

7. Pulvinar nuclei and lateral posterior nucleus
a. Lateral posterior nucleus LP
b. Pulvinar nuclei Pul

Anterior (APul), inferior (IPul), lateral (LPul), and  
medial (MPul) parts of the pulvinar nuclei

8. Reticular nucleus Rt
9. Ventral nuclei

a. Ventral anterior nucleus VA
Magnocellular (VA

mc) part of VA
b. Ventral lateral nuclei VL

Anterior (VLa) and posterior (VLp) parts of VL
c. Ventral medial nucleus VM
d. Ventral posterior complex VP

Ventral posterior lateral nucleus VPL
Anterior (VPLa) and posterior (VPLp) parts of VPL
Ventral posterior medial nucleus VPM
Ventral posterior inferior nucleus VPI

Source: Based on thalamic terminology used by various authors, including Hirai and 
Jones (1989), Jones (1997), Terminologia Anatomica (Federative Committee on 
Anatomical Terminology, 1998), Mai, Assheuer, and Paxinos (2004), and Jones (2007).
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Figure 14.4 ● Coronal section through the human brain about 12 mm 
posterior to the center of the anterior commissure. The anteroventral (AV), 
medial dorsal (MD), reticular (Rt), ventral anterior (VA), and ventral lateral (VL) 
thalamic nuclei are present at this level and are colored blue, as is the 
mamillothalamic tract (mt). (Source: Mai et al., 2004. Reproduced with 
permission of Elsevier.)
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encapsulate the medial dorsal nucleus. The anterior nuclei 
receive impulses from the ipsilateral hypothalamus, espe-
cially its mamillary body, by way of the mamillothalamic 
tract. The anterior nuclei, in turn, relay these impulses to the 
cingulate gyrus of the limbic system. Functional magnetic 
resonance imaging (fMRI) assessment of the connections of 
the human anterior nuclei reveals functional connectivity of 
this nucleus with the anterior cingulate cortex. Thus, the 
anterior nuclei play a role as relay nuclei in the limbic system 
connecting the hypothalamus with limbic areas of the cere-
bral cortex. Based on their connections with a variety of lim-
bic structures, the  anterior nuclei are often termed limbic 
nuclei. Functionally, the anterior nuclei participate in learn-
ing and memory acquisition.

Neuronal loss in the anterior thalamic nuclei occurs in 
alcoholic Korsakoff psychosis. This neurodegeneration may 
be the neural substrate that underlies the amnesia observed 
in Korsakoff patients. Focal ischemic damage to the human 
anterior nuclei or the major efferent path from these nuclei 
(the mamillothalamic tract) results in memory‐related defi-
cits. Damage to the mamillothalamic tract in humans is a 
necessary condition for the development of amnesia after 
thalamic injury. The neuronal number in the medial dorsal 

nuclei decreases by 24–35% in the brains of schizophrenic 
subjects and by 16% in the AV/AM nuclei. Bilateral stimula-
tion of the anterior nuclei through implantable electrodes 
resulted in clinically and statistically significant improve-
ment in (four of five) patients with intractable partial 
epilepsy.

Lateral dorsal nucleus (LD)

The lateral dorsal nucleus and the anterior nuclei of the 
thalamus are placed in the same group because the connec-
tions and functions of these two nuclei are similar in humans. 
The internal medullary lamina splits around the lateral 
 dorsal nucleus (Figs 14.6 and 14.7) as it does around the ante-
rior nuclei. As one follows the anterior nuclei though the 
thalamus (from rostral to caudal), the anterior nuclei dimin-
ish in size as the lateral dorsal nucleus replaces them 
(Figs  14.6 and 14.7). Some authors place LD in a “dorsal 
nuclear group” with the pulvinar nuclei and the lateral pos-
terior nucleus. The subicular cortex projects to the anterior 
nuclei, lateral dorsal nuclei, and the median nuclei in the 
monkey. The role of these connections in the human brain is 
unclear.
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Figure 14.6 ● Coronal section through the human brain about 19.9 mm 
posterior to the center of the anterior commissure. The centromedian (CM), 
lateral dorsal (LD), medial dorsal (MD), parafascicular (PF), reticular (Rt), parts 
of ventral lateral (VL), ventral posterior lateral (VPL), and ventral posterior 
medial (VPM) thalamic nuclei are present at this level and are colored blue. 
(Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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Figure 14.5 ● Coronal section through the human brain about 16 mm 
posterior to the center of the anterior commissure. The anteroventral (AV), 
medial dorsal (MD), reticular (Rt), ventral anterior (VA), and parts of the ventral 
lateral (VL) thalamic nucleus are present at this level and are colored blue. 
(Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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14.2.2 Intralaminar nuclei

The thalamus is divisible into medial and lateral subdivi-
sions by a narrow band of myelinated fibers, the internal 
medullary lamina (Figs 14.6 and 14.7). Within the internal 
medullary lamina is a collection of nuclei termed the intrala-
minar nuclei. The nuclei in the intralaminar group are iden-
tifiable by their intense acetylcholinesterase staining and are 
divisible into a rostral and a caudal group. In the human 
brain, each group demonstrates a characteristic pattern of 
calcium‐binding protein immunoreactivity. More rostrally in 
this lamina are the central lateral nucleus (CenL), central 
medial nucleus (CenM), and paracentral nucleus (PC). This 
rostral group of nuclei project to the anterior and posterior 
cingulate cortices and to the entorhinal cortex in the monkey. 
The central lateral nucleus in the monkey also projects to the 
superior temporal sulcus and frontal eye field.

More caudally in the internal medullary lamina are the cen-
tromedian (Figs 14.6, 14.7, and 14.8) and parafascicular nuclei 
(PF). The most conspicuous nucleus in the caudal group is the 
centromedian nucleus (Figs  14.6, 14.7, and 14.8). It is easily 
recognizable in the human brain by its pale appearance 

compared with adjacent thalamic nuclei. This pale appearance 
is probably the result of its rich fiber network and therefore its 
 elevated myelin content. The centromedian nucleus has a 
large‐celled part (magnocellular) and a homogeneous popula-
tion of densely packed cells that make up the small‐celled 
part  (parvocellular). Expansion and development of the 
 centromedian nucleus is characteristic of the human brain.

The intralaminar nuclei receive impulses from  widespread 
regions of the cerebral cortex (including premotor area 6 and 
the somatosensory cortex), have reciprocal connections with 
the primary motor area 4 (corticothalamic projections), and 
receive projections from other thalamic nuclei (interthalamic 
projections). Many fibers of the ascending reticular system 
end in the intralaminar nuclei, as do fibers from the caudate, 
putamen, and internal segment of the globus pallidus (as part 
of the ansa lenticularis).

Activation of the midbrain reticular formation and of the 
thalamic intralaminar nuclei occurs in humans as they go 
from a relaxed awake state to an attention‐demanding reac-
tion‐time task. These results confirm the role of the intralami-
nar nuclei in alertness and arousal as a part of the ascending 
reticular system.

Fibers from the medial lemniscus and some fibers in the 
trigeminothalamic paths terminate in the intralaminar nuclei. 
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Figure 14.7 ● Coronal section through the human brain about 23.9 mm 
posterior to the center of the anterior commissure. The centromedian (CM), 
lateral dorsal (LD), lateral geniculate (LG), medial dorsal (MD), reticular (Rt), 
the posterior part of ventral lateral (VL), ventral posterior medial (VPM), ventral 
posterior inferior (VPI), parafascicular (PF), and the anterior part of the pulvinar 
(Pul) thalamic nuclei are present at this level and are colored blue. (Source: Mai 
et al., 2004. Reproduced with permission of Elsevier.)
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Figure 14.8 ● Coronal section through the human brain about 27.8 mm 
posterior to the center of the anterior commissure. The centromedian (CM), 
medial dorsal (MD), medial (MG) and lateral geniculate (LG), reticular (Rt), and 
the anterior and lateral parts of the pulvinar (Pul), and the ventral lateral (VL) 
thalamic nuclei are present at this level and are colored blue. (Source: Mai et al., 
2004. Reproduced with permission of Elsevier.)



232 ● ● ● CHAPter 14

Tertiary neurons serving general tactile sensations are in the 
caudal part of the intralaminar nuclei. General tactile 
impulses likely enter consciousness at the level of the thala-
mus in humans. If localization (“where”) and discrimination 
(“what”) of these general sensations are necessary, then the 
cerebral cortex must become involved. This would require 
that these impulses project from the thalamus to the cerebral 
cortex, where such additional processing can take place.

Fibers of the lateral spinothalamic tract (body pain and 
temperature) and also fibers of the spinoreticulothalamic 
tract (carrying visceral pain impulses) end in part in the cen-
tromedian and parafascicular nuclei. Pain‐sensitive neurons 
are physiologically identifiable in the intralaminar nuclei of 
humans. This nucleus also projects to the hypothalamus, 
subthalamus, rostral intralaminar nuclei, medial dorsal tha-
lamic nuclei, and median thalamic nuclei.

There appear to be substantial intralaminar projections to 
the striatum in highly specific functional circuits with the 
centromedian nucleus projecting to the putamen and the 
parafascicular nucleus to the caudate nucleus (thalamostri-
ate projections). From the centromedian nucleus, there are 
diffuse and widespread fiber projections to the frontal cortex, 
including that of the precentral gyrus, anterior cingulate, and 
dorsolateral cortex, and also to the piriform cortex (the 
 anterior part of the temporal lobe medial to the rhinal  sulcus). 
These diffuse thalamocortical projections are part of the so‐
called “nonspecific or diffuse thalamocortical activating 
system” that can be demonstrated by low‐frequency ipsilat-
eral stimulation of the intralaminar nuclei. Such stimulation 
results in recruiting responses throughout the cerebral  cortex, 
thus playing an important role in arousal and attention. The 
centromedian nucleus also projects to other thalamic nuclei, 
particularly the ventral lateral nucleus.

Jones (1998, 2001, 2002, and elsewhere) has made the 
case for the presence of a matrix of thalamocortical neurons 
without nuclear borders found throughout the thalamus 
that project to superficial layers of the cerebral cortex over 
 relatively wide areas that are not limited to architectonic 
boundaries. There is also a core of thalamocortical neurons 
concentrated in certain thalamic nuclei and projecting in a 
highly ordered manner to middle cortical layers. These 
 projections follow specific architectonic borders. The matrix 
neurons receive subcortical projections that lack the soma-
totopic and modality topic order of the ascending sensory 
paths. The core neurons receive more ordered and precise 
subcortical inputs that have identifiable physiological 
properties. These core and matrix neurons are definable 
based on their staining characteristics using calcium‐bind-
ing proteins. This viewpoint deserves further study and 
elucidation.

Conscious appreciation of diffuse, poorly localized, 
 noxious stimuli takes place in the intralaminar nuclei of the 
thalamus. The diffuseness of cortical projections from the 
intralaminar nuclei may account for this poor localization. 
Stimulation of the human intralaminar nuclei leads to varia-
ble responses: contractures and clonus, a diffuse burning 
pain on the contralateral body, a feeling of warmth on the 

contralateral body, or a tingling in the hand. In patients with 
intractable pain, stimulation of the intralaminar nuclei may 
exacerbate the spontaneous pain. Based on its connections 
and these stimulation‐related observations, the intralaminar 
nuclei are a likely target during deep brain stimulation (DBS) 
for the neurosurgical relief of intractable pain. The reason for 
the success of this procedure is likely the interruption of 
some of spinoreticulothalamic and spinothalamic fibers that 
reach the intralaminar nuclei. What is not clear in all of this is 
whether the beneficial effects of intralaminar nuclear stimu-
lation or ablation result in changes in the patient’s actual 
perception of pain or whether there is alteration in the 
patient’s attitude towards their pain. Relief from pain for 
many months may occur after neurosurgical lesions of the 
centromedian nucleus. Over a prolonged period, the pain 
often begins to recur in some patients. The centromedian 
nucleus has also been the target for electrical stimulation in 
cases of difficult‐to‐control seizures.

Microelectrode recordings of neurons in the caudal 
group of the intralaminar nuclei (centromedian and para-
fascicular nuclei) in patients undergoing neurosurgical 
procedures for spasmodic torticollis provide evidence that 
these nuclei are involved in the neuronal mechanisms of 
selective attention.

CC
Cd

Pul Pul

Rt

eml

Figure 14.9 ● Coronal section through the human brain about 31.9 mm 
posterior to the center of the anterior commissure. The medial and lateral parts 
of the pulvinar (Pul) and the reticular (Rt) thalamic nuclei are present at this 
level and are colored blue. (Source: Mai et al., 2004. Reproduced with 
permission of Elsevier.)
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Figure 14.10 ● Coronal section through the human brain about 36 mm 
posterior to the center of the anterior commissure. The medial and lateral parts of 
the pulvinar (Pul) and the reticular (Rt) thalamic nuclei are present at this level and 
are colored blue. (Source: Mai et al., 2004. Reproduced with permission of Elsevier.)

14.2.3 Medial nuclei

The most conspicuous representative of the medial nuclei is 
the medial dorsal nucleus (MD), also termed the dorsomedial 
nucleus (Figs  14.5, 14.6, 14.7, and 14.8). A medial ventral 
nucleus (MV) is also part of the medial nuclei. The medial 
ventral nucleus in the left cerebral hemisphere may merge 
with the medial ventral nucleus in the right cerebral hemi-
sphere at the interthalamic adhesion. When the medial ven-
tral nuclei on the two sides of the brain merge with one another 
medially, they together form a nucleus reuniens. The medial 
nuclear group extends about two‐thirds the length of the entire 
thalamus. Coronal sections of the human thalamus reveal that 
the internal medullary lamina almost encircles the medial dor-
sal nucleus (Figs 14.5, 14.6, 14.7, and 14.8). The ependyma of 
the lateral wall of the third ventricle, along with fibers of this 
lamina, form the medial border of the medial dorsal nucleus 
(Figs 14.5, 14.6, 14.7, and 14.8). Posteriorly, its lateral border is 
the internal medullary lamina and anteriorly its lateral border 
is the mamillothalamic tract. The anterior nuclear group and 
the lateral dorsal nucleus lie on the dorsal surface of the medial 
dorsal nucleus whereas its ventral surface is difficult to iden-
tify. Posteriorly, the medial dorsal nucleus blends with the 
pulvinar. The human medial dorsal nucleus includes magno-
cellular, multiform, and parvocellular parts.

The medial nuclei receive impulses from almost all other 
thalamic nuclei and from the hypothalamus over the perive-
ntricular system of fibers. The medial nuclei have extensive 
connections with the prefrontal cortex, ventral surface of the 
frontal lobe, and olfactory structures. In addition to receiving 
impulses from these diverse regions of the nervous system, 
the medial nuclei also relay impulses back to these same 
areas. Finally, there is a projection of fibers in nonhuman 
 primates from the medial dorsal nucleus to the amygdaloid 
complex. Interestingly, this projection is not reciprocal. fMRI 
assessment of the connections of the human medial dorsal 
nucleus reveals functional connectivity of the MD nucleus 
with the dorsolateral prefrontal cortex. There were also 
 correlations with the left superior temporal, parietal, poste-
rior frontal, and occipital regions.

Because of the complex interrelations with a variety of 
brain regions, associations or interrelations occurring in the 
medial nuclei are such that the source and quality of stimuli 
reaching these nuclei are lost. Various impulses that reach 
the medial nuclei discharge to the prefrontal cortex through 
the anterior thalamic radiations. Here such impulses enter 
consciousness as feelings of well‐being, pleasure, displeas-
ure, apprehension, or fear, often referred to as “affective 
tone.” Such complex associations in the medial nuclei are an 
important part of our human personality. These feelings, cor-
related with many other impulses of a visceral and a somatic 
nature, influence the responses of an individual. Although 
prefrontal lobotomies alter unfavorable feelings or affective 
tones, such procedures also cause intellectual and personal-
ity changes. Imaging studies and post‐mortem studies of 
patients with schizophrenia reveal the medial dorsal nucleus 
and the pulvinar to be significantly smaller in comparison 
with controls.

An injury involving the medial dorsal nucleus in humans 
causes changes in motivational drive (abulia), including apa-
thy, loss of the ability to solve problems, alterations in levels 
of consciousness, and often failure to inhibit inappropriate 
behavior. In one extensively studied patient who sustained a 
stab wound to that part of the left thalamus presumed to cor-
respond to the medial dorsal nucleus, there was a severe 
verbal memory deficit. Brain imaging confirmed the location 
of his thalamic injury.

Infusing Xylocaine (lidocaine) through chemodes into the 
human thalamus has a depressant effect on the central nerv-
ous system. Teflurane gas, passed into the medial thalamus 
in a patient with terminal cancer and chronic pain, resulted 
in temporary suppression of thalamic activity. The long‐term 
clinical significance of such efforts is unclear.

14.2.4 Median nuclei

The median nuclei (Table 14.1) include the nucleus reuniens 
(Re), the paratenial nucleus (PT), the paraventricular 
 thalamic nuclei (PV), and the rhomboid nucleus (Rh). The 
nucleus reuniens is a term used for the fused medial ventral 
nuclei (representatives of the medial nuclei not the median 
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nuclei) when they meet in the interthalamic adhesion 
(Fig. 19.1). The paratenial nucleus is small and visible at the 
ventromedial edge of the medial dorsal nucleus. The para-
ventricular thalamic nucleus in monkeys projects to the sub-
iculum, entorhinal cortex, and anterior cingulate cortex, 
whereas the paratenial nucleus also projects to the anterior 
cingulate cortex in monkeys. The entire length of the supe-
rior temporal gyrus in monkeys receives afferents from 
nucleus reuniens along with the anterior cingulate cortex. A 
most interesting observation is that of dopaminergic axons 
profusely targeting the thalamus in humans. The highest 
density of this innervation was in the median nuclei followed 
by the medial dorsal nuclei, lateral posterior nucleus, and the 
ventral lateral motor nucleus. Autoradiographic and posi-
tron emission tomographic (PET) studies in humans have 
identified dopamine D2‐like receptors with relatively high 
densities in the median nuclei and also in the intralaminar 
nuclei. The role of these dopaminergic projections in the 
thalamus may have important implications for a variety of 
neurological conditions (Parkinson disease, schizophrenia, 
and drug addiction).

14.2.5 Metathalamic body and nuclei

These nuclei include the lateral geniculate nucleus (LG) and 
the medial geniculate nucleus (MG) (Fig.  14.8). These 
metathalamic nuclei are beneath the pulvinar at the transi-
tion between the midbrain and the diencephalon.

Lateral geniculate body and nuclei (LG)

Each human lateral geniculate body is triangular and tilted 
about 45° with a hilum on its ventromedial surface. Sections 
of the lateral geniculate body reveal a lateral geniculate 
nucleus, the thalamic relay nucleus for the visual system. 
The lateral geniculate nucleus in humans includes a lami-
nated and horseshoe‐shaped dorsal part (LGd) and a small or 
absent ventral part (LGv). The horizontal meridian of the 
visual field corresponds to the long axis of each lateral genic-
ulate body, from hilum to convex surface. The fovea is repre-
sented in the posterior pole of the lateral geniculate with the 
upper quadrant of the visual field represented anterolater-
ally and the lower quadrant anteromedially. Injury to the 
lateral geniculate nucleus on one side will lead to a contralat-
eral homonymous hemianopia.

Nuclei and layers of the lateral geniculate body

The lateral geniculate body is surprisingly variable in struc-
ture, with several segments: one with two layers, another 
with four, and one in the caudal half with six parallel layers. 
The six‐layered part has two large‐celled layers  –  an outer 
magnocellular layer ventral to an internal magnocellular 
layer and four small‐celled layers  –  an internal, outer, and 
two superficial parvocellular layers. Between the cellular 
layers are thin zones of fibers. A poorly developed S‐region is 
ventral to the magnocellular region in humans. Neurons in 

parvocellular layers display rapid growth that ends about 6 
months after birth, reaching adult size near the end of the 
first year. Neurons in the magnocellular layers continue to 
grow rapidly for 1 year after birth, reaching adult size by the 
end of the second year. A decrease in mean diameter (and 
consequently neuronal volume) was observed in lateral 
geniculate neurons in 24 patients with severe visual impair-
ment (blindness). There was reduced cytoplasmic RNA, 
nucleolar volume, and tetraploid nuclei in neuroglia. In pri-
mates, each adjacent pair of geniculate neuronal layers is 
functionally distinct – one activated by the ipsilateral eye, the 
other by the contralateral eye. In development, geniculate 
neurons segregate into layers for the left and right eyes 
before birth.

Termination of retinal fibers in the lateral geniculate

Superior retinal fibers end medially as inferior fibers end 
laterally in the dorsal lateral geniculate nucleus (LGd). As 
macular fibers end in the nucleus, they form a central cone, 
its apex directed to the hilus of this nucleus. Nasal retinal 
fibers decussate in the chiasm and end in the contralateral 
lateral geniculate in nuclear layers 1, 4, and 6; temporal reti-
nal fibers do not decussate in the chiasm but end in the ipsi-
lateral lateral geniculate in nuclear layers 2, 3, and 5. In 
prenatal humans, fibers immunoreactive to substance P 
occur in the optic nerve and reach the lateral geniculate 
nuclei; their function is uncertain. In primates, each superior 
colliculus receives many processes of ganglionic neurons 
from both retinae though the contralateral eye appears to 
have a stronger representation.

Amblyopia and the lateral geniculate nucleus

Reduction in vision caused by disuse of an eye is termed 
amblyopia (commonly called “lazy eye”). If the eyes differ 
in refractive power (called anisometropia) and this condi-
tion remains uncorrected, amblyopia often results. 
Examination of the brain of a patient with anisometropic 
amblyopia showed a decrease in neuronal size in dorsal lat-
eral geniculate parvocellular layers connected with the 
“lazy” eye.

The medial geniculate body and nuclei (MG)

Each medial geniculate body (Fig. 10.5) is a small eminence 
about 5 mm wide, 4 mm deep, and 4–5 mm long, protruding 
from the posterior aspect of the diencephalon and containing 
a medial geniculate nucleus (Fig.  14.8), the thalamic relay 
nucleus for the auditory system. Each medial geniculate 
nucleus contains a dorsal part (MGd), a ventral part (MGmc), 
and a medial part (MGm). The ventral part, also termed the 
principal or parvocellular part, is the largest part of the MG 
occupying the ventrolateral quarter, the medial part (also 
termed the internal or magnocellular part) occupies the ven-
tromedial quarter, and the dorsal part forms a tier extending 
the length and breadth of the medial geniculate nucleus. 
Ascending projections of auditory neurons in the inferior 
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colliculi, carrying auditory impulses from both ears, enter 
the brachium of the inferior colliculus to reach the ventral 
part of the medial geniculate nucleus (MGv). A few fibers of 
the lateral lemniscus bypass the inferior colliculi to synapse 
with medial geniculate neurons. Fibers of the brachium are 
fewer in number and size in the elderly.

Auditory impulses reaching the ventral part of the medial 
geniculate relay to the primary auditory cortex that corre-
spond to Brodmann’s area 41 in the temporal lobe. This relay 
is over fibers of the auditory radiations that pass in the sub-
lenticular part of the internal capsule on their way to the 
temporal lobe. An injury to one side of the cerebral hemi-
sphere will not lead to an appreciable loss of hearing, because 
each medial geniculate nucleus receives fibers from both ears.

In addition to auditory impulses reaching the medial 
geniculate, the lateral spinothalamic tract and the medial 
lemniscus send some fibers to synapse with tertiary neurons 
in the medial or magnocellular part of the medial geniculate 
nucleus. The lateral spinothalamic tract carries impulses 
related to superficial pain and itch from skin, well‐localized 
deep pain from joints, fascia, periosteum, tendons, and mus-
cles, together with different degrees of thermal sensation 
such as warmth or heat and coolness or coldness. The medial 
lemniscus carries discriminatory tactile, pressure, proprio-
ceptive, and vibratory stimuli from the body and limbs.

Tones of different pitch reach consciousness in humans  
at the geniculate level

Tones of different pitch likely enter consciousness at the 
geniculate level. Studies in primates indicate that the dis-
crimination of sound localization, loudness, and pitch do not 
require involvement of the primary auditory cortex (area 41) 
in the temporal lobe. Ablation of the primary auditory and 
periauditory areas in humans does not influence the dis-
crimination of tone sequences.

14.2.6 Posterior nuclear complex

The posterior nuclear complex of the human thalamus 
includes the nucleus limitans (Lim), the posterior nuclei 
(PLi), and the suprageniculate nucleus (SG). These nuclei 
project to the cortex in and around the insula. Jones (2007) 
suggested that future studies are likely to relegate this group 
of nuclei to other nuclear complexes, including the intralami-
nar nuclei, pulvinar nuclei, and medial geniculate nuclei.

14.2.7 Pulvinar nuclei and lateral posterior 
nucleus

This thalamic group includes the pulvinar nuclei (Pul) and 
the lateral posterior nucleus (LP). Since LP is lateral to the 
internal medullary lamina, it is part of the “lateral group” of 
nuclei. Other authors include the lateral dorsal nucleus along 
with the pulvinar nuclei and the lateral posterior nucleus in 

the “dorsal nuclei” of the thalamus. In this discussion, the 
anterior nuclei and the lateral dorsal nucleus form their 
own group.

Pulvinar nuclei ( P ul)

The large pulvinar nuclei form the posterior pole of the 
thalamus in humans. Some authors have described anterior, 
medial, lateral, and inferior nuclei of the human pulvinar. 
fMRI assessment of the connections of the human pulvinar 
reveals functional connectivity of this nucleus with 
Brodmann’s area 39 in the inferior parietal lobule. The medial 
pulvinar likely functions as both a thalamic relay and tha-
lamic association nucleus related to visuospatial and soma-
tosensory processing in addition to directed attention. The 
lateral and inferior nuclei of the human pulvinar may play 
an important role in visual processing. The pulvinar may 
also be an anatomical substrate for speech in light of the fib-
ers of passage that travel through it to reach the centrome-
dian nucleus and the medial dorsal nucleus. It is of interest 
that post‐mortem studies and imaging studies of patients 
with schizophrenia revealed the medial dorsal nucleus and 
the pulvinar to be significantly smaller in comparison with 
controls.

Lateral posterior nucleus (LP)

As its name suggests, the lateral posterior nucleus (LP) is 
lateral to the internal medullary lamina and extends posteri-
orly where the pulvinar replaces it. The posterior parietal 
cortex and the extrastriate visual areas in nonhuman pri-
mates and the posterior cingulate and parahippocampal 
cortex project to the lateral posterior nucleus. Few data are 
available regarding the function of the lateral posterior 
nucleus.

14.2.8 Reticular nucleus

The reticular nucleus (Rt) is a thin sheet of neurons along the 
medial aspect of the internal capsule and along the entire 
lateral aspect of the thalamus. Neurons in this nucleus 
resemble those of the adjacent thalamic nucleus. In humans 
it contains two types of large, sparsely branched, long‐den-
drite, reticular, aspiny neurons. It also has neurons with 
spines that are densely branched. The reticular nucleus has a 
unique position in thalamic circuitry. It receives fibers from a 
variety of sources and is a region of termination for many 
fibers in the ascending reticular system. As thalamocortical 
fibers pass through this thin sheet of reticular neurons on the 
lateral aspect of the thalamus, they provide collaterals to the 
reticular neurons. GABAergic cells in the reticular nucleus 
then give rise to fibers that project back onto the same tha-
lamic nuclear cells that gave rise to these thalamocortical 
fibers. Fibers coming from the cerebral cortex that are des-
tined to terminate on cells in specific thalamic nuclei also 
provide collaterals to the reticular neurons. Again, 
GABAergic neurons in the reticular nucleus then give rise to 
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fibers that project back to the particular thalamic nucleus on 
which these corticothalamic fibers terminated. The cortico-
thalamic terminals predominate in this scheme of thalamic 
circuitry. The reticular nucleus relays impulses to other tha-
lamic nuclei and is a region of relay for various thalamocorti-
cal systems. The reticular nucleus has a widespread influence 
on cortical activity as a part of the “nonspecific or diffuse 
thalamocortical activating system” playing an important role 
in arousal, attention, and conscious awareness. The reticular 
nucleus may play an important role in the pathophysiology 
of human epilepsy and related disorders.

14.2.9 Ventral nuclei

The ventral nuclei are divisible into four subdivisions: ven-
tral anterior (VA), ventral lateral (VL), ventral medial (VM), 
and ventral posterior nuclei (VP).

Ventral anterior nucleus (VA)

The ventral anterior nucleus (Figs 14.3 and 14.4) in nonhu-
man primates may be a thalamic relay nucleus for impulses 
from the substantia nigra. It receives afferents from the pars 
reticularis of the substantia nigra and from the internal seg-
ment of the globus pallidus (GPi) in nonhuman primates. 
The ventral anterior nucleus in primates projects its impulses 
to the cingulate, premotor, supplementary motor, and pre-
frontal cortex. Because of this, the ventral anterior nucleus is 
a constituent of the motor thalamus.

Ventral lateral nucleus (VL)

The ventral lateral nucleus (Fig. 14.4) is posterior to the ven-
tral anterior nucleus and occupies most of the anterior half of 
the ventral part of the thalamus. The ventral lateral nucleus 
has both anterior (VLa) and posterior (VLp) parts (Fig. 14.5). 
The posterior part is very large, occupying almost half of the 
volume of the ventral nuclear complex. In nonhuman pri-
mates, the posterior part of the ventral lateral nucleus is the 
site of termination of a dense projection of fibers from the den-
tate nucleus of the cerebellum. Such dentatothalamic fibers 
pass through the ipsilateral superior cerebellar peduncle and 
cross to the contralateral ventral lateral nucleus. This nuclear 
group relays its impulses to the primary motor area 4 in the 
frontal lobe. The posterior part of the ventral lateral nucleus 
as used in the present account (Table 14.1) corresponds to the 
ventral intermediate nucleus (Vim) as used in some schemes 
of human thalamic terminology (Hassler, 1982). This nucleus 
shows rich, spontaneous, rhythmic, and nonrhythmic dis-
charges related to tremor generation. For this reason, stereo-
taxic lesions of the posterior part of the ventral lateral nucleus 
in humans may be a useful target in the treatment of certain 
disorders of posture and movement such as limb rigidity, 
involuntary movement disorders, and the tremor of Parkinson 
disease, essential tremor, and perhaps tremor of other origins.

The anterior part of the ventral lateral nucleus receives 
fibers from the basal ganglia, particularly the internal 

segment of the globus pallidus. This nuclear group then 
relays impulses to the premotor area 6 in the frontal lobe. The 
ventral lateral nucleus (including its anterior and posterior 
parts), is therefore a relay nucleus in the motor system 
through which the cerebellum and the globus pallidus influ-
ence motor areas in the cerebral cortex. The ventral lateral 
nucleus is likely to modulate inputs from the cerebellum and 
basal ganglia to the primary motor cortex. Because of this, 
the ventral lateral nucleus is a constituent of the motor 
thalamus.

The ascending vestibulothalamic path of primates sends 
bilateral projections to neurons in the oral part of the ventral 
posterior lateral nucleus (VPLo), the caudal part of the ven-
tral lateral nucleus (VLc) (corresponding to the dorsal part of 
the human VLp), and the dorsal part of the ventral posterior 
inferior nucleus (VPId).

Ventral medial nucleus (VM)

The ventral medial nucleus (VM) occupies a transition zone 
between the ventral lateral nucleus and the ventral posterior 
nucleus. Some authorities suggest that this nuclear subdivi-
sion belongs to VL, others that it is a distinct subdivision. In 
addition to the controversy about where this nuclear subdi-
vision belongs, there is also disagreement about the connec-
tions of this nuclear group. The ventral medial nucleus 
(perhaps along with the ventral anterior nucleus) may be a 
thalamic relay for impulses from the substantia nigra in non-
human primates. The basal ventral medial nucleus (VMb) in 
humans corresponding to the parvocellular part of the ven-
tral posterior medial nucleus (VPMpc) in monkeys is a gusta-
tory relay nucleus.

Ventral posterior nucleus (VP)

The ventral posterior nucleus (VP), the largest subdivision 
of the ventral nuclear group, occupies the caudal half of the 
thalamus. This nuclear subdivision receives many ascending 
sensory systems from both the body and head, including the 
termination of the medial lemniscus, dorsal and ventral 
trigeminothalamic tracts, and the lateral and ventral spi-
nothalamic tracts. It serves as an end‐station processing non-
discriminative sensations and as a relay station for more 
discriminative sensations that reach the cerebral cortex.

The ventral posterior nucleus is divisible into three subnu-
clei: the ventral posterior lateral (Figs 14.6 and 14.7), ventral 
posterior medial (Figs 14.6 and 14.7), and ventral posterior 
inferior (Fig.  14.7) nuclei. In humans, the ventral posterior 
lateral nucleus may be divisible into anterior (VPLa) and pos-
terior (VPLp) subnuclei. A pattern for localization of body 
parts in the ventral posterior nucleus exists with sensory 
impulses from the face and head ending in the medial part of 
the ventral posterior nucleus termed the ventral posterior 
medial nucleus. There may be some segregation of sensory 
inputs from cutaneous versus deep tissues of the face and 
head within VPM. Sensory impulses from the body, limbs, 
and trunk end in the lateral part of the ventral posterior 
nucleus termed the ventral posterior lateral nucleus. Painful 
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impulses from cutaneous areas reach the most caudal part of 
the ventral posterior nucleus and project to  postcentral areas 
3b and 1, whereas proprioceptive impulses from deep tissues 
(muscle and joint inputs) that project to areas 3a and 2 in the 
postcentral gyrus reach the rostral parts or central core of this 
nucleus. Injury to this nuclear complex is rare, but when it 
does occur, there is often interference with  discriminative 
somatosensory sensations, including the loss of pain and tem-
perature on the contralateral side of the body. Paradoxically, 
however, if such injury is of a vascular nature involving the 
ventral posterior nucleus, there is likely to be the develop-
ment of the thalamic pain syndrome (Déjerine–Roussy syn-
drome). Thalamic pain is a severe and treatment‐resistant 
type of central pain that may develop after a thalamic stroke 
(Vartiainen et al., 2016). Central pain is a neurological condi-
tion caused by damage to or dysfunction of the central nerv-
ous system (CNS)  –  the brain, brain stem, and spinal cord. 
Stroke, multiple sclerosis, tumors, epilepsy, brain or spinal 
cord trauma, or Parkinson disease can cause central pain.

Ventral posterior lateral nucleus (VPL)

The lateral spinothalamic tract carries impulses related to 
superficial pain and itch from skin and well‐localized deep 
pain from joints, fascia, periosteum, tendons, and muscles, 
together with different degrees of thermal sensation such as 
warmth or heat and coolness or coldness. Fibers of the lateral 
spinothalamic tract synapse with tertiary neurons in the ven-
tral posterior lateral nucleus of the thalamus (Fig. 7.2), in the 
intralaminar nuclei, particularly the central lateral and central 
medial nuclei, in nucleus limitans of the posterior nuclear 
complex, and in the magnocellular part of the medial genicu-
late nucleus (MGmc). Spinothalamic fibers end somatotopically 
in the ventral posterior nucleus such that fibers from the upper 
limb end medial and ventromedial to those from the lower 
limb (Fig. 7.2). Presumably, there is also an orderly termination 
of spinothalamic fibers by modality. In nonhuman primates, 
impulses for superficial pain from cutaneous areas of limbs 
relay to the caudal part of the ventral posterior lateral nucleus 
(VPLc), whereas painful impulses from fascia, tendons, and 
joints project to its oral part (VPLo). In anesthetized monkeys, 
many neurons in VPLc receive inputs from nociceptors in the 
periphery, presumably from thermal and mechanical nocicep-
tors. General aspects of pain and extremes of temperature in 
humans likely enter consciousness at the thalamic level.

Tertiary neurons serving general tactile sensations are in 
the ventral posterior lateral nucleus (Fig. 8.2) and in the cau-
dal part of the intralaminar nuclei. General tactile impulses 
enter consciousness at this level of the thalamus in humans. 
If localization (“where”) and discrimination (“what”) of 
these general sensations are necessary, then the cerebral cor-
tex must become involved. This would require that these 
impulses project from the thalamus to the cerebral cortex, 
where such additional processing can take place.

Fibers of the medial lemniscus carrying discriminatory 
tactile, pressure, proprioceptive, and vibratory stimuli syn-
apse with tertiary neurons in VPLc. They end in a somatotopic 

manner with fibers from the cuneate component of the medial 
lemniscus (carrying impulses from thoracic and cervical lev-
els) ending medially and rostrally in the caudal part of the 
ventral posterior lateral nucleus. Fibers of the gracile compo-
nent of the medial lemniscus (carrying impulses from lower 
thoracic, all lumbar, and sacral levels) end laterally and cau-
dally in the caudal part of the ventral posterior lateral nucleus. 
Orientation of the body representation actually follows the 
shape of this thalamic nucleus. Neurons in VPLc send fibers 
to primary somatosensory areas 3a, 3b, 1, and 2. Some medial 
lemniscal fibers end in the magnocellular part of the medial 
geniculate nucleus (MGmc), pulvinar nuclei, and ventral part 
of the suprageniculate nucleus.

The ascending vestibulothalamic path of primates pro-
jects to various thalamic nuclei (Fig. 11.6), including bilater-
ally to neurons in VPLo, to the caudal part of the ventral 
lateral nucleus (VLc), and to the dorsal part of the ventral 
posterior inferior nucleus (VPId). Other vestibular relay 
nuclei include the posterior nuclei and the magnocellular 
part of the medial geniculate nucleus (MGmc). VPI and PLi 
with projections to the posterior part of the postcentral gyrus 
of the parietal lobe at the base of the intraparietal sulcus, 
 corresponding to the parietal vestibular cortex or Brodmann’s 
area 2v, are probably involved in the conscious appreciation 
of vestibular sensation. Based on its projections to primary 
motor cortex (area 4), however, VPLo and its extension VLc in 
monkeys are likely involved in vestibular aspects of motor 
coordination.

The vestibular and somatosensory nuclei in the thalamus 
of rhesus monkeys have a topographical and functional 
 relationship. This permits interaction in VPL of vestibular 
and somatosensory (especially proprioceptive) inputs. 
Studies in primates revealed that the vestibular nuclear pro-
jection to these thalamic neurons is a sparse but definite 
bilateral projection. These thalamic neurons are activated in 
the alert monkey by vestibular stimulation, including angu-
lar acceleration, rotation of an optokinetic cylinder, rotation 
of the visual surround, and rotation of the animal itself about 
a vertical axis (both to the ipsilateral and to the contralateral 
side) following appropriate proprioceptive stimuli. 
Discharge patterns of these thalamic neurons are unrelated 
to ocular movements.

Recordings made in the posterior part of the thalamus in 
rhesus monkeys have localized the vestibulothalamic tract 
between the medial lemniscus and brachium of the inferior col-
liculus. These recorded responses suggest that the projection 
between the vestibular nuclei and thalamus is monosynaptic.

Ventral posterior medial nucleus (VPM)

The ventral trigeminothalamic tract, carrying impulses for 
pain, thermal discrimination, thermal extremes, and general 
tactile sensations in the head, ends in the ventral posterior 
medial nucleus (Fig.  7.7). Some ventral trigeminothalamic 
fibers end in that part of the ventral posterior lateral nucleus 
that is rostrolateral to the ventral posterior medial nucleus. 
A  contralateral, discrete, somatotopic representation of the 
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body and head occurs in the ventral posterior nucleus in 
humans with ascending sensory fibers from the body ending 
in VPL and those from the face ending in VPM. This 
 representation of body, face, and head across the ventral 
 posterior nucleus, termed a “thalamic homunculus,” is simi-
lar in principle to the motor homunculus that can be depicted 
across the human primary motor cortex and the sensory 
homunculus that can be depicted across the primary soma-
tosensory cortex. A contralateral, medial to lateral arrange-
ment of sensory responses in the ventral posterior nucleus 
exists, beginning medially (in the ventral posterior medial 
nucleus) with the representation of the oral cavity, followed 
laterally by labial and facial representation, then representa-
tion of the fingers, thumb, and the rest of the hand. Following 
the rest of the hand, in VPL, is the representation of the fore-
arm, arm, trunk, and leg to the lateral limit of this nucleus. 
A pattern probably exists in the ventral posterior nucleus in 
humans with regard to pain and temperature impulses. In 
humans, sensations of crude pain and thermal extremes enter 
consciousness at this level of the thalamus and for that reason 
need not project onto the cerebral cortex for their conscious 
appreciation. If localization (“where”) and discrimination 
(“what”) of these general sensations are necessary, then the 
cerebral cortex must become involved. This would require 
that these impulses project from the thalamus to the cerebral 
cortex, where such additional processing can take place.

Impulses for thermal discrimination, relayed over fibers of 
the ventral trigeminothalamic tract, synapse with tertiary neu-
rons in the ventral posterior medial nucleus (Fig.  7.7). 
Thalamoparietal fibers travel from here to the area of represen-
tation of the face in the postcentral gyrus of the parietal lobe 
(Fig. 7.7), where they terminate on fourth‐order cortical neurons.

The dorsal trigeminothalamic tract, carrying general tac-
tile, discriminative touch, proprioceptive, pressure, and 
vibratory impulses from the head, ends bilaterally in the ven-
tral posterior medial nucleus (Fig. 8.7). Thalamoparietal fibers 
from tertiary neurons in the ventral posterior medial nucleus 
reach the postcentral gyrus of the parietal lobe. In particular, 
proprioceptive and discriminative tactile impulses in the dor-
sal trigeminothalamic tract relay via thalamoparietal fibers to 
the cortex in the parietal lobe. General tactile impulses and 
also impulses for pressure and vibration, however, enter con-
sciousness at the level of ventral posterior medial nucleus of 
the thalamus in humans and do not need to reach the cerebral 
cortex. If localization (“where”) and discrimination (“what”) 
of these general sensations are necessary, then the cerebral 
cortex must become involved. This would require that these 
impulses project from the thalamus to the cerebral cortex, 
where such additional processing can take place.

Ventral posterior inferior nucleus (VPI)

The dorsal part of the ventral posterior inferior nucleus 
(VPId) in rhesus monkeys approximates the medial or mag-
nocellular part of the medial geniculate nucleus, wedged 
between the lateral and medial parts of the ventral posterior 
nucleus. In this location, VPId is mediodorsal to the perioral 

representation in VPM and laterodorsal to the hand (thumb) 
representation in VPL (some authors include VPId as part of 
VPL). The ascending vestibulothalamic path of primates 
sends bilateral projections to neurons in the oral part of the 
ventral posterior lateral nucleus, the caudal part of the 
 ventral lateral nucleus, and the dorsal part of the ventral 
 posterior inferior nucleus. The ventral posterior inferior 
nucleus and the posterior nuclei relay vestibular impulses to 
the posterior part of the postcentral gyrus at the base of the 
intraparietal sulcus corresponding to the parietal vestibular 
cortex or area 2v. These thalamic nuclei are probably involved 
in the conscious appreciation of vestibular sensation.

14.3 INJUrIeS tO tHe tHALAMUS
Unilateral vascular injury to the thalamus near the caudal 
part of ventral posterior lateral nucleus often causes a  sensory 
deficit on the contralateral side involving the face, arm, and 
leg. This may include a transient or persistent numbness and 
mild sensory loss appearing in the contralateral hand or foot, 
or both, spreading to the remainder of the involved side of 
the body, including the face. The limbs feel large and swollen 
with such adjectives as numb, asleep, tingling, dead, or fro-
zen used in descriptions by affected patients.

A review of the literature on the consequences of thalamic 
infarctions in humans reveals that damage to the mamillo-
thalamic tract is a necessary condition for the development 
of the amnesia syndrome provided that there is already dam-
age to the thalamus. Involvement of the median nuclei, 
intralaminar nuclei, and the medial dorsal nucleus in tha-
lamic infarction influences frontal lobe functioning, yielding 
memory and disturbances of executive function.

Unilateral abnormal movement disorders are also a fea-
ture of localized thalamic lesions. In particular, myoclonus 
and dystonia restricted to the distal upper limb with a char-
acteristic hand posture (flexion of the metacarophalangeal 
joints and extension of the interphalangeal joints), termed 
the “thalamic hand,” along with slow, pseudo‐athetoid 
movements result from lesions to Vim and Vc. According to 
the present terminology (Table 14.1), Vim corresponds to the 
posterior part of the ventral lateral nucleus (VLp) whereas Vc 
corresponds to the ventral posterior nucleus. Postural and 
kinetic (action) tremors result from lesions to Vim, presuma-
bly due to interruption of cerebellothalamic paths.

14.4 MAPPING tHe HUMAN tHALAMUS
Mapping the thalamus in humans by stimulation has demon-
strated sensory responses in what is presumably the ventral 
posterior medial nucleus (VPM). These responses represent 
impulses from the oral cavity including the gums, tongue, 
and pharynx. The lips and cheek have a generous representa-
tion, with meager representations for the scalp, forehead, and 
side and back of the head. The mandibular representation is 
in the most lateral part of the ventral posterior medial nucleus 
adjoining the representation of the thumb in the medial part 
of the ventral posterior lateral nucleus.
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Mapping the thalamus in humans demonstrates a pattern 
in the ventral posterior lateral nucleus beginning with the 
representation of the thumb in the medial part of the ventral 
posterior lateral nucleus. The representation of the fingers, 
palm, and dorsum of the hand, forearm, arm, shoulder, 
trunk, and lower limb follow in order, with representation of 
the foot impinging on the internal capsule. This strictly 
 contralateral representation is especially discrete for the 
hand, including the fingers. The lateral spinothalamic tract 
homunculus is dorsoventral in orientation and appears to 
stand on the medial geniculate nucleus. When one combines 
the  thalamic representations of the lateral spinothalamic 
tract with that of the medial lemniscus, a double somatotopic 
representation of the body is evident in the human thalamus.

14.5 StIMULAtION OF tHe HUMAN tHALAMUS
Stimulation of the medial geniculate nucleus causes a ring-
ing, referred to the center of the head, or to a buzzing heard 
bilaterally but mainly in the contralateral ear. Physiological 
vertigo and related phenomena often result from stimulation 
in conscious humans of the brachium of the inferior collicu-
lus, superolateral part of the medial geniculate body, or the 
ventral posterior inferior nucleus.

Electrical stimulation of the ventral posterior lateral 
nucleus in humans yields contralateral sensations of numb-
ness and tingling. Sensations described as warm and cool 
tingling, and occasionally as burning or painful, occur 
 following stimulation. Such responses are usually contralat-
eral with a small percentage of ipsilateral responses. In a 
third series of patients, sensations evoked by thalamic 
stimulation were localized to the contralateral body and 
described as sharp pains, aching, or burning sensations. 
Thalamic stimulation reveals a discrete somatotopic organi-
zation in the ventral posterior lateral nucleus with upper 
limb  spinothalamic fibers ending in a dorsal position and 
those from the lower limb ventral, near the medial genicu-
late nucleus.

Stimulation of the dorsal funiculi in humans causes activity 
in the ventral posterior lateral nucleus and perhaps in the intral-
aminar nuclei. Responses from the latter nuclei were diffuse and 
of longer latency, suggesting involvement of elements of the 
spinoreticulothalamic tract. The effect of stimulation of the dor-
sal funiculi on thalamic neuronal activity suggests that such 
stimulation reduces spontaneous activity of thalamic neurons.

Activation of thalamic neurons occurs in the fasciculus 
gracilis/fasciculus cuneatus–medial lemniscal system in 
conscious nonhuman primates with various mechanical 
stimuli, including touch pressure on skin, mechanical stimu-
lation of deep fascia or periosteum, or gentle rotation of a 
limb joint applied to a circumscribed, contralateral receptive 
field. A modality topic organization also occurs in the human 
ventral posterior nucleus. Activation of neurons in the poste-
rior and inferior part of the ventral posterior nucleus results 
from cutaneous stimuli, whereas activation of neurons more 
rostral and dorsal occurs following movements, change of 
position of joints, and muscle contractions.

Vestibular stimulation activates thalamic neurons in the 
ventral posterior lateral nucleus, caudal part of the ventral 
lateral nucleus, and dorsal part of the ventral posterior  inferior 
nucleus in the alert monkey. This may include angular accel-
eration, rotation of an optokinetic cylinder, rotation of the 
 visual surround, rotation of the animal itself about a vertical 
axis (both to the ipsilateral and to the contralateral side), and 
appropriate proprioceptive stimuli. Discharge  patterns of 
these thalamic neurons are unrelated to ocular movements. 
Stimulation of the ventral posterior inferior nucleus in 
 conscious humans evokes vestibular perceptions such as being 
tilted or whirled, falling, and sensations of vertigo and of body 
movements. Nondiscriminative aspects of vestibular sensa-
tion often become conscious at the thalamic level in humans.

Stimulation of the superolateral part of the medial genicu-
late body and in the brachium of the inferior colliculus 
between 10 and 17 mm from the median plane causes vertigo 
and related phenomena, including feelings of clockwise or 
counter‐clockwise rotation, rising or falling, floating, whole‐
body displacement, fainting, or nausea. Such responses 
occur from thalamic stimulation of the region anterior to that 
giving rise to auditory responses.

Finally, as noted earlier, thalamic stimulation as a part of 
deep brain stimulation (DBS) procedures, thalamic  destruction, 
and the interruption of thalamofrontal fibers are  methods used 
to treat painful conditions. The ventral  posterior nucleus, some 
intralaminar nuclei including the parafascicular and centrome-
dian nuclei, and the medial nuclear group of the pulvinar have 
all been thalamic targets in the treatment of painful conditions.

14.6 tHe tHALAMUS AS 
A NeUrOSUrGICAL tArGet
Thalamic stimulation or destruction and interruption of thala-
mofrontal fibers may be useful in the treatment of painful 
conditions. Thalamic targets include the ventral posterior 
nucleus, some intralaminar nuclei, and the medial nuclear 
group of the pulvinar. Stimulation along the medial aspect 
of  the parafascicular nucleus in the periventricular region 
resulted in “good‐to‐excellent” reduction of chronic pain with 
minimal side effects. These patients expressed feelings of 
relaxation and well‐being without overwhelming emotional 
overtones. Reduction of pain was contralateral to the stimula-
tion yet affected bilateral peripheral fields, especially in medial 
regions of the body near the median plane. Other studies by 
the same investigators demonstrated effective relief with long‐
term implantation of electrodes in the periventricular region 
near the posterior part of the third ventricle. Two‐thirds of 
such patients noted reduction of pain on self‐stimulation, and 
relief outlasted stimulation by many hours in some patients. 
This method of stimulated analgesia, involving the periven-
tricular region in humans, relieves chronic pain with minimal 
complications, probably by  activating and releasing opioid 
peptides that appear in the cerebrospinal fluid after stimula-
tion. Periventricular stimulation through implanted electrodes 
is successful in inhibiting chronic pain. Naloxone, an opiate 
antagonist, abolishes the effect of such stimulation. Hence 
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stimulation of the periventricular region appears effective in 
treating chronic pain in humans. Stimulation or destruction of 
the intralaminar nuclei in humans, and the medial pulvinar, 
relieves pain without detectable sensory loss for 2–12 months.
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We have found the precentral convolution excitable over its free width, and 
 continuously round into and to the bottom of the sulcus centralis. The ‘motor’ area 
extends also into the depth of other fissures besides the Rolandic, as can be described 
in a fuller communication than the present. The hidden part of the excitable area 
probably equals, perhaps exceeds, in extent that contributing to the free surface of 
the hemisphere. We have in some individuals found the deeper part of the posterior 
wall of the sulcus centralis to contribute to the ‘motor’ area.

A.S.F. Grünbaum and C.S. Sherrington, 1902
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Lower Motor Neurons 
and the Pyramidal System

15.1 reGIONS INVOLVeD IN MOtOr ACtIVItY
Movement results from interactions among many areas of the 
nervous system. During motor activity, higher levels of the 
motor system, such as the cerebral cortex, regulate lower 
 levels of the motor system, such as the brain stem and spinal 
cord. Regions involved in motor activity (Fig. 15.1) include 
the pyramidal system, the extrapyramidal system, the cere-
bellum, and the lower motor neurons in the brain stem and 
spinal cord. The pyramidal system, or upper motor neurons, 
includes cortical areas and descending paths from neurons in 
these areas. The extrapyramidal system includes extrapyrami-
dal cortical areas, the basal ganglia and related structures, 
along with descending paths from neurons in these areas.

15.2 LOWer MOtOr NeUrONS
Lower motor neurons (LMNs) are the final neurons in the 
motor system. In terms of geography and position, they are 
the “lowest” neurons participating in motor activity. 
Sherrington (1906) called lower motor neurons the “ultimate 
conductive link to a muscle.” Since this last link is termed the 
“final path common to all impulses arising from any source,” 

lower motor neurons are often termed the final common 
path. All parts of the motor system, in the end, control skel-
etal muscles through their influence on lower motor neurons.

15.2.1 Terms related to motor activity

A motor unit includes one motor neuron, its axon, and the 
myocytes innervated by that motor neuron. Most motor neu-
rons innervate several hundred myocytes. The term neuro-
muscular unit, referring to the same structures, emphasizes 
the functional inseparability of motor neurons and the myo-
cytes that they innervate. A muscle unit is the set of skeletal 
myocytes innervated by a single motor neuron. The term 
“innervation ratio” expressed as motor neuron/myocte 
refers to the relationship between a single motor neuron and 
the myocytes that it innervates. A relation exists between the 
required finesse of a movement and this ratio. Laryngeal 
muscles have the lowest innervation ratio of 1:2 or 1:3, the 
ocular muscles 1:13 to 1:20, the first lumbrical and dorsal 
interossei 1:100 to 1:340, and the gastrocnemius 1:600 to 
1:1700 (or as much as 1 to several thousand).

15.1 reGIONS INVOLVeD IN MOtOr ACtIVItY

15.2 LOWer MOtOr NeUrONS

15.3 PYrAMIDAL SYSteM

FUrtHer reADING
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15.2.2 Lower motor neurons in the spinal cord

Lower motor neurons in the ventral horn of the spinal cord 
include alpha motor neurons, gamma motor neurons, and 
interneurons. With large axons, ranging from 10 to 16 μm in 
diameter, alpha motor neurons innervate extrafusal myo-
cytes in skeletal muscles (Fig.  6.6) and normally exhibit a 
regular steady‐state activity. Descending motor paths can 
directly influence alpha motor neurons or do so indirectly 
through interneurons. Gamma motor neurons have axons 
that innervate intrafusal myocytes in the neuromuscular 
spindles (Fig. 6.6). These neurons, with small axons from 1 to 
3 μm in diameter, constitute about one‐third of all ventral 
root fibers. Interneurons are the smallest elements yet they 
constitute the majority of neurons in the ventral horn, out-
numbering other motor neurons by about 30:1. These neu-
rons are not passive elements. They receive incoming sensory 
impulses over dorsal root fibers, actively transmitting such 
impulses to alpha motor neurons.

Structural and functional arrangement of alpha 
motor neurons

When viewed in transverse section, the ventral horn of the 
spinal cord is divisible into medial, lateral, and central 
 divisions that themselves are divisible into neuronal clusters 
concerned with the innervation of small groups of muscles. 
There is a functional pattern of arrangement of these subdivi-
sions. Ventral horn alpha motor neurons have large, 
multipolar cell bodies with coarse chromatophil (Nissl) 
 substance characteristic of efferent neurons. Axons of these 
cell bodies enter the ventral roots.

The medial division of the ventral horn is at almost all 
levels of the cord (perhaps not at C1, L5, or S1). When viewed 
in transverse section at regions other than the enlargements 
(particularly in the thoracic region), the medial division 
occupies almost the entire ventral horn. At enlargement 

 levels, the medial subdivision occupies only the medial parts 
of the gray matter. This division is concerned with innerva-
tion of the neck, trunk, intercostal, and abdominal muscles.

The lateral division of the ventral horn is only present at 
enlargement levels where it appears in transverse section as 
a lateral extension of the ventral horn gray matter (this is not 
the same structure as the lateral horn). This division inner-
vates the limbs and includes three nuclei, each present at 
both enlargement levels. (1) Half of the ventrolateral nucleus, 
present from C4 to C8, innervates muscles of the shoulder 
girdle and upper arm whereas its other half, present from L2 
to S2, innervates the muscles of the hip and thigh. (2) Half of 
the dorsolateral nucleus, extending from C4 to T1, innervates 
muscles of the forearm and hand whereas the other half of 
the dorsolateral nucleus, extending from L2 to S2, innervates 
muscles of the leg and foot. (3) Half of the retrodorsolateral 
nucleus, consisting of large neurons from C8 to T1, inner-
vates the intrinsic muscles of the hand whereas its other half, 
consisting of large neurons from S1 to S3, innervates the 
 corresponding small muscles of the foot that move the toes.

The central division of the ventral horn has three neu-
ronal groups that lie in the middle part of the ventral horn: 
the phrenic, accessory, and lumbosacral nuclei. The phrenic 
nucleus is conspicuous from C4 to C6, although there is a 
difference of opinion about its exact extent in humans. The 
phrenic nucleus innervates the diaphragm. The accessory 
nucleus extends from C1 to about C5 or C6. The caudal part 
of this nucleus innervates the trapezius and the rostral part, 
the sternomastoid muscle. The lumbosacral nucleus extends 
from about L5 to S2. When viewed in transverse section, it is 
a cluster of neurons lying between the lateral and medial 
divisions of the ventral horn. This nucleus is likely responsi-
ble for the innervation of the pelvic diaphragm (levator ani 
and coccygeus).

An unusual nuclear group in the human ventral horn of the 
first, second, and third sacral segments is the spinal nucleus of 
Onuf. Fiber‐stained sections of the human sacral cord reveal a 
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paucity of myelinated fibers in the neuropil surrounding this 
nucleus that facilitates its identification. The similarities of this 
nucleus in humans to that in the squirrel monkey suggest that 
it probably innervates the perineal striated muscles in humans 
as it does in this nonhuman primate.

15.2.3 Activation of motor neurons

Each neuronal type in the ventral horn (alpha motor  neurons, 
gamma motor neurons, and interneurons) participates in 
motor activity. Such activity results through (1) direct 
 excitation or inhibition of alpha motor neurons, (2) indirect 
excitation or inhibition of alpha motor neurons through 
interneurons, or (3) direct activation of gamma motor 
 neurons that then indirectly activate alpha motor neurons. 
More information on neuromuscular spindles and their rela-
tionship to these neuronal types is presented in Chapter 6.

All coordinated motor activity depends on the interplay 
between descending paths and their resulting effect on alpha, 
gamma, or interneurons of the final common path. Lower 
motor neurons of the spinal cord are an integrating center, 
receiving many influences and responding to these influ-
ences. The neuronal membrane and the dendrites of the 
lower motor neuron integrate the program, hold it, and 
release it in a spiked discharge.

Studies of spinal motor neuronal function suggest that 
muscle contraction results from coactivation of both alpha 
and gamma motor neurons. Alpha motor neurons control 
muscle length and tension whereas the gamma motor  neurons 
prevent spindle receptors from unloading during shortening 
of the muscle. Discharge of the efferents  accompanies alpha 
motor neuron activation. Spindle afferents show an increase 
instead of a decrease in discharge rate during contraction. The 
cerebellum plays a major role in this facilitatory influence on 
gamma efferents, providing a background discharge of the 
gamma efferents.

15.2.4 Lower motor neurons in the brain stem

Lower motor neurons in the spinal cord correspond to neu-
ronal elements in the ventral horn; lower motor neurons in 
the brain stem correspond to the cranial nerve motor nuclei.

Oculomotor nucleus

The oculomotor nucleus, the somatic efferent component of 
the third cranial nerve, is at superior collicular levels of the 
midbrain (Fig.  13.5). Each oculomotor nerve [III] receives 
 fibers from both oculomotor nuclei. A pattern of localization is 
in the oculomotor nucleus for the individual muscles inner-
vated by neurons in this complex. Studies in the baboon indi-
cated that the neurons innervating the medial rectus, inferior 
rectus, inferior oblique, and most of the neurons innervating 
the levator palpebrae superioris contribute  fibers to the ipsilat-
eral oculomotor nerve, whereas superior rectus neurons and 

some neurons for the levator contribute fibers to the 
 contralateral oculomotor nerve. Neurons for the levator palpe-
brae superioris overlap with medial rectus neurons in the 
 oculomotor nucleus. An overlap takes place among neurons 
that innervate the inferior, inferior oblique, and superior rectus.

Trochlear nucleus

The trochlear nucleus is a somatic efferent nucleus that 
innervates only one muscle: the superior oblique through 
fibers of the trochlear nerve [IV]. This nucleus is at inferior 
collicular levels of the midbrain (Fig.  13.5). Because of the 
decussation of trochlear fibers as they leave the dorsal aspect 
of the brain stem, each trochlear nucleus innervates the con-
tralateral superior oblique muscle.

Trigeminal motor nucleus

The trigeminal motor nucleus is the pharyngeal efferent 
 component of the trigeminal nerve [V]. This nuclear group, in 
the middle third of the pons (Fig.  4.7), displays a pattern of 
localization for the individual muscles that it innervates. The 
trigeminal motor nucleus innervates the muscles of mastica-
tion, anterior belly of the digastric, mylohyoid, tensor tympani, 
and tensor veli palatini. Each trigeminal nerve probably 
receives fibers from both trigeminal motor nuclei. Section of the 
trigeminal motor root seriously impairs chewing. Because of 
the pull by the nonparalyzed pterygoid muscles, the resultant 
paralysis leads to mandibular deviation to the side of the injury.

Abducent nucleus

The abducent nucleus is the somatic efferent component of 
the abducent nerve [VI] located in the lower third of the 
pons beneath the facial colliculus (Figs  4.7 and 13.3). This 
nucleus innervates one muscle: the lateral rectus. Its fibers 
pass caudally to leave the brain stem inferior to the level of 
the nucleus.

Facial nucleus

The facial nucleus, in the lower third of the pons, is the 
pharyngeal efferent component of the facial nerve [VII]. A 
pattern of localization exists in this motor nucleus such that 
fibers innervating lower facial muscles arise from the dorsal 
part of the facial nucleus; fibers innervating upper facial 
muscles (for closure of the eyelids and wrinkling of the 
forehead) arise from neurons in the ventral part of the facial 
nucleus. Fibers from neurons in the facial nucleus have an 
unusual course, passing to the ventricular floor, medial to 
the abducent nucleus where they collect beneath the floor 
of the fourth ventricle as the genu of the facial nerve 
(Figs 4.7 and 13.3). This bundle then ascends and turns lat-
erally to arch over the abducent nucleus from medial to 
lateral. These pharyngeal efferent fibers then pass ventro-
laterally between the trigeminal spinal nucleus and the lat-
eral surface of the facial nucleus before emerging from the 
pontomedullary junction. The facial nerve fibers emerging 
at this point align with fibers of the glossopharyngeal, 
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vagal, and accessory nerves that emerge below the facial 
fibers in a rostral to caudal pattern.

Injuries to the facial nucleus or its fibers cause paralysis of 
all facial muscles ipsilateral to the injury (Bell palsy). An 
afflicted patient cannot close one eye, wrinkle the forehead, 
or smile on that side. The palpebral fissure widens (because 
of paralysis of the orbicularis oculi muscle) and the corner of 
the mouth sags on the injured side. Because the pharyngeal 
efferent facial fibers do not join the other facial components 
until after the facial genu, injury between the nucleus and the 
facial genu involves only the motor component without 
involving other components. In humans, some facial fibers 
join a layer of fibers beneath the floor of the fourth ventricle 
and contribute to the contralateral intrapontine part of the 
facial nerve without entering the facial genu.

Nucleus ambiguus

The nucleus ambiguus is a pharyngeal efferent nucleus in 
the medulla oblongata (Fig. 4.6) whose neurons give rise to 
fibers innervating muscles derived from pharyngeal (vis-
ceral) arch mesoderm. As a series of neuronal clusters con-
nected by scattered neurons, the nucleus ambiguus is 
satisfactorily definable only at certain medullary levels (hence 
its name). Clinical and experimental observations revealed a 
motor pattern in the nucleus ambiguus from rostral to caudal 
as follows: the stylopharyngeus, soft palate, pharyngeal con-
strictors, and the laryngeal muscles. Neurons in its rostral 
fourth give rise to fibers that travel in the glossopharyngeal 
nerve [IX] to supply the stylopharyngeus muscle. Neurons in 
the caudal three‐fourths of the nucleus ambiguus give rise to 
fibers that emerge from the medulla oblongata below the 
roots of the vagal nerve [X] as the cranial root (vagal part) of 
the accessory nerve [XI]. After passing through the jugular 
foramen, the cranial root of the accessory nerve [XI] joins the 
vagal nerve [X]. Thus, the nucleus ambiguus provides motor 
fibers to three different cranial nerves: the glossopharyngeal 
[IX], vagal [X], and accessory [XI] nerves. Neurons in the cau-
dal fourth of the nucleus ambiguus whose fibers leave the 
medulla as the cranial root of XI then join the vagal nerve [X]. 
From here, they travel in the recurrent laryngeal nerve [X] 
and distribute to all the muscles of the larynx except for the 
cricothyroid muscle (supplied by the external laryngeal 
branch of the vagal nerve also derived initially from the 
nucleus ambiguus). Neurons in the middle two‐fourths of the 
nucleus ambiguus provide fibers for the vagal nerve. These 
fibers also leave the medulla as the cranial root of XI, join the 
vagal nerve [X] but distribute as the pharyngeal branches of 
X supplying the soft palate and pharyngeal constrictors.

Hypoglossal nucleus

The hypoglossal nucleus is a somatic efferent nucleus 
extending through most of the medulla. The human hypo-
glossal nucleus is a series of neuronal groups that innervate 
the intrinsic and extrinsic muscles of the tongue. Unilateral 
injury to one hypoglossal nucleus leads to a flaccid paralysis 
of the ipsilateral half of the tongue. Intramedullary fibers of 

the hypoglossal nerve [XII] pass ventrally from each nucleus, 
between the pyramidal tract and inferior olivary nucleus, to 
emerge from the ventrolateral sulcus between the pyramid 
and the inferior olive (Fig.  4.6). Each hypoglossal nucleus 
has  connections by means of scattered neurons with other 
 neurons in the spinal somatic efferent column that share a 
similar embryological origin.

15.2.5 Injury to lower motor neurons

After injury to lower motor neurons or their processes, there 
are motor but no sensory or cognitive disturbances. 
Manifestations of lower motor neuron injury include (1) loss 
of motor power, (2) diminution or loss of reflexes, (3) loss 
of muscle tone (therefore paralysis is described as flaccid), 
(4) denervation atrophy of muscles, and (5) fasciculations. 
Loss of motor power refers to the presence of muscle weak-
ness or paralysis that is either focal or segmental, involving 
only those muscles innervated by the injured lower motor 
neurons. The degree of such paralysis is dependent upon the 
number of neurons injured and is accompanied by diminu-
tion or loss of reflexes. In addition, there is loss of the ability 
to contract the affected muscles voluntarily, that is, a loss of 
muscle tone (hypotonicity), and weakness of all movements 
in which the affected muscles participate. Because of this loss 
of muscle tone, paralysis, if present, is a flaccid paralysis. No 
abnormal reflexes are associated with lower motor neuron 
injury. All muscle fibers innervated by injured lower motor 
neurons will lose their innervation and undergo denervation 
atrophy that begins in a few days and is progressive until 
loss of volume in the affected muscles takes place. About 
70–80% of the entire muscle mass is likely lost in 3 months.

A final manifestation of lower motor neuron injury is that 
the affected muscle fibers display sporadic and spontaneous 
action potentials. Although such activity is unseen initially, 
with electromyography this electrical activity is visible as 
muscle fibrillations. These fibrillations are often visible 
through intact skin as random fasciculations. Such fascicula-
tions, which appear 1–4 weeks after the initial injury and 
persist in sleep, are not tremors or abnormal movements. 
Normal individuals normally sense muscle cramps accom-
panied by fasciculations. Patients with lower motor neuron 
fasciculations do not usually feel them although their part-
ners or friends notice them.

Fasciculations accompanying lower motor neuron injury 
may be the result of increased irritability of muscle fibers to 
acetylcholine. Another suggestion is that these fasciculations 
originate distally at the junction of myelinated and nonmyeli-
nated parts of the terminal axon of the injured lower motor 
neuron. The injured neuronal cell body apparently does not 
generate them. Fasciculations probably represent a lack of the 
normal “inhibitory influence” from the neuronal cell body 
over the distal axon. Two patients with a lower motor neuron 
disease, amyotrophic lateral sclerosis (ALS), had fasciculations 
that persisted and increased after section of the nerve, then 
stopped 7 days later. Presumably, there was adequate time for 
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degeneration to reach the distal terminals. Fasciculations are 
not evident accompanying peripheral neuropathy where 
axons are dying back towards the soma. Tongue fasciculations 
may be an early sign of multiple sclerosis.

15.2.6 Example of a lower motor neuron 
disorder

Poliomyelitis

Poliomyelitis is an example of a lower motor neuron disor-
der. This is an acute infectious disease, particularly in chil-
dren, caused by the human poliovirus. According to the 
World Health Organization (WHO), this disease once crip-
pled 350 000 children per year in 125 countries (1988). Since 
that time, polio case numbers have decreased by more than 
99% (with only 416 polio cases reported in 2013). The virus 
invades the nervous system and replicates in the spinal cord, 
leading to selective destruction of ventral horn lower motor 
neurons with rapidly progressive manifestations of lower 

motor neuron disease. In 2014, only three countries 
(Afghanistan, Nigeria, and Pakistan) remained polio endemic.

15.3 PYrAMIDAL SYSteM

15.3.1 Corticospinal component

The corticospinal component of the pyramidal system is 
synonymous with corticospinal fibers whose cell bodies of 
origin lie in the cerebral cortex and whose axons descend 
into the spinal cord. Since these fibers travel in the medullary 
pyramids, Turck (1851) termed the path the pyramidal tract. 
In each human medullary pyramid there are about one mil-
lion corticospinal fibers.

Cortical origin

About 60% (and perhaps as many as 80%) of the corticospinal 
fibers (Fig. 15.2) originate from neurons in the frontal lobe, 
particularly in areas 4, 6, and 8. Area 4, which corresponds to 
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Figure 15.2 ● Cortical (upper motor neuron) origin and course (into the upper pons) of the descending corticospinal fibers. Note the difference in position of the 
corticospinal fibers as they descend through different rostral–caudal levels of the internal capsule. Rostrally and on the left, the corticospinal fibers occur in the 
anterior half of the posterior limb. Caudally and on the right, corticospinal fibers occur in the posterior half of the posterior limb. Corticospinal fibers occupy the 
middle three‐fifths of the fibrous part of the base of the midbrain (cerebral crus) before descending into the basilar pons. Figure 15.3 illustrates the remaining course 
and termination of these corticospinal fibers.



248 ● ● ● CHAPter 15

the precentral gyrus, is the primary motor cortex. Area 6 is 
designated the premotor cortex in that it parallels and is 
anterior to, or comes before, the primary motor cortex (hence 
it is a “pre” motor area but also a nonprimary motor area). 
Primary somatosensory areas 3a, 3b, 1, and 2 and also area 5 
in the parietal lobe provide about 40% (or perhaps only 20%) 
of the corticospinal fibers. The anterior part of the paracentral 
lobule, corresponding to that part of area 4 on the medial 
surface of each cerebral hemisphere, also gives rise to a small 
percentage of corticospinal fibers, particularly those for the 
lower limbs. Neurons giving rise to corticospinal fibers origi-
nate in the cerebral cortex – the “upper” level of the nervous 
system. For that reason, the neurons that give rise to the 
pyramidal tract and the pyramidal tract itself are termed 
upper motor neurons. There is a differential distribution of 
corticospinal fibers from each of these cytoarchitectonic fields 
to the different regions of the dorsal and ventral horns of the 
spinal cord.

The giant pyramidal neurons of Betz, totaling less than 
40 000 per cerebral hemisphere in humans, make up a small 
percentage (2–3%) of the neurons in layer V of the primary 
motor cortex. About 75% of the Betz neurons occur in the leg 
region, 17.9% in the arm region, and 6.6% in the head region 
of area 4. This suggests a correlation between Betz neurons, 
the mass of the muscles and their antigravity status, or both. 
Muscles supplied by Betz neurons carry out the major 
 antigravity activities of bipeds. Betz neurons are especially 
vulnerable to aging, with 75% of them showing age‐related 
changes by the eighth decade compared with 30% of non‐
Betz cells. Age‐related joint stiffness with associated slowing 
in motor performance may be the result of loss of Betz 
 neurons and loss of extensor inhibition, with inability to 
relax the antigravity muscles across weight‐bearing joints. In 
addition to these Betz cells in layer V of area 4 in humans, 
there are relatively large pyramidal cells in sublayer IIIc and 
a low packing density of cells throughout all areas in the 
 primary motor cortex in humans.

Motor homunculus

Electrical stimulation of primary motor area 4 along the 
 precentral gyrus and the anterior part of the paracentral lob-
ule in conscious patients evokes movements of contralateral 
parts of the body involving muscles of the head, trunk, and 
limbs. Plotting these areas of the body along the precentral 
gyrus and into the paracentral lobule results in a pattern of 
representation of the body, from toes to tongue, that is ori-
ented along the precentral gyrus and anterior paracentral 
lobule. A distorted caricature, the motor homunculus 
(Fig. 15.2), illustrates this pattern. The size of the parts of the 
homunculus reflects the extent of the primary motor cortex 
devoted to individual parts of the body.

This motor pattern, based on the distribution of  peripheral 
nerve fibers to appropriate muscles, exists across the precen-
tral gyrus, among the corticospinal fibers, and at their termi-
nation. Experimentally, the pattern is alterable, demonstrating 
that it is not an inherent quality of the cerebral cortex. As an 

example, shoulder movements occur on stimulation of the 
shoulder area of the motor homunculus. It is possible to 
demonstrate the establishment of a “new” cortical pattern 
with the following experimental procedure. First, the acces-
sory nerve [XI] supplying the sternomastoid and trapezius 
muscles is cut and its proximal end sutured to the distal end 
of the facial nerve. Second, one must allow sufficient time to 
pass for fibers from the accessory nerve to grow back along 
the route of the facial nerve. Thereafter, when the same 
shoulder area of the cerebral cortex is re‐stimulated, facial 
movements will result.

Movements evoked from stimulation of the cerebral 
 cortex reflect what muscles should contract and what body 
part should move rather than the position that the limb is to 
obtain. The functioning of the cerebral cortex depends on the 
complete neuronal arch from the cerebral cortex to the 
periphery.

Double representation hypothesis

Studies in primates have demonstrated two spatially  separate 
motor representations of the arm and hand in area 4. The 
long axes of these representations are oriented approximately 
parallel to the central sulcus. Stimulation in both areas causes 
the same movements and activates the same muscles at 
 similar current strengths. This phenomenon is termed the 
double representation hypothesis. These two different areas 
or subareas of area 4 differ with regard to their somatosen-
sory input. Movements that use tactile feedback for their 
execution have their representation in the caudal area, 
whereas movements that use proprioceptive feedback for 
their execution have their representation in the rostral area. 
These findings along with cytoarchitectural observations 
and putative distributions of transmitter‐binding sites have 
led to the suggestion that area 4 in humans includes area 4 
anterior (4a) and area 4 posterior (4p). In addition to the 
motor representation across area 4, tactile and propriocep-
tive maps also occur in 4a and 4p. Hence the primary motor 
area in humans can be subdivided based on its anatomy, 
neurochemistry, and function. The thumb and index and 
middle fingers have representation in 4a and 4p in humans.

Position in the internal capsule

Corticospinal fibers pass through the white matter of the 
cerebral hemispheres in an orderly manner, interdigitating 
with fibers of the corpus callosum. They then form part of the 
projection system of fibers of the cerebral hemispheres. As 
the corticospinal fibers descend, they funnel into the internal 
capsule – a large bundle of fibers between the basal ganglia 
and thalamus (Fig. 15.2). The internal capsule is a solid mass 
of fibers radiating out to the cerebral cortex. These radiating 
fibers on both sides of the brain form a crown of fibers termed 
the corona radiata (Fig. 5.13). Corticospinal fibers lie in the 
anterior half of the posterior limb of the internal capsule. 
However, studies indicate that corticospinal fibers shift 
their position as they descend from rostral to caudal levels 
of  the internal capsule. Rostrally in the internal capsule, 
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corticospinal fibers occur in the anterior half of the posterior 
limb whereas caudally the corticospinal fibers occur in the 
posterior half of the posterior limb. Corticospinal fibers 
intermingle in the internal capsule with fibers from the ven-
tral lateral nucleus.

Position in the midbrain

Corticospinal fibers enter the fibrous part of the midbrain 
termed the cerebral crus [Latin: leg]. In particular, corticospi-
nal fibers descend in the middle three‐fifths of the cerebral 
crus (Fig. 15.2). On either side of the corticospinal fibers, both 
laterally and medially, are corticopontine fibers. A pattern is 
impressed on the corticospinal fibers such that fibers des-
tined to innervate muscles of the feet have a more lateral 
location in the base of the midbrain (cerebral crus).

Position in the pons

As the corticospinal fibers continue to descend, they enter 
the basilar pons (Fig.  15.2), where they are longitudinal in 
orientation as they intermingle with the pontine nuclei and 
with the transversely oriented pontocerebellar fibers. A 
somatotopic pattern is impressed on these fibers with the feet 
oriented ventrolaterally.

Position in the medulla oblongata

As the corticospinal fibers enter the medulla oblongata, they 
descend in its ventral part forming compact medullary pyra-
mids (Fig.  15.3). The medullary pyramids contain fibers 
other than corticospinal fibers. A pattern is in the pyramids 
such that corticospinal fibers for the upper limb are dorsal 
and medial whereas those for the lower limb are ventral and 
lateral. The spectrum of diameters among corticospinal fib-
ers suggests that in all mammals these fibers form a slow 
conducting path; 92% of its fibers measure less than 4 μm, 
8.4% measure less than 2 μm, and 2.6% have a diameter 
greater than 6 μm.

Decussation of the pyramids (motor decussation)

At the lower medullary/upper cord transition region, about 
75% of corticospinal fibers (range 70–90%) in the medullary 
pyramids take part in the decussation of the pyramids 
(motor decussation) (Fig. 15.3). Corticospinal fibers cross in 
large bundles alternately from right to left, then left to right, 
with fibers destined to innervate upper limb musculature 
crossing more rostrally in the motor decussation. At lower 
medullary levels, the uncrossed fibers destined to innervate 
lower limb musculature are more dorsal and lateral and 
therefore less susceptible to superficial compression. Rarely, 
the decussation of the pyramids is lacking.

Cruciate paralysis

Nielsen (1941) described two patients with bilateral upper 
limb paralysis from (1) a fractured odontoid process with 
backward projection of the upper end of the dens and (2) 

tuberculosis of the odontoid process with medullary com-
pression. About 20 years later, Bell (1970) described three 
additional patients with a similar paralysis resulting from (1) 
fracture dislocation of the odontoid process, (2) syringomy-
elia, and (3) a posterior fossa meningioma. In each of these 
patients, the injury involved the decussation of the pyramids 
at the lower medulla oblongata and only decussating upper 
limb fibers (Fig. 15.4).

Crossed monoplegia

Wallenberg (1901) described several patients with injuries to 
the lateral aspect of the motor decussation involving fibers to 
the upper limb (which had already decussated) along with 
fibers to the lower limb (which had not yet decussated). Such 
injuries are likely the result of a hemorrhage, occlusion of the 
paramedian branches of the anterior spinal artery, or trauma, 
such as a fall on the back of the head. The resulting condition 
is termed a crossed monoplegia because it involves the 
upper limb on the same side as the injury and the lower limb 
on the contralateral side (Fig. 15.4).

Lateral corticospinal tract

As the fibers that participate in the motor decussation enter 
the spinal cord, they take up a position in the lateral funicu-
lus as the lateral corticospinal tract (Fig. 15.3). Above L1, the 
lateral corticospinal tract is deep to, and thus protected by, 
the dorsal spinocerebellar tract. Below L1, however, the lat-
eral corticospinal tract is superficial and therefore vulnerable 
to injury.

Ventral corticospinal tract

Those corticospinal fibers that do not participate in the 
decussation of the pyramids – about 25% of all corticospinal 
fibers (range 10–30%)  –  enter the ventral funiculus as the 
ventral corticospinal tract (Fig. 15.3). These uncrossed fibers 
are destined to influence motor neurons that innervate neck 
and trunk musculature. Although fibers destined to form the 
ventral corticospinal tract do not cross in the motor decussa-
tion, it is probable that many do cross in the ventral white 
commissure before they end (probably 15% of all corticospi-
nal neurons decussate at this point). This leaves as many as 
10% of all corticospinal fibers that may not ever cross –  in 
either the motor decussation or prior to their termination 
in the spinal cord. These uncrossed fibers may innervate, 
in part, muscles in the shoulder.

Termination of the lateral corticospinal tract

The majority of corticospinal fibers (55%) end in the cervical 
region innervating the upper limb, 25% end in the lumbosa-
cral region innervating the lower limb, and the remaining 
20% end in thoracic regions. There is a differential distribu-
tion of projections from neurons in various cortical areas to 
different regions of the dorsal and ventral horns of the spinal 
cord. Some corticospinal fibers end directly on alpha and 
gamma motor neurons in the ventral horn. Processes of 
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neurons in the primary motor cortex and those in the adja-
cent transitional sensory field (area 3a) terminate on interneu-
rons at the base of the dorsal horn and in the intermediate 
zone. In this manner, they indirectly influence ventral horn 
alpha motor neurons.

Voluntary control of the bladder

Neurons in paracentral area 4 yield fibers involved in the 
voluntary control of the external sphincter of the urethra. 
This “bladder area” in humans is in the paracentral lobule 

near the foot and ankle regions of the motor homunculus. 
Processes of these neurons accompany corticospinal fibers 
through the brain stem and into the spinal cord, occupying 
a position on the ventral aspect of the lateral corticospinal 
tract in the lateral funiculus. They end at S2 to S4 levels to 
influence the external sphincter of the urethra and permit 
initiation of micturition. Bilateral injuries to the bladder area 
due to a falx meningioma may lead to the inability to start 
micturition, with dribbling of urine from the overflowing 
bladder.
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Are there ascending fibers in the corticospinal tract?

Ascending spinocortical fibers are identifiable among corti-
cospinal fibers in humans. They likely play an inhibitory role 
over corticospinal discharges to permit selectivity of motor 
behavior and provide a method of checks and balances over 
the output of the pyramidal system.

Corticospinal fibers from the postcentral gyrus

Corticospinal fibers originating from neurons in the postcen-
tral gyrus of the parietal lobe reach sensory nuclei in the 
brain stem and spinal cord (e.g. the gracile nucleus, cuneate 
nucleus, trigeminal nuclear complex, base of the dorsal horn, 
and thoracic nucleus). Such fibers appear to exert some 
degree of regulatory control over these sensory nuclei.

Functional aspects of the lateral corticospinal tract

Corticospinal fibers regulate lower motor neurons and mod-
ify spinal reflexes. There is an increase in the knee jerk 
response with lateral corticospinal tract destruction because 
this tract is no longer actively regulating the spinal reflex. 
Corticospinal fibers either excite or inhibit lower motor 
neurons, causing an appropriate response depending on the 
given situation. One either lightly kicks a football or kicks it 
as hard as possible. To do so requires corticospinal regulation 
of spinal cord lower motor neurons.

Continuous discharge or “tonic activity” is characteristic 
of the entire pyramidal system. Corticospinal neurons are 
always active – even when alpha motor neurons are quiet. 
Such activity decreases during sleep. Before any muscle 
activity, there is firing in corticospinal neurons specific for an 

impending movement. This “intention to move” activity can 
be recorded in corticospinal neurons. The primary motor 
cortex provides a readiness potential that reflects a prepara-
tory event. Corticospinal neurons of origin are able to excite, 
inhibit, or reinforce lower motor neurons and therefore influ-
ence both impending movements and those in progress.

Injury to the pyramidal system (upper motor 
neuron injury)

The signs and symptoms that result from injury to the 
pyramidal system at the cortical level or to its corticospinal 
fibers as they descend depend on the extent, location, and 
rate of progression of the injury. The term upper motor 
 neuron injury is applied to damage to the upper motor 
 neurons in the cerebral cortex or the descending fibers from 
these neurons (pyramidal tract fibers). Characteristic upper 
motor neuron signs and symptoms are (1) loss of distal limb 
movements, (2) exaggeration of muscle stretch reflexes, (3) 
increased muscle tone, (4) the appearance of pyramidal 
reflexes such as the Babinski response, (5) no localized mus-
cle atrophy, (6) no abnormal movements, and (7) no 
fasciculations.

The loss of distal limb movements involves a loss of 
 dexterity and manipulative skill, especially for fine, skilled, 
voluntary movements of the distal limbs. The resultant  deficit 
can range from a weakness that is transient or  permanent 
(hemiparesis) to a complete and lasting paralysis (hemiplegia). 
The affected limb is initially limp, presumably because of 
involvement of those corticospinal fibers that end directly 
on alpha motor neurons. If the injury is above the motor 
decussation, the resulting deficit is on the contralateral side 

Medulla
Upper
limbs

Lower
limbs

Cranial
nerves

Cerebellum

Medulla-cord
junction Spinal

cord

Lateral
corticospinal

tract

Decussation of
upper limbs fibers

XII

XII

XI

XI

X

X

IX

IX

C2

Dorsal

C1

Figure 15.4 ● The pyramidal decussation in relation to other brain stem structures at the medulla oblongata–spinal cord junction. The upper limb fibers decussate 
rostral to those destined for the lower limbs. The characteristic lamination of the arm and leg fibers in the lateral corticospinal tract is identifiable at the C2 level of 
the spinal cord. (Source: Dumitru and Lang, 1986. Reproduced with permission of the American Association of Neurological Surgeons.)



252 ● ● ● CHAPter 15

of the body, whereas an injury below the decussation would 
lead to an ipsilateral deficit. When upper limb weakness is 
present, it preferentially involves the wrist, finger, and elbow 
extensors, supinators and external rotators, and abductors of 
the shoulder with relative sparing of the flexor, pronator, and 
internal rotation muscles. The presence of lower limb weak-
ness preferentially involves the foot and toe dorsiflexors, 
knee flexors, and flexors and internal rotators of the hips, 
with relative sparing of the extensors, external rotators, and 
plantar flexors.

The absence of corticospinal regulation on reflex activity 
leads to an exaggeration of muscle stretch reflexes. Initially 
the affected muscle is electrically silent at rest because of the 
release of spinal lower motor neurons from the influence of 
corticospinal fibers. Reflexes are hyperactive and ankle clo-
nus is present. Ankle clonus involves passive dorsiflexion of 
the ankle causing alternate contraction and relaxation of 
muscles at the ankle joint. Examination of reflexes and their 
comparison on both sides of the body will aid in the analysis 
of the degree of impairment of reflex activity.

A third manifestation of upper motor neuron injury is 
increased muscle tone in the affected muscles. Normal 
 muscle tone is the feeling of resistance or rigidity in the limbs 
when passively moving each limb at several joints. Such 
increased muscle tone depends on the degree of muscle con-
traction and the mechanical properties of the muscle. Muscle 
tone is assessed by observing the position of the limbs at rest, 
by palpating the muscle, and by determining the resistance 
to passive stretch and movement. Because of this increase in 
muscle tone, the resulting weakness or paralysis accompany-
ing upper motor neuron injury is termed a spastic paralysis.

Upper motor neuron reflexes are evident because of 
involvement of corticospinal fibers that end on interneurons. 
The Babinski response is an excellent example of an upper 
motor neuron reflex. With stimulation of the lateral aspect of 
the plantar surface of the foot, there is normally a flexor plan-
tar response. With upper motor neuron injury, there is an 
extensor plantar response of the big toe with fanning of the 
remaining toes. This is a most subtle and reliable index of 
UMN impairment. The Babinski response appears in non-
walking infants whose lateral corticospinal tract is not fully 
myelinated and in adults under hypnosis. Although there is 
no localized muscle atrophy with injury to the pyramidal 
system, there is likely to be some loss of volume because of 
disuse. There are no abnormal movements and no fascicula-
tions with pyramidal system injury. Table  15.1 compares 
upper versus lower motor neuron injury in terms of the 

 presence or absence of motor weakness, reflexes, muscle 
tone, muscle atrophy, and fasciculations.

There is always the possibility of substitution of function 
by other areas of the nervous system after upper motor  neuron 
injury such that there is likely to be a partial recovery of useful 
motor activity. Such patients often learn to walk again using 
proximal musculature but usually do not see the return of 
finer movements involving the musculature of the hands or 
feet. The degree of functional recovery relates to the degree of 
initial injury, the age of the patient, their level of motivation, 
and the extent of post‐injury therapeutic measures that are 
available. Recent evidence suggests the possibility of impair-
ment on the ipsilateral side of the body even if the injury is 
limited to the contralateral hemisphere. This suggestion holds 
out the possibility for the potential involvement of neurons in 
the noninjured hemisphere to become involved in the recov-
ery of motor function post‐stroke.

Todd’s paralysis

Post‐convulsive depression or inhibition of function, termed 
Todd’s paralysis, is distinguished by symptoms exactly like 
those caused by a structural injury to the pyramidal system. 
Maximum depression of movement may be present immedi-
ately after a severe convulsion. There is likely to be a flaccid 
paralysis with depressed stretch reflexes at onset because of 
the sudden removal of this excitatory path. Patients usually 
recover with proximal movement and strength  returning first.

Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a lower motor neuron 
disorder in which the primary structural change is selective 
neuronal loss. Other findings are secondary. In this disease, 
there is severe involvement of ventral horn alpha and gamma 
motor neurons, and also cranial nerve nuclei, especially the 
oculomotor, trigeminal, facial, and hypoglossal nuclei and 
the nucleus ambiguus. Although shrinkage and atrophy of 
neurons are evident, there is no chromatolysis. A glial scar 
subsequently replaces affected ventral horn motor neurons.

15.3.2 Corticobulbar component

The corticobulbar component of the pyramidal system is a 
collection of fibers that accompany the corticospinal fibers of 
the pyramidal system and innervate lower motor neurons of 
the brain stem (Fig. 15.5).

Cortical origin

Fibers of the corticobulbar component of the pyramidal system 
(Fig. 15.5) take their cortical origin from the lower part of pre-
central gyrus, from the posterior part of the middle frontal 
gyrus, and adjoining part of the inferior frontal gyrus. Fibers 
from these cortical areas descend with corticospinal fibers until 
they reach the level of a cranial nerve motor nucleus. Hence the 
alternative term for these fibers is corticonuclear fibers. They 

table 15.1 ● Comparison of upper versus lower motor neuron injury.

Symptom Upper motor neuron Lower motor neuron

Weakness Yes Yes
Reflexes Increased Decreased
Muscle tone Increased Decreased
Atrophy No Yes
Fasciculations No Yes
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then distribute, often with partial decussation, to the lower 
motor neurons in the brain stem cranial nerve nuclei in which 
they end. Some corticobulbar fibers distribute ipsilaterally, 
 others distribute bilaterally, but the largest number distributes 
contralaterally to several cranial nerve nuclei (Fig.  15.5). 
Corticobulbar fibers end directly or, perhaps through interneu-
rons, on lower motor neurons of the brain stem cranial nerve 
nuclei. This unusual distribution of corticobulbar fibers to 
brain stem cranial nerve nuclei underlies the unusual signs 
and symptoms that follow injuries to these fibers.

Position in the internal capsule

At the level of the internal capsule, corticobulbar fibers occur 
in the genu of the internal capsule. For this reason, the 
 corticobulbar fibers were termed the geniculate tract. 
Corticobulbar fibers occur in the genu of the internal capsule 
at rostral levels, but at caudal levels of the internal capsule 
they are with corticospinal fibers in the third quarter of the 
posterior limb of the internal capsule (Fig. 15.5).

Position in the midbrain

Corticobulbar fibers descend through the internal capsule to 
enter the ventral part of each cerebral crus in the base of the 
midbrain. In this location, the corticobulbar fibers are ventral 
and ventromedial to corticospinal fibers (Fig. 15.5).

Position in the pons and medulla oblongata

After leaving the midbrain, corticobulbar fibers enter the 
pons and take up a position in the dorsal part of the basilar 
pons beneath the medial lemnisci (Fig. 15.6). As the corti-
cobulbar fibers enter the medulla oblongata, they remain 
inferior to the medial lemnisci in the medial and dorsal part 
of the medullary pyramids (Fig. 15.6).

Bilateral distribution of corticobulbar fibers

Corticobulbar fibers distribute bilaterally to the oculomotor 
nuclei, the trigeminal motor nuclei, the greater part of the 
nucleus ambiguus, the sternomastoid part of the spinal 
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the internal capsule

Upper midbrain

Frontal lobe

Lower midbrain

Frontal eye field
(areas 8 and 9)

Primary motor
cortex (area 4)

Posterior limb of the
caudal internal capsule

Cerebral peduncle

Trochlear nucleus

Inferior colliculus

Red nucleus

Oculomotor
nucleus

Genu of the rostral
internal capsule

Corticobulbar fibers

Corticobulbar fibers

Dorsal thalamus

Cerebral peduncle

Figure 15.5 ● Cortical origin, course, and mesencephalic termination of the corticobulbar fibers of the pyramidal tract. On the left at rostral levels of the internal 
capsule, corticobulbar fibers occur in the genu. As these fibers descend into the caudal internal capsule, depicted on the right, they occur in the posterior half of the 
posterior limb. Note the bilateral distribution of corticobulbar fibers to the oculomotor nuclei and the ipsilateral distribution to the trochlear nucleus. Figure 15.6 
illustrates the continuation and distribution of these corticobulbar fibers.
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accessory nucleus, and the ventromedial part of the facial 
nucleus (which innervates musculature in the upper part of 
the face) (Figs 15.5 and 15.6). The contralateral projection to 
the trigeminal motor nucleus is dominant. These corticobulbar 
fibers distribute to α‐motor neurons in these nuclei in humans.

Contralateral distribution of corticobulbar fibers

There is a contralateral distribution of corticobulbar fibers 
to the abducent nucleus, dorsolateral part of the facial 
nucleus (innervating musculature of the lower part of the 
face), that part of the nucleus ambiguus that innervates the 

uvula, to the trapezius part of the spinal accessory nucleus, 
and to the hypoglossal nucleus (Fig. 15.6).

Ipsilateral distribution of corticobulbar fibers

There is an ipsilateral distribution of corticobulbar fibers to 
the trochlear nucleus. Fibers from the trochlear nucleus des-
tined to form the trochlear nerve [IV] decussate before leav-
ing the brain stem. Although the corticobulbar innervation of 
the trochlear nucleus is ipsilateral, its influence is on the 
contralateral superior oblique because of this decussation of 
the trochlear fibers (Fig. 15.5).
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Corticobulbar �bers

Facial nucleus
Abducent nucleus
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Medial lemniscus

Nucleus ambiguus
(uvula portion)

Middle pons

Lower pons

Upper medulla

Lower medulla

Trigeminal pontine nucleus
Trigeminal motor nucleus

Figure 15.6 ● Continuation of corticobulbar fibers and their distribution to pontine cranial nerve nuclei. Such fibers distribute bilaterally to the trigeminal motor 
nuclei, contralaterally to the abducent nucleus and the lower face part of the facial nucleus, but bilaterally to the upper face part of the facial nucleus. Corticobulbar 
fibers continue into the medulla, where they distribute contralaterally to the uvula part of nucleus ambiguus, bilaterally to the remainder of nucleus ambiguus, but 
contralaterally to the hypoglossal nucleus.
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Peripheral facial weakness versus a central 
facial weakness

A complete injury to the facial nucleus, intrapontine facial 
nerve fibers, or the facial nerve [VII] in its peripheral course 
causes paralysis of all facial muscles ipsilateral to the injury, 
often termed Bell palsy. An afflicted patient cannot close one 
eye, wrinkle the forehead, or smile on the side of the injury. 
The palpebral fissure widens (because of paralysis of the 
orbicularis oculi muscle) and the corner of the mouth sags on 
the injured side (Fig. 15.7). Because the pharyngeal efferent 
facial fibers do not join the other facial components until 
after the facial genu, injury before the genu involves only this 
component without involving the others. In humans, some 
facial fibers join a layer of fibers beneath the floor of the 
fourth ventricle and contribute to the contralateral facial 
nerve without entering the facial genu. The corticobulbar 
innervation of the facial nucleus is contralateral to that part 
of the facial nucleus that innervates only the lower half of the 
face but bilateral to that part of the facial nucleus that inner-
vates the upper half of the face. Hence a unilateral injury to 
the corticobulbar fibers destined for the contralateral facial 
nucleus will result in weakness or paralysis of the contralat-
eral lower half of the face. This type of injury is likely to be 
anywhere along the course of the corticobulbar fibers before 
the facial nucleus.

Aberrant corticobulbar fibers

Another group of fibers, the aberrant (indirect) corticobul-
bar fibers, travel with the main group of corticobulbar fibers 
for part of their course, then separate from them to enter the 
medial lemniscus. This separation takes place well above 
their levels of distribution to the cranial nerve nuclei. In the 
medial lemniscus, these aberrant corticobulbar fibers form 
the descending component of the medial lemniscus. Such 
fibers remain in, and descend with, the medial lemniscus 
until they reach the levels of the nuclei to which they 
distribute.

Three sets of aberrant corticobulbar fibers are present in 
the human brain stem. The first is a midbrain aberrant path 

that influences the oculomotor nucleus, perhaps the troch-
lear nucleus, the abducent nucleus, and the accessory 
nucleus. This path turns off above the level of the oculomotor 
nucleus to enter the medial lemniscus and from there its fib-
ers distribute bilaterally to the oculomotor nucleus, to the 
contralateral abducent nucleus, and to the caudal part of the 
accessory nucleus. Such fibers end directly or by interneu-
rons on their respective nuclei.

An injury to the basilar pons at the level of the pontine isth-
mus destroys the corticobulbar fibers and the corticospinal 
fibers but does not involve the more deeply located midbrain 
aberrant path in the medial lemniscus. An individual with this 
injury is quadriplegic, unable to speak, smile, wrinkle their 
forehead, swallow voluntarily, or protrude their tongue. 
However, the patient may be able to turn their eyes in all direc-
tions of gaze and shrug their shoulders. Such patients can 
interact with their environment, recognize objects and people, 
think, remember, and experience feelings and emotions.

The term Monte Cristo syndrome comes from a character 
in the story of The Count of Monte Cristo, M. Noirtier, who suf-
fered what was called apoplexy (a stroke) and became para-
lyzed except for an ability to raise and lower his eyelids. M. 
Noirtier retained the ability to communicate with others 
through his eyelid and ocular movements. Plum and ££Posner 
(1966) proposed the term locked‐in syndrome to refer to this 
neurological condition. In such cases, the midbrain aberrant 
corticobulbar fibers are intact but there is complete damage to 
the corticospinal and corticobulbar paths. Other terms for 
patients suffering from the locked‐in syndrome include being 
in a “de‐efferented” state or “pseudo‐coma.”

The following description is from the back cover of a won-
derful book entitled The Diving Bell and the Butterfly (Bauby, 
1997). It is the autobiography of Jean‐Dominique Bauby, a 
French journalist and Editor of the magazine ELLE. In 
December 1995, at the age of 43, Bauby suffered a sudden 
brain stem vascular accident and emerged from a coma sev-
eral weeks later in a “locked‐in” state. He had lost move-
ments of his trunk, limbs, and neck and was only able to 
move his left eyelid. The following summer he composed 
and dictated a series of reflections on his condition along 
with excursions into the realms of his memory, imagination, 
and dreams. The composition of this book was an extraordi-
nary feat in itself. Bauby composed each passage in his mind 
and then dictated it, letter by letter, to an amanuensis who 
painstakingly recited a frequency‐ordered alphabet until 
Bauby chose a letter by blinking his left eyelid once to signify 
‘yes’. In what was likely another heroic act of will, Bauby 
survived just long enough to see his memoir published in the 
spring of 1997.

15.3.3 Clinical neuroanatomical correlation

An excellent example of clinical neuroanatomy is a case 
involving injury to the genu and posterior limb of the inter-
nal capsule. Such an injury may result in the following signs: 
(1) hemiparesis or hemiplegia of the contralateral limbs; 

(A) (B)

Figure 15.7 ● Appearance of the face following a lesion of corticobulbar 
fibers to the facial nucleus (A), versus a lesion of the facial nerve fibers from 
the facial nucleus (B). The large X indicates the side of the lesion.
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(2) this hemiparesis is spastic in nature due to the accompa-
nying increase in muscle tone; (3) there is a contralateral 
paralysis of the muscles of the lower face and perhaps those 
of the uvula and tongue, such that the patient was unable to 
smile voluntarily although they were able to wrinkle their 
forehead and close their eyes; (4) the patient would be unable 
to turn their eyes voluntarily towards the contralateral side.
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… the human cerebellum is an enormously impressive mechanism. First of all, it 
contains more nerve cells (neurons) than all the rest of the brain combined. Second, 
it is a more rapidly acting mechanism than any other part of the brain, and therefore 
it can process quickly whatever information it receives from other parts of the brain. 
Third, it receives an enormous amount of information from the highest level of the 
human brain (the cerebral cortex), which is connected to the human cerebellum by 
approximately 40 million nerve fibers.

Henrietta C. Leiner and Alan L. Leiner, 1997
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The Extrapyramidal System 
and Cerebellum

In addition to the pyramidal system and lower motor 
 neurons of the brain stem and spinal cord, the extrapyra
midal system and cerebellum (Table 15.1) are also involved in 
motor activity. This chapter describes these two components 
of the motor system and provides an overview of the effects 
of injuries that involve these two parts of the motor system.

16.1 eXtrAPYrAMIDAL SYSteM
The extrapyramidal system is a general term for cortical and 
subcortical areas and the paths from them participating in 
motor activity by supplementing activities of the pyramidal 
system. These areas are “extra” pyramidal motor areas in that 
they are in addition to or supplement the primary motor cortex. 
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Since descending extrapyramidal fibers do not travel in the 
medullary pyramids, they are “extrapyramidal” in their course.

16.1.1 Extrapyramidal motor areas

Cortical areas whose neurons yield descending extrapyrami
dal fibers are named using various terms such as secondary, 
additional, supplementary, or extrapyramidal motor areas. 
These terms are not necessarily synonymous. Extrapyramidal 
motor areas often lie in close relationship to neocortical 
association areas. Under the heading of extrapyramidal motor 
areas is premotor area 6 in the frontal lobe, areas 3, 1, and 2 
along the postcentral gyrus of the parietal lobe, areas 5 and 7 in 
the superior parietal lobule, and area 22 and parts of the mid
dle and inferior gyri of the temporal lobe (Fig.  16.1). Other 
extrapyramidal motor areas include the amygdaloid complex, 

insula, and subcallosal area, motor areas of the cingulate gyrus, 
anterior perforated substance, and hippocampal formation.

Extrapyramidal cortical stimulation

The pattern of movement that can be demonstrated following 
stimulation of extrapyramidal motor areas is similar to that 
found on stimulation of the primary motor area. However, 
extrapyramidal movements resulting from cortical stimulation 
are less precise and more generalized, usually involving a whole 
hand or all of one limb. These movements are likely to be ipsilat
eral, contralateral, or even bilateral rather than strictly contralat
eral as are movements resulting from stimulation of the primary 
motor area. To elicit movements from extrapyramidal motor 
areas requires a higher voltage and a lighter level of anesthesia.

Examples of extrapyramidal movements

Examples of extrapyramidal movements are movements visible 
during temporal lobe seizures, automatic or following move
ments of the eyes, the expression of emotion, and cortical auto
matic associated movements. Irritation of extrapyramidal motor 
areas in the middle and inferior gyri of the temporal lobe often 
underlies movements visible  during temporal lobe seizures. The 
entire motor pattern is presumably manifest during the course of 
the seizure. Following movements of the eyes take place as one 
watches the flight of the ball in a game of tennis or ping‐pong. 
These are involuntary, extrapyramidal movements of the eyes.

Movements from extrapyramidal motor areas underlie 
certain aspects of the expression of emotion. A patient who 
cannot voluntarily smile is able to do so at an amusing story 
as an expression of emotion. Another function of extrapyrami
dal motor areas (particularly in the temporal lobe) is that they 
provide for cortical automatic associated movements that 
often accompany and give character and color to precise, 
skilled voluntary movements. As the violinist makes fine 
 finger movements attributable to the corticospinal system, 
they often also softly tap their foot, have a pleasant expression 
on their face, and swing their body with the music. These 
accompanying movements are termed cortical automatic 
associated movements. The nature of such movements varies 
over the course of a lifetime, providing individuality to our 
cortical movements. Such movements are as individualistic as 
the association areas of the cerebral cortex and are part of our 
personality. Hand movements when speaking, the habit of 
pulling on a necktie, gesturing, humming, or other  mannerisms 
are examples of cortical automatic associated movements. 
Finally, extrapyramidal motor areas interplay with the basal 
ganglia and cerebellum in normal motor activity.

16.1.2 Basal ganglia (basal nuclei)

The term basal ganglia refers to the following five structures: 
the caudate nucleus, putamen, and globus pallidus (deep 
telencephalic structures) in addition to the substantia nigra 
and subthalamic nucleus (parts of the mesencephalon and 
diencephalon, respectively) (Figure 16.2). This affiliation of these 
five structures under the heading basal ganglia is a functional, 
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Figure 16.1 ● The extrapyramidal cortical areas on the lateral (A) and 
medial (B) surfaces of the human cerebral hemisphere in color and designated 
according to the regional differentiation in cortical structure identified by 
Brodmann (modified from Dubin, 2006). Extrapyramidal motor areas not 
shown include the amygdaloid body deep to the uncus (Un), insula, subcallosal 
area (SCA), anterior perforated substance, and parahippocampal gyrus (PHG).
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not an anatomical or developmental, consideration. The basal 
ganglia and the extrapyramidal areas in the cerebral cortex are 
an important part of the extrapyramidal motor system.

The basal ganglia are one of the areas of the human nervous 
system that present challenges with regard to terminology and 
nomenclature. It is standard practice among neuroanatomists 
to designate a collection of neurons in the peripheral nervous 
system as a ganglion and a collection of neurons in the central 
nervous system as a nucleus. For this reason, the term “basal 

nuclei” [as used by the Terminologia Anatomica (Federative 
Committee on Anatomical Terminology, 1998)] would seem 
more appropriate for these five nuclear groups. Usage among 
clinicians and basic scientists in both speaking and writing sug
gests that the use of the term basal ganglia is preferred. A search 
of PubMed for these specific terms yields a sizable differential 
of 28 766 “basal ganglia” papers to 406 “basal nuclei” papers.

The size, shape, and location of the basal ganglia are iden
tifiable in Figures 16.3, 16.4, 16.5, 16.6, 16.7 and 16.8, which 
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Figure 16.3 ● Coronal section through the human brain about 
12.5 mm anterior to the center of the anterior commissure 
depicting constituents of the basal ganglia and ventral striatum. 
The head of the caudate nucleus (Cd) and putamen (Pu) in 
yellow are incompletely separated from one another dorsally by 
the anterior limb of the internal capsule (aic), where they are 
termed the dorsal striatum. Ventrally, however, the fundus of the 
caudate (FCd) and the fundus of the putamen (FPu) are 
continuous. These fused parts of the caudate and putamen along 
with the nucleus accumbens (AC) are termed the ventral 
striatum. (Source: Mai et al., 2004. Reproduced with permission 
of Elsevier.) Abbreviations for Figs 16.3–16.10: ac, anterior 
commissure; AC, nucleus accumbens; aic, anterior limb of the 
internal capsule; cc, trunk of the corpus callosum; Cd, caudate 
nucleus; Cl, claustrum; cp, cerebral peduncle; FCd, fundus of the 
caudate; FPu, fundus of the putamen; gcc, genu of the corpus 
callosum; GPe, globus pallidus external segment; GPi, globus 
pallidus internal segment; H1, nuclei of the dorsal field along 
with fibers of the thalamic fasciculus; H2, nuclei of the ventral 
field along with the fibers of the lenticular fasciculus; ic, internal 
capsule; Ins, insula; lml, lateral medullary lamina; mml, medial 
medullary lamina; Pu, putamen; RN, red nucleus; SN, substantia 
nigra; STh, subthalamic nucleus;.Th, thalamus; ZI, zona incerta.
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Figure 16.2 ● The basal ganglia.
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depict a series of coronal sections through the right hemi
sphere of the human brain from anterior to posterior that 
focus on the basal ganglia. Frequent reference to these figures 
occurs in the following sections. The basal ganglia are an 
important part of the extrapyramidal motor system along 
with extrapyramidal areas in the cerebral cortex.

Caudate nucleus

The first representative of the basal ganglia is the caudate 
nucleus. Each caudate nucleus has a relatively large head 
(Cd) projecting from the lateral side into the frontal (ante
rior) horn of the lateral ventricle (Fig. 16.3) of each cerebral 
hemisphere. The large head of the caudate narrows into the 
body of the caudate (Fig.  16.9) near the interventricular 
foramina. The body of the caudate (Fig. 16.9) narrows con
siderably as it turns into the temporal lobe to become the tail 
of the caudate that then curves along the roof of the ventricle 
and extends rostrally to fuse with the amygdaloid complex. 
This arrangement gives the caudate a C‐shape that includes 
a large head, a narrow body, a tail, and the amygdaloid 
complex (Fig.  16.9). The caudate nucleus is one of several 

important C‐shaped structures in the human brain [along 
with the cingulate and parahippocampal gyri, the corpus 
callosum, the fornix (columns, body; and crura of the fornices; 
the singular term would be crus of the fornix), the lateral 
ventricle (anterior horn, central part, and inferior horn), and 
the accompanying C‐shaped choroid plexus]. Accompanying 
the tail of the caudate throughout its course is a small, 
compact fiber bundle called the stria terminalis and a vein, 
termed the vena terminalis that makes the stria easy to iden
tify. The human caudate nucleus has a total volume ranging 
from 4.6 to 5.3 cm3. A characteristic feature of Huntington 
disease is marked atrophy of the striatum, especially the 
caudate nucleus, due to the degeneration of the striatal 
projection neurons.

Putamen

The ventral part of the head of the caudate is continuous 
with the corresponding part of the putamen (Fig. 16.3), the 
second representative of the basal ganglia. Functionally and 
structurally, the caudate nucleus and the putamen represent 
a common mass, incompletely separated in the human brain 
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Figure 16.4 ● Coronal section through the human brain about 5.8 mm 
anterior to the center of the anterior commissure depicting constituents of the 
basal ganglia and ventral striatum. The head of the caudate nucleus (Cd) and 
putamen (Pu) in yellow are incompletely separated from one another dorsally 
by the anterior limb of the internal capsule (aic), where they are termed the 
dorsal striatum. Ventrally, however, the fundus of the caudate (FCd) and the 
fundus of the putamen (FPu) are continuous. These fused parts of the caudate 
and putamen along with the nucleus accumbens (AC) are termed the ventral 
striatum. (Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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Figure 16.5 ● Coronal section through the human brain at the level of the 
anterior commissure (0.0 mm) depicting constituents of the basal ganglia. 
The caudate nucleus (Cd) and putamen (Pu) are present and separated by the 
internal capsule (ic). Another constituent of the basal ganglia, the external 
segment of the globus pallidus (GPe), in red, now makes its appearance. 
(Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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by a large band of fibers, the anterior limb of the internal 
capsule (Fig. 16.4). The putamen looks like the caudate both 
macro‐ and microscopically. The general term striatum refers 
collectively to the caudate and the putamen. A fiber bundle, 
the lateral medullary lamina (Fig. 16.5), separates the putamen 
from the globus pallidus. Together, the putamen and globus 
pallidus are termed the lentiform [Latin: lens‐shaped] nucleus 
(Figure  16.2) because of their lens‐shaped arrangement 
(Figs 16.6 and 16.7). Viewing sections through each cerebral 
hemisphere reveals the putamen beginning to disappear at 
caudal levels of the diencephalon.

Globus pallidus

The globus pallidus [Latin: pale sphere] – also called the 
pallidum – has myelinated fibers that give it a pale appear
ance and its name. On its lateral border, the globus pallidus 
is separable from the putamen by a band of fibers, the lateral 
medullary lamina (Fig.  16.5). A medial medullary lamina 
(Fig.  16.6) separates the globus pallidus into external and 

internal segments (Fig. 16.6). There may be three segments of 
the human globus pallidus. Viewed together, the putamen 
and globus pallidus are lens shaped (Figs 16.6 and 16.7) and 
therefore called the lentiform nucleus. The caudate and 
lentiform nuclei (putamen and globus pallidus) collectively 
form the corpus striatum, and all three are constituents of 
the basal ganglia. The internal segment of the globus palli
dus is an important output nucleus of the basal ganglia.

Dorsal and ventral striatum

Two of the basal ganglia, the putamen and globus pallidus, 
are collectively termed the lentiform nucleus (Figure 16.2) 
because of their lens shape. The term “corpus striatum” refers 
collectively to the caudate nucleus, putamen, and globus pal
lidus, whereas the term “striatum” or more specifically the 
dorsal striatum applies generally to the caudate nucleus and 
putamen only.

At the level of the genu of the internal capsule the caudate 
nucleus and putamen are a single entity. As we move poste
riorly (Figs 16.3 and 16.4), the anterior limb of the internal 
capsule appears and incompletely separates these two nuclei 
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Figure 16.6 ● Coronal section through the human brain about 8 mm 
posterior to the center of the anterior commissure depicting constituents of the 
basal ganglia. The caudate nucleus (Cd) and putamen (Pu) are present at this 
level separated by the internal capsule and joined by both the internal (GPi) 
and external (GPe) segments of the globus pallidus in red. The zona incerta (ZI) 
and H2 (nuclei of the ventral field along with fibers of the lenticular fasciculus), 
both belonging to the subthalamus, make their appearance at this level 
in green. Various nuclei of the thalamus in blue are present. (Source: Mai et al., 
2004. Reproduced with permission of Elsevier.)
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Figure 16.7 ● Coronal section through the human brain about 16 mm 
posterior to the center of the anterior commissure depicting constituents of the 
basal ganglia. The caudate nucleus (Cd) and putamen (Pu) in yellow are 
diminishing in size, as are the two segments of the globus pallidus (GPi and 
GPe) in red. All the constituents of the subthalamus (in green) are present (H1, 
H2, H3, STh, and ZI), as is the substantia nigra, in orange. The thalamus (Th) is 
large at this level and colored blue. (Source: Mai et al., 2004. Reproduced with 
permission of Elsevier.)
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from one another. Striatal cell bridges are present that connect 
the caudate and putamen. The ventral parts of the caudate 
and putamen at these levels, termed the fundus of the 
caudate and the fundus of the putamen (Figs 16.3 and 16.4), 
remain fused with one another (fundus striati). This fused 
region of the caudate nucleus and the putamen along with 
the nucleus accumbens (Figs  16.3 and 16.4, AC) form the 
ventral striatum. Inputs to these areas from the amygdala 
and cortical areas mediating emotion and motivation 
(Haber and McFarland, 1999) provide a means of defining 
the ventral striatum in nonhuman primates. In a review of 
the neuroanatomy of reward, Haber (2011) noted that human 
imaging studies along with physiological nonhuman pri
mate studies demonstrate a key role for the ventral striatum 
in the neural reward circuit. Collectively, these studies cited 
by Haber (2011) in primates, including humans, demonstrate 
the key role of the ventral striatum in the acquisition and 
development of reward‐based behaviors and its involvement 
in drug addiction and drug‐seeking behaviors

The human nucleus accumbens (Lucas‐Neto et al., 2013) 
is a conspicuous part of the ventral striatum based on its 
histological features and inputs. Anteriorly, it is almost indis
tinguishable from the dorsal striatum (Neto et al., 2008). The 
nucleus accumbens is round, biconvex, dorsally flattened 
and rostral to the anterior commissure (Figs  16.3 and 16.4, 
AC) extending about 19.4 mm in length and 7 mm in height. 
The posterior part of the nucleus accumbens in humans is 
about half (10.5 mm) of the overall length of the nucleus. 
The accumbens does not seem to atrophy with age. The 
accumbens extends beyond the posterior border of the 
anterior commissure (Fig. 16.5, AC) as it blends into the area 
of the lateral hypothalamus. Currently the posterior part of 
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Figure 16.8 ● Coronal section through the human brain about 23.9 mm 
posterior to the center of the anterior commissure depicting constituents of the 
basal ganglia. The substantia nigra (SN) is orange and largest at this level but the 
subthalamus has disappeared, as has the globus pallidus. The caudate (Cd) and 
putamen (Pu) in yellow are also diminished. The thalamus (Th) is fairly large and 
colored blue. (Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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Figure 16.9 ● The C‐shaped human caudate nucleus (Cd) and the amygdaloid body (Amg) in the right cerebral hemisphere from the medial side. The head, body, and 
tail of the caudate are indicated. (Source: Gluhbegovic and Williams, 1980. Reprinted by permission of Wolters Kluwer Health/Lippincott Williams & Wilkins.)
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the accumbens is the region of interest for deep brain stimu
lation procedures (Lucas‐Neto et al., 2013).

In recent years, the nucleus accumbens has become a tar
get for deep brain stimulation in the treatment of patients 
with the diagnosis of anxiety disorders (Sturm et  al., 2003) 
and also obsessive–compulsive disorder (OCD) (Sturm et al., 
2003; Greenberg et  al., 2006; Aouizerate et  al., 2009; Denys 
et al., 2010; Franzini et al., 2010; Huff et al., 2010). It is also a 
target in the treatment of patients with Gilles de la Tourette 
syndrome (Kuhn et al., 2007; Neuner et al., 2009; Viswanathan 
et al., 2012; Rotsides and Mammis, 2013), and major depres
sion (MD) (Aouizerate et  al., 2009; Bewernick et  al., 2010). 
Aouizerate et al. (2009) showed that stimulation of the cau
date nucleus preferentially alleviated OCD manifestations, 
whereas nucleus accumbens stimulation improved depres
sive symptoms. These findings suggest that the caudate 
nucleus and nucleus accumbens participate differently in 
the pathogenesis of both of these psychiatric conditions. 
Neuner et al. (2009) observed that in their patient with Gilles 
de la Tourette syndrome, deep brain stimulation in the 
nucleus accumbens proved to be an effective treatment 
option not limited to a short interval after surgery but for a 
36 month period. In all these examples, targeting the nucleus 
accumbens seems promising and safe; however, the total 
number of published cases to date is limited. Determining 
the optimal target may require a large, multicenter, rand
omized trial and a more thorough understanding of the neu
roanatomical underpinnings of these complex neurological 
and neuropsychiatric conditions.

Subthalamic nucleus

The fourth representative of the basal ganglia is the subtha-
lamic nucleus, shaped like a biconvex lens, which lies along 
the medial border of the internal capsule (Figs 16.6 and 16.7), 
inferior to the hypothalamic sulcus (Fig. 19.1) but lateral to 
the hypothalamus and third ventricle. It lies in close relation 
to the rostral continuation of the substantia nigra (Fig. 16.7) 
and the rostral continuation of the red nucleus, and has 
reciprocal connections with the globus pallidus by way of a 
fiber bundle, the subthalamic fasciculus. Structurally, the 

subthalamic nucleus, zona incerta, and nuclei of perizonal 
fields (H, H1, H2 of Forel), belong to the subthalamus 
(Fig. 16.7). Clinically and functionally, the subthalamic nucleus 
is an important constituent of the basal ganglia.

Substantia nigra

The last of the five nuclei belonging to the basal ganglia is 
the substantia nigra (Figs 16.7 and 16.7). In the unstained 
human brain, neurons in the substantia nigra are identified 
by their dark‐brown neuromelanin pigment, giving this cell 
mass a distinctive black color and its name. Neuromelanin is 
a waste product of catecholamine metabolism. The substantia 
nigra, extending through the midbrain and into the dien
cephalons, consists of four parts: compact, reticular, lateral, 
and retrorubral. Neurons of the human substantia nigra 
contain three different catecholamines, of which dopamine 
(1000 ng g–1) is the most prominent. Dopamine, synthesized 
in the pigmented cells of the compact part of the substantia 
nigra, makes its way along nigrostriate fibers to the stria
tum. Parkinson disease results from a severe depletion of 
dopaminergic neurons in the substantia nigra that results in 
a severe depletion in striatal dopamine.

16.1.3 Afferents to the basal ganglia

Four groups of fibers reach the basal ganglia: the corticostri
ates, thalamostriates, nigrostriates, and subthalamostriates 
(Figure 16.10). Corticostriate fibers from the neurons in soma
tosensory and prefrontal areas travel in the external and 
internal capsule, before reaching the putamen, globus palli
dus, and the caudate nucleus (Figure 16.10). Thalamostriate 
fibers from large‐celled neurons in the centromedian nucleus 
project to the caudate nucleus, from the small‐celled centro
median nucleus to the putamen, and to the external segment 
of the globus pallidus (Figure 16.10). Thalamostriate fibers are 
probably the source of considerable sensory input to the basal 
ganglia. Nigrostriate fibers from dopamine‐containing cells 
of the compact part of the substantia nigra course in relation 
to the subthalamic nucleus and ascend before ending in the 
putamen and globus pallidus (Figure 16.10). These nigrostriates 
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Figure 16.10 ● Afferents to the basal nuclei.
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provide a substantial dopaminergic input to the basal gan
glia. In functional terms, the impact of the nigrostriatal inputs 
is likely to produce inhibition. Subthalamostriates pass from 
the subthalamic nucleus through the subthalamic fasciculus 
to the caudate, putamen, and globus pallidus (Figure 16.10).

16.1.4 Cortical–striatal–pallidal–thalamo–
cortical circuits

Underlying the functional aspects of the basal ganglia are cor
tical–striatal–pallidal–thalamo–cortical circuits (Figure  16.11) 
(Fino and Venance, 2010). These circuits connect cortical areas 
(primary motor area 4, premotor area 6, the supplementary 
motor area, and the prefrontal cortex) to the striatum (caudate 
and putamen) via corticostriate fibers. The striatum projects 
directly to the internal segment of the globus pallidus (GPi) 
and the substantia nigra, pars reticularis (SNr), which then 
projects to the motor thalamus including the ventral anterior, 
ventral medial, and the ventral lateral nuclei (especially its 
anterior part). Completion of this circuit occurs over intercon
nections between the motor thalamus and the same cortical 
areas with which we started (primary motor area 4, premotor 
area 6, the supplementary motor area, and the prefrontal 
cortex). In this classical model of basal ganglia circuitry, other 

structures participate in the functioning of the basal ganglia 
(the subthalamic nucleus and the substantia nigra, pars com
pacta) in addition to several important neurotransmitters, 
including glutamate, GABA (γ‐aminobutyric acid), and dopa
mine (Figure 16.11).

In this scheme of basal ganglia circuitry, the cortical release 
of glutamate activates medium spiny neurons in the striatum 
that project to the SNr and GPi over the direct pathway (dp, 
Figure 16.11). Since the medium spiny neurons of the striatum 
are GABAergic, they exert an inhibitory action on SNr neu
rons that are also GABAergic. Inhibition of SNr and GPi neu
rons leads to a disinhibition of thalamic glutamatergic neurons 
that project to the cortex. The other side of the coin in this 
scheme includes the indirect paths (ip, Figure 16.11) between 
the GPe and the subthalamic nucleus and also from the sub
thalamic nucleus to the SNr and GPi. Activation of direct or 
indirect pathways is likely yield opposing effects on move
ment. Using a two‐virus system in combination with Cre‐
expressing mouse lines, Wall et  al. (2013) suggested that 
sensory cortical and limbic structures preferentially innervate 
the direct pathway whereas the motor cortex preferentially 
targets the indirect paths. It is unclear if this arrangement is 
present in nonhuman primates and humans.

16.1.5 Multisynaptic descending paths

These paths, arising from extrapyramidal cortical areas or 
from the basal ganglia, form a significant part of the extrapy
ramidal system.

Cortical origin

Multisynaptic descending motor paths arising in extrapy
ramidal cortical areas include corticostriate, corticotegmental, 
corticorubral, and corticonigral fibers. Corticostriate fibers 
from the primary motor cortex and from extrapyramidal motor 
areas pass in the external and internal capsule to the caudate 
nucleus, putamen, and globus pallidus. Corticotegmental fib-
ers arise from extrapyramidal motor areas in front of area 19 
and dorsal to the lateral sulcus, accompany the corticostriates 
in the external capsule, and pass through or under the lenti
form nucleus before they spread out in the midbrain and end 
there in accordance with a pattern of localization. Such fibers 
are likely to synapse in the subthalamus (direct or indirect cor
ticotegmental fibers). Some of these fibers travel with the cen
tral tegmental tract to lower levels as the cortical component of 
Walberg. Corticorubral and the corticonigral fibers arise from 
extrapyramidal motor areas rostral to area 19 and dorsal to the 
lateral sulcus accompanying corticostriate and corticospinal 
fibers through the internal capsule then to the red nucleus and 
substantia nigra of the midbrain.

Basal ganglia

Prominent parts of the extrapyramidal multisynaptic dis
charge paths are the efferents or output fibers of the basal 
ganglia. Many short fibers interconnect the basal ganglia. 
The direction of conduction of impulses among the basal 
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Figure 16.11 ● Schematic organization of the basal ganglia (caudate nucleus, 
putamen, globus pallidus, subthalamic nucleus and the substantia nigra). 
Source: Fino and Venance (2010). © 2010 Fino and Venance.
The basal ganglia are an ensemble of tightly interconnected subcortical nuclei. 
In blue are represented the glutamatergic (Glu) structures, in red the 
GABAergic (GABA) nuclei, and in yellow the dopaminergic (DA) nucleus. Gpe, 
globus pallidus, external segment; Gpi, globus pallidus, internal segment; SNr, 
substantia nigra pars reticulata; SNc, substantia nigra pars compacta; STN, 
subthalamic nucleus; Striatum = caudate nucleus and the putamen; Thalamus = 
motor thalamus include the ventral anterior, ventral lateral, and ventral medial 
thalamic nuclei; dp, direct pathway; ip, indirect pathway.
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ganglia is from the caudate nucleus and putamen into the 
globus pallidus.

Efferent fibers from the basal ganglia include the thalamic 
fasciculus and the ansa system (Fig. 16.12). The ansa system 
is a fan of fibers originating in the globus pallidus and pro
jecting to the thalamus. This series of fibers is an important 
component of a complex system of cortical‐striatal‐pallidal‐
thalamo‐cortical circuits that underlie the functioning of the 
basal ganglia. Three components of the ansa system include 
the ansa lenticularis, the lenticular fasciculus (H2 bundle of 
Forel), and the subthalamic fasciculus (Fig. 16.12). Fibers of 
the ansa lenticularis arise from neurons in the lateral part of 
the internal segment of the globus pallidus (GPi), pass ventral 
to the internal capsule, and then enter the region of the H field 
of Forel in the subthalamus. The lenticular fasciculus, which 
is dorsal to the fibers of the ansa, arises from the medial aspect 
of GPi, passes through the internal capsule, and then enters a 
narrow zone between the zona incerta and the subthalamic 
nucleus before it merges with the fibers of the ansa to become 
the thalamic fasciculus. Some of these fibers may bypass the 
subthalamus and end in the brain stem. Thus, fibers of the 
thalamic fasciculus (H1 bundle of Forel) are a continuation of 
the fibers of the ansa and lenticular fasciculus that run in a 
narrow zone between the thalamus and the zona incerta. In 
addition to these two sources of fibers from the globus palli
dus, the thalamic fasciculus also receives fibers from the 
cerebellum and brain stem. Fibers of the thalamic fasciculus 
turn into the thalamus (Fig. 16.12) before ending in the ventral 
anterior nucleus. The ventral anterior nucleus sends axons to 

premotor area 6  –  an extrapyramidal motor area  –  and to 
primary motor area 4. Fibers of the subthalamic fasciculus 
interconnect neurons in the globus pallidus with those in the 
subthalamic nucleus (Fig.  16.12). In its course, the subtha
lamic fasciculus crosses the internal capsule.

16.1.6 Common discharge paths

Fibers from neuronal cell bodies in the tegmentum of the mid
brain and brain stem reticular formation descend and dis
charge their motor impulses to lower motor neurons at brain 
stem and spinal levels. Neurons giving rise to these common 
discharge paths receive input from extrapyramidal motor 
areas, the basal ganglia, and the cerebellum. Their function 
and organization follow the description of the cerebellum.

16.1.7 Somatotopic organization 
of the basal ganglia

Microelectrode mapping during human stereotactic proce
dures has helped delineate somatotopic maps of the internal 
segment of the globus pallidus, the subthalamic nucleus, and 
the nuclei that make up the motor thalamus (VA, VLa, and 
VM). There may be some distortion of this somatotopic 
organization as the result of neurodegenerative diseases.

16.2 CereBeLLUM
Since Aristotle first mentioned it in the fourth century bc, the 
function of the cerebellum has received considerable atten
tion. Despite a great deal of investigation, many aspects of its 
function are still unclear. Rolando (1809) removed large parts 
of the cerebellum in a variety of animals and suggested that 
the cerebellum was the “organ controlling locomotion.” 
Flourens (1824) concluded that the cerebellum coordinated 
motor activity. He noted that the results of injuries to the cer
ebellum were fairly severe whereas superficial injuries were 
not so severe and that the nervous system demonstrated a 
great capacity to compensate for cerebellar injury. Much of 
our understanding of cerebellar histology is attributable to 
the pioneering studies of Cajal. In the early 1900s, Sherrington 
emphasized the role of the cerebellum in maintaining the 
smoothness and effectiveness of movements.

16.2.1 External features of the cerebellum

The cerebellum has a worm‐like vermis [Latin: worm] in the 
median plane that is vertical in orientation, and surrounded 
on either side by greatly expanded lateral parts called the 
cerebellar hemispheres (Figs 4.4 and 16.13).

Cerebellar zones

From medial to lateral, there are three zones of the cerebel
lum, beginning with a vermian zone in the median plane, 
an adjacent paravermal zone, and, most laterally, a hemi-
spheric zone.
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Figure 16.12 ● Efferent fibers from the basal ganglia including the thalamic 
fasciculus (H1 bundle of Forel) and the ansa system. (Source: Mai et al., 2004. 
Reproduced with permission of Elsevier.)
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Cerebellar folia and fissures

Running transversely from ear to ear are the cerebellar folia 
that give a laminated appearance to the cerebellar surface 
(Fig. 4.4). Cerebellar fissures separate the cerebellar folia from 
one another. These folia correspond to gyri of the cerebral cor
tex whereas the cerebellar fissures correspond to sulci of the 
cerebral cortex. Some of the cerebellar fissures are much 
deeper, helping to define the cerebellar lobes and lobules.

Cerebellar lobes

Some of the deeper fissures are useful as landmarks in 
dividing the cerebellum into three cerebellar lobes: an ante-
rior, a posterior, and a flocculonodular lobe (Fig.  16.13). 
Each cerebellar lobe has a vermian part, a paravermian part, 
and a hemispheric part. A prominent fissure, the primary 
fissure (Fig. 16.13), separates the anterior lobe of the cere
bellum from the posterior lobe whereas the postnodular 
and posterolateral fissures (Fig. 16.13) separate the floccu-
lonodular lobe from the posterior lobe. This is actually a 
single continuous fissure that has different names for its 
medial and lateral parts. In general, the anterior lobe, based 
on its connections with the spinal cord, is termed the “spi-
nocerebellum.” The posterior lobe, with numerous connec
tions to the cerebral cortex, is termed the “cerebrocerebellum,” 
whereas the flocculonodular lobe, with primarily vestibular 
connections, is termed the “vestibulocerebellum.”

Cerebellar lobules

Each cerebellar lobe is divisible into smaller divisions called 
lobules (Fig. 16.14) that are easily identifiable on a median 
section of the cerebellum. One lobule of the posterior lobe 

nearest the postnodular and posterolateral fissure, the tonsil 
of the cerebellum (Fig. 16.15), is much larger than the other 
lobules in the posterior lobe. Under increased intracranial 
pressure, the cerebellar tonsil may protrude into the foramen 
magnum, a phenomenon termed cerebellar tonsilar herniation 
(Fig. 16.16). This causes compression of the medulla oblon
gata with cardiovascular and cardiorespiratory depression 
and other vagal disturbances.

Cerebellar peduncles

The cerebellum presents three large bundles of fibers or 
cerebellar peduncles that interconnect the cerebellum with 
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Figure 16.13 ● External features of the cerebellum: a worm‐like vermis in 
the median plane is defined by the dashed lines and on either side of the 
vermis are the cerebellar hemispheres. Named fissures divide the cerebellum 
into three cerebellar lobes. The primary fissure separates the anterior from the 
posterior lobe and the postnodular and posterolateral fissure, a continuous 
entity with different names in its medial and lateral parts, separates the 
posterior lobe from the flocculonodular lobe. (Source: Adapted from Manni and 
Petrosini, 2004.)

Figure 16.14 ● Median section of the cerebellum illustrating the cerebellar 
lobules. Anterior lobe: 1, lingula; 2, central; 3, culmen. Posterior lobe: 4, simple; 
5, folium; 6, tuber; 7, pyramis; 8, uvula. Flocculonodular lobe: 9, nodule. 
(Source: Standring, 2005. Reproduced with permission of Elsevier.)

Figure 16.15 ● Inferior surface of the human cerebellum illustrating the 
cerebellar tonsils (10) that are hemispheric expansions of each uvula. 
(Source: England and Wakely, 1991. Reproduced with permission of Elsevier.)
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other parts of the nervous system. The superior cerebellar 
peduncle (SCP) connects the cerebellum to the midbrain and 
thalamus (Fig. 16.17). The cerebellum receives fibers from the 
pons through the middle cerebellar peduncle (MCP) and 
the inferior cerebellar peduncle (ICP) connects the cerebel
lum with the medulla oblongata and spinal cord (Fig. 16.17).

Gray and white matter of the cerebellum

The disposition of gray and white matter of the cerebellum 
resembles that of the cerebral hemispheres in that they both 
have an outer layer of cortex and a collection of neurons 
forming subcortical gray matter. In the cerebellum, the outer 
layer of gray matter is the cerebellar cortex (Fig.  16.18) 

Figure 16.16 ● Cerebellar tonsilar herniation. (Source: Nolte, 2009. 
Reproduced with permission of Elsevier.)
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Figure 16.17 ● The cerebellar peduncles: superior (pink), middle 
(yellow), and inferior (blue).

Figure 16.18 ● The layers of the cerebellar cortex in humans. (Source: 
DeArmond et al., 1989. Reproduced with permission of Oxford University Press.)
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whereas the subcortical collections of gray matter are termed 
the cerebellar nuclei (Fig.  16.19). Intervening between the 
cerebellar cortex and the deep cerebellar nuclei are masses 
of fiber bundles making up the cerebellar white matter 
(Fig. 16.19).

16.2.2 Cerebellar cortex

Layers of the cerebellar cortex

The cerebellar cortex is surprisingly uniform, with three layers: 
an outermost, rich synaptic region, the molecular layer, con
taining few neurons; a deep layer of densely packed granule 
cells called the granular layer; and an intervening Purkinje 
layer consisting of a single layer of neurons (Fig.  16.18). 
Purkinje cell axons project to the deep cerebellar nuclei whereas 
Purkinje cell dendrites enter the molecular layer.

Neurons in the cerebellar cortex

Four types of neurons characterize the cerebellar cortex. 
Purkinje cells are piriform or pear shaped (Figs 16.18 and 
16.20) with dendrites that branch profusely in a plane 
perpendicular to the cerebellar folia and are the characteris
tic cell of the cerebellar cortex. There are about 23 million 
Purkinje cells in the human cerebellum. Around 160 000–
180 000 dendritic spines occur per Purkinje cell. Each axon 
from the base of a Purkinje cell passes to the deep cerebellar 
nuclei (Fig. 16.19) and gives off recurrent collaterals that pass 
back to the Purkinje cell bodies.

About 200 million cerebellar stellate cells (Fig.  16.20) 
occupy the superficial half of the molecular layer, where they 
are termed outer stellate cells. In the deeper part of the 
molecular layer, they are termed basket cells (Fig.  16.20). 
Basket cell dendrites lie in the same transverse plane as the 

Purkinje cell dendrites. Axons of the basket cells travel super
ficially to the Purkinje cell bodies in a plane perpendicular to 
the folia. At varying intervals, axons of the basket cells give 
off collaterals that form pericellular nests or baskets around 
the Purkinje cell bodies. One basket cell may contact as many 
as 20 Purkinje cells in one plane and 12 Purkinje cells in 
another plane. Therefore, one basket cell may influence as 
many as 240 Purkinje cells. With such an enormous overlap in 
this system, there is substantial opportunity for the basket 
cells to modulate or influence Purkinje cells.

An estimated 70 billion (and perhaps as many as 1011) 
granule cells are densely packed in the deepest cerebellar 
layer, the granular layer (Figs  16.18 and 16.20). Dendrites 
from the base of the granule cells break up into claw‐like ter
minals. Axons of granule cells pass to the molecular layer and 
bifurcate at a T‐shaped junction. These branches extend longi
tudinally, parallel to the long axis of the folia (Fig.  16.20). 
These fibers, like lines between telephone poles, form a sys
tem of parallel fibers that contact adjacent Purkinje cells. In its 
total length, a parallel fiber synapses with 300–460 Purkinje 
cells. Each Purkinje cell, because of its dendritic spread, may 
receive up to 200 000 synapses from different parallel fibers.

Golgi neurons (Fig. 16.20) are in the granular layer of the 
human cerebellum inferior to the Purkinje somata. Their 
large dendrites radiate into the molecular layer. Axons from 
the base of the Golgi neurons break up into a lavish arboriza
tion or nest of endings in the granular layer.
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Figure 16.20 ● Neurons in the cerebellar cortex in humans. (Source: Wang and 
Zoghbi, 2001. Reproduced with permission of Macmillan Publishers Limited.)

Figure 16.19 ● The deep cerebellar nuclei in humans: F, fastigial; G, globose; 
E, emboliform; and D, dentate. (Source: DeArmond et al., 1989. Reproduced 
with permission of Oxford University Press.)
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16.2.3 Deep cerebellar nuclei

The deep cerebellar nuclei are neuronal populations 
embedded in the cerebellar white matter. Since the deep cer
ebellar nuclei are in the roof of the fourth ventricle, they are 
termed the roof or central nuclei. From medial to lateral 
these are the fastigial, globose, emboliform, and dentate 
nuclei (Fig. 16.19). Collectively, the globose and emboliform 
nuclei are termed the interposed nuclei. Axons of the deep 
cerebellar nuclei form the main output or efferent system of 
the cerebellum.

16.2.4 Cerebellar white matter

The white matter of the cerebellar cortex, surrounding the 
deep cerebellar nuclei and forming the central core of the cer
ebellar hemispheres, is thicker laterally than near the median 
plane. Median sections of the white matter of the cerebellum 
have a characteristic tree‐like appearance called the arbor 
vitae (Fig.  16.21). Two types of fibers form the cerebellar 
white matter: intrinsic and extrinsic fibers. Several types of 
intrinsic fibers are in the cerebellum. Axons of Purkinje cells 
projecting on the deep cerebellar nuclei are an example of 
projection fibers. Association fibers extend from folia to 
folia, and commissural fibers extend from one cerebellar 

hemisphere to the other for interhemispheric relations. As 
the extrinsic fibers enter or leave the cerebellum, they form 
the cerebellar peduncles.

16.3 INPUt tO tHe CereBeLLUM tHrOUGH 
tHe PeDUNCLeS
The coordination of movement by the cerebellum is depen
dent upon a wealth of input to the cerebellum from many 
sources.

16.3.1 Inferior cerebellar peduncle (ICP)

Fiber bundles entering the inferior cerebellar peduncle 
(Fig. 16.17) include the following named tracts: dorsal spinocer
ebellar, dorsal external arcuate, ventral external arcuate, retic
ulocerebellar, olivocerebellar, and vestibulo‐cerebellar. By 
way of these tracts, the cerebellum receives proprioceptive 
and tactile impulses from the neck, trunk, and limbs, cutane
ous, corticospinal, and vestibular input and also input from 
the spinal cord, brain stem reticular nuclei, cerebellum, basal 
ganglia, and cerebral cortex.

The dorsal spinocerebellar tract has its origin in the tho
racic nucleus on the medial side of the base of the dorsal horn 
from C7 to L2 spinal levels. Processes of these neurons pass 
laterally, turn, and ascend in the ipsilateral lateral funiculus 
of the spinal cord superficial to the lateral corticospinal tract. 
These ascending dorsal spinocerebellar fibers enter the lower 
medulla oblongata and reach the level of the inferior cerebel
lar peduncle. After entering the inferior cerebellar peduncle, 
the dorsal spinocerebellar tract distributes primarily to the 
vermis of the anterior and posterior lobes. The dorsal spinocer
ebellar tract brings proprioceptive and tactile information 
from sacral, lumbar, thoracic, and lower cervical spinal levels.

The dorsal external arcuate fibers (cuneatocerebellar 
tract) originate in the lateral cuneate nucleus and then enter 
the inferior cerebellar peduncle. These fibers reach the vermis 
of the anterior lobe and perhaps the posterior lobe vermis 
(probably to the same region as the dorsal spinocerebellar 
tract). Their function is to bring proprioceptive and tactile 
impulses from the neck and upper limb to the cerebellum.

The ventral external arcuate tract has its origin in the arcu
ate nuclei on the ventral aspect of the pyramids. Fibers from 
this nucleus travel along the surface of the medulla oblongata 
to reach the inferior cerebellar peduncle. Descending corti
cospinal fibers traveling in the medullary pyramids provide 
collaterals to the arcuate nuclei bringing corticospinal input 
to the cerebellar hemisphere of the posterior lobe.

Originating from neurons in the medial and lateral reticu
lar nuclei of the brain stem reticular formation, the reticu-
locerebellar tract enters the inferior cerebellar peduncle, and 
perhaps the superior cerebellar peduncle, to distribute to 
the  contralateral vermis, probably of the anterior lobe. 
Spinothalamic and other ascending sensory paths, including 
the spinovestibular tract, provide collaterals to the reticular 
nuclei for relay of cutaneous impulses to the cerebellum.

Figure 16.21 ● Median section of the white matter of the cerebellum in 
humans with a characteristic tree‐like appearance called the arbor vitae.
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The olivocerebellar tract, originating in the inferior olivary 
nucleus, collects at the hilus of the inferior olive, crosses the 
median plane, and enters the inferior cerebellar peduncle. The 
olivocerebellar tract distributes to the inferior and superior 
surface of the contralateral cerebellum and to medial and lat
eral parts of the cerebellar hemispheres. The inferior olivary 
nucleus receives afferents from a variety of sources, including 
the spinal cord, brain stem reticular nuclei, cerebellum, basal 
ganglia, and cerebral cortex. This nucleus correlates impulses 
from these levels and then influences the Purkinje cells of the 
cerebellar cortex through a powerful and excitatory climbing 
fiber input that originates in the inferior olivary nucleus.

Vestibular nerve fibers enter the cerebellum on their way 
to the cerebellar cortex. Indirect vestibulocerebellar fibers 
synapse in the vestibular nuclei before reaching the cerebellar 
cortex. These vestibulocerebellar fibers pass to the cerebellum 
through the smaller inner part of the inferior cerebellar 
peduncle called the juxtarestiform body before ending in the 
flocculonodular lobe and the fastigial nuclei.

16.3.2 Middle cerebellar peduncle (MCP)

The pontocerebellar tract, originating in the pontine nuclei 
(not the trigeminal pontine nuclei) and ending in the vermis, 
cerebellar cortex, and in all parts of the contralateral cerebellar 
hemisphere, forms the middle cerebellar peduncle (Fig. 16.17). 
The middle cerebellar peduncle is the largest of the three 
cerebellar peduncles. Its size reflects the degree of develop
ment of cortical association areas. The pontocerebellar 
tract is part of a corticopontocerebellar system that puts 
the cerebellum under the influence of the association areas 
in the cerebral cortex. This path likely correlates sensations 
from muscle, tendon, and joints with auditory, vestibular, 
and visual impulses. Descending corticopontine tracts in this 
corticopontocerebellar system are in the outer and inner 
fifths of the cerebral crus in the base of the midbrain.

16.3.3 Superior cerebellar peduncle (SCP)

Although primarily an efferent bundle, the superior cerebellar 
peduncle (Fig.  16.17) also has two incoming tracts. The 
ventral spinocerebellar tract arises from the nucleus proprius 
(spinal lamina III and IV) at all levels of the spinal cord, espe
cially the enlargements, and ends in the vermis of the anterior 
lobe and in the ipsilateral nucleus fastigii. (Ventral spinocer
ebellar fibers from the feet area of the spinal cord enter the 
inferior cerebellar peduncle to reach the posterior vermis). 
The ventral spinocerebellar tract provides proprioceptive 
and tactile information from the limbs to the cerebellum. 
A second afferent bundle in the superior cerebellar peduncle 
is the tectocerebellar tract, which arises from the tectum of 
the midbrain that corresponds to the superior and inferior 
colliculi, enters this peduncle, and ends in the vermis of the 
anterior and posterior lobes. Auditory and visual input 
reaches the cerebellum by means of this tract.

16.4 INPUt tO tHe CereBeLLUM
To understand the cerebellum, one must appreciate the 
role played by the afferent fibers that enter the cerebellum 
as climbing or mossy fibers (Fig. 16.20). One also needs to 
appreciate the relation of these incoming fibers to various 
neuronal elements in the cerebellar cortex, various neu
rons in the deep cerebellar nuclei, and the relations among 
various neuronal elements of the cerebellar cortex and 
deep nuclei.

16.4.1 Incoming Fibers to the Cerebellum

Climbing fibers

All input entering the peduncles belongs to one of two general 
types of afferent fibers, the climbing fibers and the mossy 
fibers (Fig.  16.20), both of which are excitatory. Climbing 
fibers, of inferior olivary origin, form the olivocerebellar tract 
and provide a precise point‐to‐point connection between the 
inferior olivary nucleus and the contralateral cerebellar 
hemisphere. Each climbing fiber ascends through the white 
matter of the cerebellum, spirals around a Purkinje cell, 
and ends by dividing repeatedly, making many synapses 
with Purkinje cell apical dendrites. Climbing fibers provide 
collaterals to the deep cerebellar nuclei and exert a powerful, 
localized excitatory effect on Purkinje cell apical dendrites. 
The neurotransmitter aspartate mediates the excitatory 
action of the climbing fibers.

Mossy fibers

In addition to climbing fibers, all other afferents entering the 
cerebellar peduncles enter as mossy fibers (Fig.  16.20). 
Before reaching the cerebellar cortex, mossy fibers provide 
collaterals to the deep cerebellar nuclei. On entering the 
cerebellar cortex, they branch enormously and synapse with 
granule cells and on axonal terminals of Golgi neurons. One 
mossy fiber is likely to synapse with the dendritic claws of as 
many as 400 individual granule cells. The term cerebellar 
glomerulus refers to mossy fiber terminals plus granule cell 
dendritic claws. Mossy fibers are also excitatory to the cere
bellar cortex and deep cerebellar nuclei. Glutamate appears 
to be the mossy fiber neurotransmitter.

Impulses entering the cerebellum, whether via mossy or 
climbing fibers, discharge and redischarge among neuronal 
elements in the cerebellar cortex. Output from Purkinje cells 
of the cerebellar cortex is strongly inhibitory onto the deep 
cerebellar nuclei by way of corticobulbar projections. There 
is an orderly, ipsilateral discharge from the zones of the cer
ebellar cortex to the deep cerebellar nuclei. The vermal zone, 
which receives vestibular and ventral spinocerebellar input, 
sends axons to the nucleus fastigii, the most medial of the 
cerebellar nuclei, Purkinje cells in the paravermal zone send 
axons to the globose and emboliform nuclei, and Purkinje 
cells in the hemispheric zone send axons to the dentate 
nuclei, the most lateral of the deep cerebellar nuclei.
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16.5 CereBeLLAr OUtPUt
All output from the cerebellum originates in the deep cere
bellar nuclei (Fig.  16.19) and is excitatory. Through these 
efferent fibers, the cerebellum is able to influence diverse 
areas of the nervous system involved in motor activity.

16.5.1 From the fastigial nuclei

The fastigial nuclei (Fig.  16.19) receive input from the 
 vermian part of the cerebellar cortex (Fig.  16.13) and from 
vestibulocerebellar and ventral spinocerebellar fibers. Fibers 
leaving the nucleus fastigii, through the inferior cerebellar 
peduncle, influence brain stem reticular nuclei (cerebellore
ticular fibers), trigeminal motor, oculomotor, abducent, and 
facial nuclei (cerebellomotorius fibers), ventral horn motor 
neurons supplying the neck musculature (cerebellospinal 
fibers), and the vestibular nuclei (cerebellovestibular fibers). 
These cerebellospinal fibers are termed the “hook bundle” 
in that they arch up to the superior cerebellar peduncle and 
then hook posteriorly and inferiorly to leave the cerebellum 
through the smaller inner part of the inferior cerebellar 
peduncle, the juxtarestiform body.

16.5.2 From the globose and emboliform nuclei

The globose and emboliform nuclei receive (Fig. 16.19) their 
input from the paravermal zone of the cerebellar cortex. 
Fibers from the globose and emboliform nuclei leave the 
cerebellum through the superior cerebellar peduncle to 
influence the inferior olive, nucleus ambiguus, and upper 
spinal cord. Cerebello‐olivary fibers are part of the crossed 
descending component of the superior cerebellar peduncle 
that passes in the central tegmental tract. This fiber bundle 
provides proper tonus, coordination, and stabilization neces
sary for normal speech. Fibers in the crossed ascending 
component of the superior cerebellar peduncle influence the 
red nucleus (cerebellorubral fibers) and the tegmentum of 
the midbrain (cerebellotegmental fibers).

16.5.3 From the dentate nuclei

The dentate nuclei (Fig. 16.19) receive their input from the 
hemispheric zone of the cerebellar cortex. Fibers from neu
rons in the dentate nuclei leave the cerebellum in the supe
rior cerebellar peduncle to influence the tegmentum of the 
midbrain (dentatotegmental fibers), red nucleus (dentato
rubral fibers), and the posterior part of the ventral lateral 
nucleus (VLp) of the thalamus (dentatothalamic fibers). 
Because the VLp nucleus projects fibers to the primary 
motor cortex, these connections from the dentate nucleus 
permit the cerebellum to regulate and stabilize discharges 
of the corticospinal tract necessary for the proper tonus 
that underlies smooth, coordinated, fine, skilled, voluntary 
movements.

16.6 CereBeLLAr CIrCUItrY
In considering cerebellar circuitry, the following facts are 
noteworthy. (1) Climbing fibers have an excitatory influence 
on Purkinje cells. One Purkinje cell fires many times per 
climbing fiber impulse. (2) Mossy fibers, also excitatory, 
likely excite as many as 400 granule cells. Each granule cell 
potentially influences 300–450 Purkinje cells. Therefore, the 
possibility exists for one mossy fiber to excite as many as 
180 000 Purkinje cells. Each Purkinje cell may receive up to 
200 000 synapses from different granule cells. (3) Parallel 
fibers of the granule cells excite basket cell dendrites. (4) Basket 
cells probably inhibit Purkinje somata. One basket cell may 
influence 250 Purkinje cells. (5) Excitation of Golgi neurons 
occurs by parallel fibers of the granule cells and they, in turn, 
make inhibitory synapses with granule cells. This is an exam
ple of negative feedback. (6) Purkinje cell output is essen
tially inhibitory. (7) All neuronal elements intrinsic to the 
cerebellar cortex are inhibitory with the exception of the 
granule cells. Nowhere in the central nervous system is there 
such a dominance of inhibition as in the cerebellar cortex. (8) 
A vast divergence and convergence of incoming impulses to 
the cerebellar cortex take place to such an extent that Cajal 
was led to term this phenomenon “avalanche conduction.” 
Despite our apparent understanding of cerebellar circuitry, 
it is particularly difficult to correlate this immense amount of 
structural and functional data with signs and symptoms 
appearing after injury to the human cerebellum.

16.7 COMMON DISCHArGe PAtHS
An essential component of the motor system are common 
discharge paths from neurons in the tegmentum of the 
midbrain and brain stem reticular formation whose fibers 
descend and influence lower motor neurons of the brain stem 
and spinal cord. Under the heading of common discharge 
paths are the rubrospinal, associated tegmentospinal, and 
reticulospinal paths.

Rubrospinal fibers originate in the red nucleus, decus
sate, and descend in a lateral position through the brain stem 
and into the spinal cord, where they are ventral to the lateral 
corticospinal tract. Some rubrospinal fibers end on neurons 
in the brain stem reticular formation for relay to cranial nerve 
nuclei; most end at cervical levels. Associated tegmentospinal 
fibers originate in the tegmentum of the midbrain and 
descend on both sides of the brain stem, ending in the lower 
spinal cord. These fibers supplement the rubrospinal fibers.

Neurons contributing to these common discharge paths 
receive input from diverse areas of the nervous system 
involved in motor activity, including extrapyramidal motor 
areas, the basal ganglia, and cerebellum. Output from these 
neurons over the common discharge paths is the result of 
considerable integration and correlation of impulses arriv
ing by way of corticotegmental fibers, the ansa system, 
cerebellorubral fibers, and cerebellotegmental fibers. These 
common discharge paths are partly facilitatory and partly 
inhibitory.
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16.8 CereBeLLAr FUNCtIONS
In addition to the enormous number of studies revealing the 
motor functions of the cerebellum, it appears that the cerebel
lum also has nonmotor functions.

16.8.1 Motor functions

The cerebellum, receiving a wealth of exteroceptive and 
proprioceptive input from muscles, tendons, joints, and the 
vestibular system, uses this sensory input to assess and coor
dinate motor activity. Effective motor responses occur by the 
production, maintenance, and regulation of muscle tone. 
Normal muscle tone is the feeling of resistance or rigidity in 
the limbs by the examiner when passively moving each limb 
at several joints. Through the regulation of muscle tone, the 
cerebellum participates in the control of our posture and 
helps coordinate present and intended movements of the 
eyes, limbs, and trunk so that motor responses are smooth, 
correctly timed, and composed, with a minimum of errors. 
The cerebellum permits alteration of intended acts under 
changing conditions so that corrections occur before the 
movement begins. This is especially true with regard to 
especially fine, coordinated, complex movements such as 
dancing, writing, and speaking. The cerebellum is not 
involved in the initiation of movements. Injury to the cere
bellum degrades but does not abolish movement.

16.8.2 Nonmotor functions

Imaging studies and clinical observations in humans have 
suggested a broader role for the cerebellum. First, the 
 cerebellum participates in sensory integration, especially of 
visual and auditory input. Second, because a few cerebellar 
malformations have a correlation with behavioral abnor
malities, some investigators consider that the cerebellum 
influences emotional and behavioral states. Third, stimula
tion or ablation of the cerebellum in experimental animals 
causes changes in blood pressure, heart rate, respiration, 
pupillary size, bladder activity, intrauterine pressure, and 
genital erection. Therefore, in these experimental animals, 
the cerebellum probably influences autonomic functions. 
Fourth, because the vermis is a locus of sensorimotor integra
tion and motor planning and increased vermis activation 
occurs in substance abusers during reward‐related and other 
cognitive tasks, it is likely that parts of the cerebellar vermis 
may be involved in cocaine‐ and other incentive‐related 
behaviors. For all of these reasons, the nonmotor functions 
of the cerebellum are an ongoing focus of attention.

16.8.3 Studies involving the human cerebellum

A beneficial effect in patients with intractable psychomotor 
seizures is observable after implantation of electrodes in the 
anterior lobe. Implanted cerebellar electrode systems are 

one method of treatment for patients with cerebral palsy and 
paraplegic spasticity. However, in a double blind study, no 
clinical efficacy resulted. Stereotaxic destructive procedures 
of the dentate nucleus are a means of surgical treatment for 
spasticity and dyskinesia and for cerebral palsy, including 
choreoathetosis and spastic quadriplegia, or in an effort to 
decrease hypertonicity in such patients.

16.8.4 Localization in the cerebellum

Localization in the primate cerebellar nuclei likely con
sists of multiple, overlaid maps in a medial to lateral pat
tern with the trunk represented in the fastigial nucleus, 
the proximal limbs in the globose and emboliform nuclei, 
and the distal limbs and head in the dentate nucleus. The 
variability in somatotopic organization across the cere-
bellar hemispheres is illustrated in Figure 16.22, based on 
functional magnetic resonance imaging (fMRI) and electri
cal stimulation studies in humans. Single hands, feet, lips 
or neck illustrate ipsilateral activations and are shown on 
the left half of the cerebellum whereas double hands and 
feet on the right half of the cerebellum represent bilateral 
activations. Additional studies of the human cerebellum 
are needed to complete our understanding of cerebellar 
somatotopy.
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Anterior lobe
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Posterolateral fissure
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Figure 16.22 ● Unfolded view of the cerebellar cortex showing the main 
lobes, lobules, and fissures and the multiple somatotopic representations in the 
human cerebellum. The variability in topography of cerebellar organization is 
illustrated based on the results of four neuroimaging studies. Color‐coded data 
are based on the fMRI studies of the whole cerebellum by Rijntjes et al. (1999) 
(blue dots), Grodd et al. (2001) (green dots), and Schlerf et al. (2010) (yellow 
dots), and the electrical stimulation studies of only the posterior lobe by 
Mottolese et al. (2013) (red dots). Single hands, feet, lips or neck illustrate 
ipsilateral activations and are shown on the left half of the cerebellum whereas 
double hands and feet on the right half of the cerebellum represent bilateral 
activations. A gray hand is used over a black foot in the vermis simply for 
clarity. (Source: Adapted from Manni and Petrosini, 2004.)
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16.9 MANIFeStAtIONS OF INJUrIeS 
tO tHe MOtOr SYSteM
Although the motor system is a functional entity, injuries 
in humans often involve specific parts of this system. 
In  Chapter  15, we noted the effects of injury to the lower 
motor neurons and the upper motor neurons. In the remainder 
of this chapter, we consider injuries to premotor area 6, the 
basal ganglia, and the cerebellum.

16.9.1 Injury to the premotor cortex

Premotor area 6 in the frontal lobe is anterior to primary 
motor area 4 and about six times larger than area 4 in humans. 
It includes both a dorsal premotor area (PMd) and a ventral 
premotor area (PMv), both of which have direct but weak 
influences on spinal cord lower motor neurons. Called the 
aversive field because of the turning movements that are 
obtainable on electrical stimulation of this nonprimary motor 
area in humans, the premotor cortex is essentially a motor 
association area. The caudal part of the dorsal premotor area 
has connections with primary motor area 4. Through these 
connections, the caudal part of PMd may influence the 
generation of movements. The rostral part of PMd has 
connections with the prefrontal cortex.

Grasp reflex

Manifestations of injury to the premotor cortex in humans 
include a forced grasping called a grasp reflex. Such patients 
grope about until an object touches their hand (tactile stimu
lus), then grasp it firmly but have difficulty relaxing their 
grasp. This takes place in the face of a normal proximal to 
distal sequence of muscle action.

Motor apraxia

Another manifestation of injury to the premotor cortex is a 
motor (limb kinetic) apraxia. The term apraxia, meaning 
“unable to do,” is a disorder of purposeful, skilled movement 
caused by injury to the human cerebral cortex. Examples of 
motor apraxia are clumsiness in performance of writing or 
drawing, threading a needle, or tying a shoe. In such cases, 
the pattern of skilled movements conceptualized by the brain 
is disturbed and the patient seems to have forgotten how to 
make a movement although they are able to describe the 
movement in complete detail and the peripheral muscula
ture is intact. The cause of this deficit is probably twofold – a 
reversed proximal to distal sequence in muscle activation by 
the cerebral cortex and a delay for preactivation of proximal 
arm movements.

Contralateral weakness of shoulder and hip musculature

A third effect of injury to the premotor cortex is weakness of 
all hip muscles and those in the shoulder concerned with 
abduction and elevation of the arm.

16.9.2 Injury to the basal ganglia

The basal ganglia are a significant part of the extrapyramidal 
part of the motor system. These nuclei are responsible for the 
automatic execution of learned motor plans. They do not 
initiate movements (the pyramidal system does), nor do they 
correct movements in progress (the cerebellum does). 
Learning skilled movements involves the refining of rela
tively fast movements so that slow corrective action is unnec
essary. A novice violinist gropes about to find the proper 
finger position on the strings for each note. With continued 
practice, the time necessary to find the proper finger position 
for each note diminishes. The means to skilled movements 
lies in increasing the accuracy of the initial adjustment so that 
the later groping need be only within narrow limits. With 
additional practice, there will be no groping at all. Movements 
become smooth and coordinated as the basal ganglia auto
matically execute the fingering movements.

Many structural considerations are noteworthy with 
regard to injuries to the basal ganglia, including their 
deep location, irregular configuration, proximity to other 
structures (such as the internal capsule, thalamus, and the 
overlying white matter), and their position at a crossroads of 
fiber bundles of diverse origins. The signs and symptoms of 
injury to the basal ganglia go through a progressive series 
of stages over time, usually ending in widespread damage 
to these nuclei. Variability is the rule without objective sen
sory, cognitive, or perceptual changes. Major abnormalities 
observed after injury to the basal ganglia include distur
bances of tone and posture, derangement of movements, and 
the loss of automatic movements.

Disturbances of tone and posture

The manifestations of basal ganglia injury, which come under 
the heading of disturbances of tone and posture, include 
hypertonia with rigidity, dystonia, or torsion spasms.

Hypertonicity as rigidity

Greatly increased tone, called hypertonicity, is manifest as 
a postural abnormality called rigidity. Rigidity is electrical 
activity at rest with constant and uniform resistance to 
passive movements and the inability to relax. Such increased 
tone is probably due to the inability of the uninjured extrapy
ramidal system to regulate the cerebellum. Without such 
regulation, the cerebellum has excessive and uncontrolled 
drive on lower motor neurons, appearing as hypertonicity. 
Hypertonicity as rigidity is a principal feature of a number of 
disorders involving the basal ganglia, including Parkinson 
disease, the rigid form of Huntington disease, and the rigid 
form of Wilson disease.

Dystonia

Dystonia is a syndrome of sustained muscle contractions 
causing abnormal postures or twisting and repetitive move
ments. Focal dystonias include hand dystonias (writer’s 
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cramp) involving the fingers, hand, and/or forearm; cervical 
dystonia (spasmodic torticollis), affecting the neck and some
times the shoulders; blepharospasm, affecting the muscles of 
the eyelids and brow; oromandibular dystonia (cranial dysto
nia), symptoms of which include forceful contractions of the 
face, jaw, and/or tongue; and laryngeal dystonia (spasmodic 
dysphonia), which affects the vocal cords.

Dystonia musculorums deformans is a generalized 
 dystonia with unusual, disabling, and painful postures of the 
entire body. It is of interest to note that the hand area of the 
somatosensory cortex of a flutist with dystonia differed from 
the hand representation found in a healthy flutist using nonin
vasive magnetic imaging. The nature of this sensory degrada
tion and its role in dystonia are unknown. Experimental studies 
in an owl monkey model of focal  dystonia (involving the hand) 
demonstrated cortical map abnormalities in these animals, 
including a dramatic enlargement in the cortical receptive 
fields and a breakdown in cortical columnar architecture.

Torsion spasm

Another example of the disturbances of tone and posture 
associated with injury to the basal ganglia is torsion spasm, 
which is discernible as a proximal manifestation of dystonia 
involving the hip, shoulder, trunk, or neck. Such torsion 
spasms are usually generalized and unilateral.

Derangement of movement

A second manifestation of injury to the basal ganglia is 
derangement of movement, often evident as a decrease in or 
slowness of movements  –  a condition called hypokinesia 
(akinesia). More likely, however, with injury to the basal 
ganglia there will be a hyperkinesia or abnormal involuntary 
movements. The latter include tremors at rest, choreas, athet
oid movements, myoclonus, and tics.

Tremors at rest

Tremors at rest are rhythmic oscillations about a joint in excess 
of one beat per second. Such tremors usually occur in the 
waking state while the muscles are at rest and may increase 
with emotion and decrease with sleep and voluntary move
ments. An example is the pill‐rolling tremor in Parkinson 
disease in which the thumb rolls across the last two fingers 
together with wrist motion at the rate of 4–8 cycles per second. 
Surgical treatment for tremors includes stereotaxic lesions or 
chronic stimulation of VPLa (which corresponds to V.im 
according to the terminology of Hassler). After this procedure, 
there is diminished influence of this part of the thalamus on 
the cerebral cortex. Both resting and postural tremors occur 
in Parkinson disease. Tremors also occur in degenerative 
disorders such as Wilson disease, spinocerebellar heredo
degeneration, dystonia musculorums deformans, Charcot–
Marie–Tooth disease, and Déjerine–Sottas syndrome.

Choreas

Another example of derangement of movements that accom
pany injuries to the basal ganglia is chorea [Latin: a dance]. 

Choreas are unrelated, sudden, abrupt, and jerky movements 
that decrease in sleep. They are irregular, intermittent, spon
taneous, and nonsequential movements. Chorea involving 
the face, head, and especially the distal parts of the limbs is 
the characteristic feature in Huntington disease, a progressive, 
hereditary movement disorder resulting from injury to the 
caudate nucleus with release of the globus pallidus from 
regulatory control. Drugs, metabolic and endocrine disor
ders, and vascular accidents may lead to chorea. Sydenham 
chorea may occur in children and adolescents as a complica
tion of rheumatic fever.

Athetosis

A slightly different kind of abnormal involuntary movement is 
athetosis, which involves irregular, slow, stereotyped, writh
ing, twisting, turning, and sinuous movements of the limbs 
and fingers. Athetoid movements are probably the result of 
injury to the putamen, which then loses regulation over the 
globus pallidus. With considerable injury to the caudate 
nucleus and putamen, a mixture of chorea and athetosis, a 
condition termed choreoathetosis, may occur. In these cases, 
the injury causes interference with pallidal regulation over 
the ventral anterior nucleus of the thalamus and its regulation 
of the primary and premotor cortical areas. Primary athetosis 
may occur in status dysmyelinatus, Pelizaeus–Merzbacher 
disease, and familial proximal choreoathetosis.

Myoclonus and tics

Other examples of abnormal involuntary movements caused 
by injury to the basal ganglia include myoclonus and tics. The 
term myoclonus [Greek: muscle turmoil] refers to sudden 
involuntary contraction of a muscle or group of muscles that 
usually moves a joint at rest or at action. This sudden contrac
tion is isolated and rhythmic. Examples include palatal myo
clonus and diaphragmatic myoclonus. Tics include oral, vocal, 
respiratory, stuttering, or shrugging involuntary movements 
and also blinking or sniffing, that may be generalized and 
involve the body such as in Gilles de la Tourette syndrome.

Loss of automatic movements

A third manifestation of injury to the basal ganglia is the loss 
of automatic movements. This example of hypokinesia is 
evident in the mask‐like facial expression that accompanies 
Parkinson disease in which there is damage to the pallidohy
pothalamic tract with a loss of regulation of emotional 
expression by the hypothalamus. Other examples of loss of 
automatic movements include infrequent blinking and the 
loss of arm swinging.

16.9.3 Injury to, or deep brain stimulation 
of, the subthalamic nucleus

Injury in or near the subthalamic nucleus of the subthalamus 
may result in an involuntary movement disorder that resem
bles a throwing motion and is called ballism [Greek: to 
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throw]. If these involuntary and irregular flinging, kicking, 
or throwing movements of the limbs occur on one side of the 
body, the disorder is termed hemiballismus. These move
ments increase with action, decrease at rest, but are absent 
during sleep. A recent review of five studies, involving 120 
patients, reported that lesions of the subthalamic nucleus 
were the cause in a minority of cases of hemiballismus. It 
may be that in the majority of cases the injury involves affer
ents to the subthalamus and efferent fibers from it, connec
tions of the basal ganglia, or connections from the ventral 
lateral nuclear group of the thalamus. Such injuries permit 
rather than cause the observed hemiballismus that appears 
contralateral to the injury. Primary cases of ballism include 
heredity bilateral ballism whereas secondary cases result 
from space‐occupying lesions, trauma, vascular injuries, or 
infections.

Limousin et  al. (1998) described the effect of bilateral 
electrical deep brain stimulation of the subthalamic nucleus 
in 24 patients with disabling Parkinson signs and symptoms. 
This stimulation improved the slowness of movements 
(akinesia), rigidity, tremor, and gain in these patients. All 
patients became independent in most activities of daily living. 
Their results support the hypothesis of the key role of the 
subthalamic nucleus in the basal ganglia circuitry and the 
importance of over‐reactivity in the subthalamic nucleus in 
Parkinsonian symptoms.

Although deep brain stimulation is widely used to treat a 
variety of movement disorders, how it works is unclear. Starr 
and his colleagues have shed new light on this mystery. They 
found that patients with Parkinson disease, in comparison 
with humans without a movement disorder, exhibit an 
abnormally high, synchronized rhythmic activity, referred to 
as “exaggerated phase‐amplitude coupling,” in the primary 
motor cortex (de Hemptinne et al., 2013). Subsequently, this 
group demonstrated that acute therapeutic deep brain 
stimulation of the subthalamic nucleus improves cortical 
function by reversibly reducing this phase–amplitude cou
pling not only at rest but also during movement preparation 
and execution (de Hemptinne et al., 2015).

16.9.4 Injury to the cerebellum

The principal manifestations of cerebellar injury in humans 
include decreased muscle tone or cerebellar hypotonia with 
a resulting cerebellar ataxia and the presence of a cerebellar 
tremor, and cerebellar nystagmus.

Cerebellar hypotonia

Cerebellar hypotonia appears as a weakness, fatigability, or 
an asthenia; the muscles involved seem flabby. With cerebel
lar injuries, there is decreased resistance of the limb muscles 
to passive manipulation, perhaps because of depression of 
neuromuscular spindle primary afferents. Muscle responses 
to maintained stimuli also decrease, as do their responses to 
changes in length of muscles.

Cerebellar ataxia

Because of the profound hypotonicity that results with cere
bellar injury, a cerebellar ataxia [Greek: without order or 
arrangement] is usually evident. Ataxia caused by cerebellar 
injury refers to a loss of muscle coordination, including pos
tural instability and disorders of movement. Since ataxia is 
also found following dorsal funicular injury (sensory ataxia), 
it is clinically useful to differentiate clearly between these 
types of ataxia.

Cerebellar ataxia manifested as postural instability

Postural instability is due to a loss of the muscle tone 
 necessary for postural support. Patients so affected adopt a 
wide‐based gait to overcome this postural instability and 
may even stagger or fall to one side (the side of the injured 
cerebellum). A subtle test for cerebellar injury is to have the 
patient walk on their toes, walk heel to toe, backwards, or in 
a circle.

Cerebellar ataxia appears as disorders of movement

Cerebellar ataxia includes disorders of movement, espe
cially complex, coordinated movements such as tying a 
knot, speech, opening a jar, writing, opening a lock, or 
dancing. There is likely to be decomposition of move
ments, dysmetria, and adiadochokinesis. Decomposition 
of movements refers to the condition in which muscles, 
acting on joints that normally move together, lose their 
synergy such that the intended movements are no longer 
coordinated or smooth but broken into their component 
parts. There is apt to be a cerebellar ataxia of speech in 
which the speech is slow, slurred, or jerky. Dysmetria 
[Greek: bad measure] refers to movements in which the 
velocity and timing are off such that there are errors of 
range, rate, and force. The finger‐to‐nose test is useful in 
testing for the presence of cerebellar injury. In this test, the 
patient rapidly moves their finger back and forth between 
their own nose and the finger of the examiner. Accuracy of 
such movements is lost, with the upper limb under‐ and 
overshooting its target. With dysmetria, patients cannot 
gauge distances or the speed or power of a movement. 
Disorders of movement characteristic of cerebellar injury 
include a phenomenon called adiadochokinesis, which 
means “without successive movements.” If a patient with 
cerebellar injury slaps their thigh repeatedly, pronate and 
supinate their hands, or open and close their fists, such 
rapid alternating movements become very slow and no 
longer successive.

Cerebellar tremor

Cerebellar tremor accompanying cerebellar injury is also 
termed an intention, action, or kinetic tremor. Such tremors 
include oscillatory movements observed at the same time as 
an active movement. Upon nearing the goal, the amplitude 
of the tremor increases.
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Cerebellar nystagmus

With cerebellar injury, there is likely to be a gaze‐evoked or 
kinetic nystagmus. Such a cerebellar nystagmus is an invol
untary, rhythmic, side‐to‐side movement of the eyes, with a 
clearly defined fast and slow phase. A cerebellar nystagmus 
is most marked when the patient is looking to the side of the 
injury.

16.9.5 Localization of cerebellar damage

Injury to the posterior vermis and flocculonodular lobe

Medulloblastoma is a tumor of childhood that often leads to 
a postural instability, with the child adopting a wide‐based 
gait to maintain their balance. If the tumor is in the median 
plane, the child often falls backwards. The lower limbs are 
involved because both the dorsal and ventral spinocerebellar 
fibers, ending in the vermis of the posterior lobe, are likely 
injured. Since the spinocerebellar fibers synapse on the 
ipsilateral side, the cerebellar signs are also on the same side 
as the injury. Injuries to the posterior vermis and flocculo
nodular lobe often manifest a cerebellar nystagmus. If the 
injury or tumor is on one side, is irritative, or involves the 
nucleus fastigii or the cerebellovestibular connections from 
this nucleus, there is likely to be a nystagmus with the quick 
component to the side of the injury.

Injury to the anterior lobe of the cerebellum

Clinical involvement of the anterior lobe of the cerebellar is 
rare and difficult to detect until the injury enlarges and 
impinges on the superior cerebellar peduncle. After injury to 
the superior cerebellar peduncle, an anesthesia of upward 
gaze is likely to occur, with decreased muscle tone to the 
ocular muscles. The flocculo‐oculomotor path originates in 
the flocculus, travels through the superior cerebellar peduncle, 
and ends in the oculomotor nuclei to provide the appropriate 
amount of muscle tone needed for the ocular muscles. With 
decreased muscle tone, the eyes are simply too weak to stay 
up, although they are not paralyzed.

Injury to the posterior lobe of the cerebellum

Injuries to the hemispheric zone of the posterior lobe reveal 
a hypotonicity that is more severe than is found with injuries 
to other parts of the cerebellum. This hypotonicity leads to a 
cerebellar ataxia with postural instability – the patient falls 
to the side of the injury. A rebound phenomenon occurs 
such that the actively flexed arm of a patient will hit them in 
the face when released. There is decomposition of movements, 
dysmetria with past pointing, and adiadochokinesis. Cere
bellar nystagmus is unlikely to occur with injuries to the 
hemispheric part of the posterior lobe.

Injury to the cerebellar nuclei

Unilateral injury to the nucleus fastigii of the cerebellum 
may result in a cerebellar nystagmus. Most of the symptoms 
occurring with fastigial injury also occur with injury to the 

flocculonodular lobe. Unilateral injury to the dentate nucleus 
of the cerebellum will cause a unilateral cerebellar tremor of 
the upper limb with a marked ataxia of the involved limb.

Injury to the cerebellar peduncles

Injuries to the inferior cerebellar peduncle result in a 
 cerebellar ataxia with falling to the side of the injury, some 
hypotonicity, and perhaps the appearance of a cerebellar 
nystagmus. With involvement of the middle cerebellar 
peduncle, there is likely to be a cerebellar ataxia, hypotonicity 
of the limbs, and perhaps a hypotonicity of the cranial nerve 
nuclei. There may be a transient dysmetria and incoordina
tion of the limbs. With involvement of the superior cerebellar 
peduncle, there is usually marked cerebellar ataxia and 
hypotonicity with falling to the side of the injury, marked 
cerebellar tremor, and the possible appearance of an asthenia 
of upward gaze if fibers of the flocculo‐oculomotor path are 
involved.

16.10 DeCOrtICAte VerSUS DeCereBrAte 
rIGIDItY
Decorticate and decerebrate rigidity provides an excellent 
example of the rich interplay between the extrapyramidal 
cortical areas, basal ganglia, and cerebellum.

16.10.1 Decerebrate rigidity

This condition results from injury to the rostral part of the 
transition between the midbrain and diencephalon. Such 
injuries usually involve considerable parts of the midbrain, 
resulting in a marked hypertonicity manifested as rigidity of 
the limbs in extension with internal rotation of the limbs. The 
cerebellum acts uninhibited as if cut off from regulation by 
the basal ganglia and extrapyramidal cortical areas. A com
mon cause of this decerebrate rigidity is injury at the junc
tion of the midbrain and the diencephalon occurring as the 
result of a motorcycle accident.

16.10.2 Decorticate rigidity

In decorticate rigidity there is destruction of much of the 
extrapyramidal motor cortex and lentiform nuclei (especially 
the putamen), perhaps including the corticostriate fibers. 
Extreme hypertonicity develops, manifested as an extension 
of the lower limbs with flexion of the upper limbs. Self‐
inflicted gunshot wounds to the head often lead to decorti
cate rigidity. In decorticate rigidity, some (but not all) of the 
cerebral cortex (some extrapyramidal motor cortex and part 
of the lentiform nuclei) is cut off from the brain stem.

16.11 ePILOGUe
In closing this discussion of the motor system, it is essential to 
appreciate that the regions involved in motor activity are a 
functional unit in that they work together to produce smooth, 
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integrated, complex movements. Discrepancies that appear in 
the clinical picture that vary from the classical description of 
injury to one part of the motor system merely serve to empha
size the complex interrelations that normally occur among the 
constituents of the motor system. The signs and symptoms of 
injury to the motor system in humans are more severe than 
those in experimental animals, including nonhuman primates. 
In the simplest terms, the motor system functions as follows: 
ongoing reflex activity at the lower motor neuron level is 
under the influence of pyramidal and extrapyramidal 
impulses that converge onto these lower motor neurons. 
Several levels of regulation and control occur in the motor 
system: spinal cord, brain stem, thalamus, and basal ganglia, 
with the highest level of regulation and control occurring at 
the level of the cerebral cortex. In essence, regions involved 
in motor activity are carefully integrated. As Sherrington 
noted, such integration is interaction for a purpose.
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Alcmaeon asserts that we smell by means of the nostrils when in respiration the air 
has been carried to the brain; that we distinguish flavors by the tongue, for since 
it is warm and soft it melts (substances) by its heat, and because of its yielding 
fineness it receives and passes on (the flavors).

Theophrastus (372/369–288/285 bc)

In humans, information about the central gustatory system is sparse at best, 
spread out, methodologically flawed, and inconsistent (Norgren, 1990). A decade 
later, this statement remains substantially true despite the advent of new imaging 
techniques.

Thomas C. Pritchard and Ralph Norgren (2004)
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The Olfactory and Gustatory 
Systems

The perception of visual, auditory, and olfactory stimuli is 
based on the concept of object recognition. In this regard, an 
“object” is something that we encounter in the world around 
us that is presented to one of our special sensory systems. For 
example, light reflecting off of a banana creates a visual 
object representation of the banana in our brain. Similarly, 
odorant molecules – perhaps tens or hundreds of them from 
a banana – collectively create an olfactory object representa
tion of a banana in our brain, even in the face of a continually 
shifting olfactory background. Even though odors in our 
environment are complex and variable, the human olfactory 
system is able to recognize, categorize, and discriminate 
them as olfactory objects (Gottfried, 2010). As is the case with 
other special senses, olfaction declines with age.

17.1 tHe OLFACtOrY SYSteM
Olfaction or the sense of smell is a chemical sense. This 
implies that there is a relationship between the chemical 
structure of a substance and its smell (or taste). Humans are 
able to detect and discriminate thousands of odors, judge 
odor strength (weak, moderate, or strong), and describe the 
pleasurable aspects or hedonics of odor (unpleasant, indif
ferent, or pleasant). At strong intensities, many odors are 
usually considered pleasant or unpleasant. This is likely a 
result of over‐stimulation or “overdriving” of the olfactory 
system. In our real‐world environment, most odors are 

complex mixtures of dozens or perhaps hundreds of different 
odorant molecules.

In comparison with animals, humans are microsomatic, 
having limited ability to use olfactory clues. In general, women 
probably have better olfactory acuity then men. Variations in 
olfactory acuity occur during the menstrual cycle. Such acuity 
is highest at ovulation and lowest at menstruation. Fluctuations 
in olfactory sensitivity during the menstrual cycle are proba
bly due, in part, to elevated blood estrogen levels, which often 
lead to changes in the olfactory mucus layer that limits access 
of certain odorant molecules to the olfactory receptors.

There is evidence from selective neonatal responsiveness 
to the odor of amniotic fluid that there is some form of 
olfactory perceptual learning in fetuses within their normal 
amniotic environment (Schaal et al., 1998). Indeed, the human 
fetus has the ability to detect and record odor information 
afforded by the pregnant mother through her diet (Schaal 
et al., 2000). These studies provide evidence that some aspects 
of the olfactory system are operational in both amniotic and 
postamniotic conditions.

17.1.1 Receptors

The primary function of the nasal cavities in most vertebrates 
is olfaction. In humans, however, the nasal cavities play a 
much more important role as a respiratory passage and as a 

17.1 tHe OLFACtOrY SYSteM
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system for conditioning the air. The olfactory epithelium, 
bounded by the superior nasal concha and the upper third of 
the nasal septum, is that part of the mucous membrane of the 
nasal cavities that has olfactory receptor neurons. This is a 
pseudostratified columnar epithelium containing six or 
seven layers of cells and consisting of three cell types: sup
porting cells, olfactory receptor neurons, and a layer of basal 
cells. The olfactory epithelium is thicker than the surround
ing respiratory epithelium and has a distinctive dark‐yellow 
color because of the presence of olfactory pigment in the 
supporting cells and in Bowman glands that lie beneath the 
basement membrane of the olfactory epithelium. Although 
we normally think of olfaction beginning with airflow in the 
nasal passages involving odorant molecules that reach the 
olfactory epithelium (nasal route), there is a second method 
of perception of odorant molecules. This involves odorants 
coming to the nose posteriorly through the nasopharynx and 
ascending to the olfactory epithelium. This retronasal olfac
tion likely plays a key role in the sensation of flavor (the 
interaction of olfactory and gustatory sensations) as we eat 
food and drink liquids (Hummel, 2008; Pinto, 2011).

17.1.2 Primary neurons

The olfactory receptor neurons in the olfactory epithelium 
are the primary neurons in the olfactory system. These cells 

are modified bipolar neurons (Fig.  17.1) whose dendritic 
process projects from the apical part of the cell to the surface of 
the nasal cavity ending in a ciliated, bulbous swelling called 
an olfactory knob (Fig.  17.1) that may contain 20–30 cilia. 
Loss of these cilia may cause impaired olfactory function in 
humans. The initial event in the perception of odors is the 
interaction of odorant molecules with odorant receptors in 
the olfactory cilia. Each olfactory receptor neuron expresses 
only one specific G‐protein‐coupled receptor gene, of which 
there are some 350–400 in humans. Olfactory receptors genes 
are the largest gene family in the human genome. A single 
odorant may bind to several receptor types, whereas a single 
receptor may bind to several different odorants. Collectively, 
these factors allow the human olfactory system to discrimi
nated more than 10 000 different odorant molecules (Malnic 
et al., 2004). Molecules of a certain shape presumably fit into 
specific sites along the receptor membrane, causing changes 
in membrane permeability. This leads to the creation of 
action potentials and the conduction of nerve impulses in the 
olfactory nerve that will eventually reach the brain.

17.1.3 Olfactory fila and the olfactory nerve

An axonal process extends from the base of the first‐order 
bipolar neurons. Many of these nonmyelinated axons 
 collect into macroscopically visible bundles called the 
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Figure 17.1 ● (A) The human olfactory bulb, tract, and striae on the ventral surface of the cerebral hemisphere. (B) Section of the olfactory epithelium, olfactory 
fila, and olfactory bulb.
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olfactory fila (Fig. 17.1). These olfactory fila pass through the 
cribriform plate of the ethmoid bone, where they are collec
tively termed the olfactory nerve [I]. As they pass through 
these openings in the skull, the fila are particularly vulner
able to frontal or occipital trauma or skull base fractures. 
The openings in the cribriform plate also provide a potential 
route for toxins or pathogens to access the base of the brain.

17.1.4 Olfactory bulb – secondary neurons

After passing upwards and through the cribriform plate of 
the ethmoid bone, the olfactory fila enter the ventral surface 
of the olfactory bulb (Fig. 17.1). The fila synapse with den
drites of mitral cells (Fig. 17.1) –  the secondary neurons in 
this path located in the olfactory bulb at sites termed olfac-
tory glomeruli (Fig. 17.1). The olfactory bulb has a laminated 
pattern in most mammals but these layers are unclear in 
humans. Axons of the mitral cells leave the olfactory bulb 
and pass to the base of the cerebral hemispheres (Figs 17.1 
and 17.2). The olfactory bulb is therefore a primary region of 
reception of olfactory impulses.

The human olfactory bulb, when quietly at rest, shows a 
constant background level of electrical activity. Organized 
rhythmic bursts occur when odorant molecules are available, 
and some of these bursts from the human olfactory bulb are 
extraordinarily distinctive. A most effective olfactory stimu
lus in humans is cigarette smoke. There is evidence for odor 
localization in humans, with different odorants yielding 
maximal responses in different areas of the bulb. The per
ception of an odor probably results from a combination of 
responses correlated from several areas in the bulb. The 
human olfactory bulb likely plays a role in the preliminary 
discrimination of odors.

17.1.5 Olfactory tract

As the axons of the mitral cells in each olfactory bulb pass 
back to the cerebral hemisphere, they form an olfactory tract 
(Figs 17.1 and 17.2). As each olfactory tract joins the cerebral 
hemisphere, its fibers separate into two olfactory striae 
(Figs 17.1 and 17.2) that bound a triangular area, the olfac-
tory trigone. These two striae include a much smaller medial 
stria and a more prominent lateral stria (Fig. 17.2). Fibers in 
the olfactory tract convey olfactory information to a series of 
tertiary olfactory neurons.

17.1.6 Medial stria

Fibers of the olfactory tract that enter the medial stria arise 
from the more medially located mitral cells. Since there are 
only a few scattered mitral cells in this location in the human 
olfactory bulb, the human medial stria is poorly developed. 
Fibers of some mitral cells, perhaps as part of an interme
diate olfactory stria of Crosby and Schnitzlein, enter the 
anterior commissure. Such fibers probably activate olfactory 
receptor neurons in the contralateral olfactory bulb, provid
ing a means by which one olfactory bulb influences the 
contralateral bulb.

17.1.7 Lateral stria

As the fibers of the lateral stria separate from the olfactory 
tract, they synapse along the way on tertiary olfactory 
neurons in the lateral parts of the anterior olfactory nucleus 
(Fig. 17.3), olfactory tubercle, prepiriform cortex, piriform cortex, 
entorhinal cortex, amygdaloid complex, and hippocampus. 

Medial 
olfactory stria
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olfactory stria

Olfactory tract

Olfactory bulb

Anterior perforated
substance

Figure 17.2 ● The ventral surface of the cerebral 
hemispheres showing the relations of the olfactory bulb, 
olfactory tract, and olfactory striae. Note the anterior 
perforated substance immediately behind the olfactory trigone.
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Because olfactory impulses reach the amygdaloid complex 
and the hippocampus, they are olfactory receptive structures, 
although that is not their most important function in humans.

Anterior olfactory nucleus and the olfactory tubercle

The anterior olfactory nucleus is a region of synapse of 
olfactory impulses on their way to various olfactory recep
tive structures in the base of hemispheres. It is an important 
means of interconnecting olfactory structures in the two 
hemispheres by way of the anterior commissure. The area 
behind the olfactory trigone, called the olfactory tubercle, is 
a trilaminar collection of neurons lying deep to the anterior 
perforated substance, a visible surface feature on the infe
rior surface of each hemisphere where numerous small 
blood vessels enter the brain (Fig.  17.2). Imaging studies 
(Zelano et al., 2007) suggested that the olfactory tubercle may 
be important in determining the source of olfactory input 
(trigeminal irritants versus pure olfactory odors).

Prepiriform and piriform cortex

The human prepiriform cortex consists of scattered clusters 
and bands of cells along the course of the lateral stria from 
the base of the olfactory tract to the uncus extending cau
dally to blend into the underlying amygdaloid complex. 
The prepiriform cortex and the piriform cortex receive 

fibers of the lateral olfactory stria. The piriform cortex, in 
the anterior part of the temporal lobe medial to the rhinal 
sulcus, includes anterior (frontal) and posterior (temporal) 
parts (Fig.  17.3). Functional magnetic resonance imaging 
(fMRI) studies in humans revealed that the posterior region 
encodes for odor quality and categorization (pairs of odor
ants differing in quality) but not for odorant structure (dif
ferences in molecular functional group), whereas the 
anterior piriform cortex encodes for odorant structure but 
not for odor quality. Other fMRI studies revealed a diffuse, 
distributed projection pattern of afferents from the olfac-
tory bulb in the posterior piriform cortex. The piriform 
cortex appears to be a critical repository for the encoding, 
retrieval, and modulation of odor objects (Gottfried and 
Wilson, 2011). In the monkey, the piriform cortex ultimately 
projects its fibers to the mediodorsal thalamus and to the 
orbitofrontal cortex.

Entorhinal cortex and the hippocampus

The entorhinal cortex, as its name implies, lies within the rhinal 
sulcus in the anterior part of the parahippocampal gyrus 
(Fig. 18.1), corresponding to Brodmann’s area 28. The lateral 
boundary of the human entorhinal cortex is the collateral 
sulcus and its medial boundary is the uncus. The six‐layered 
entorhinal cortex represents an atypical or transitional 
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Figure 17.3 ● (A) The ventral surface of the cerebral hemispheres with the right temporal lobe removed showing the relations of the olfactory bulb, olfactory 
tract, olfactory striae, and olfactory cortical areas. (B) Magnification of the area outlined by the box in (A). Projections from the olfactory bulb (ob) pass in the lateral 
olfactory striae (los) before synapsing in the anterior olfactory nucleus (aon), olfactory tubercle (ot), anterior (PirA) and posterior (PirP) piriform cortex, amygdala 
(Amg), and entorhinal cortex (Ent). Olfactory information ultimately reaches the hippocampus (Hi) and the orbitofrontal olfactory cortex (Olf). (Source: Gottfried, 
2010. Reproduced with permission of Macmillan Publishers Limited.)
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type of cortex. Input to the entorhinal cortex reaches the 
hippocampal formation by way of interconnections between 
these two structures. In this regard, the entorhinal cortex 
is often termed the “gateway to the hippocampus.” The 
presubiculum forms a transition area from the entorhinal 
cortex to the hippocampus. The presubiculum and the lateral 
entorhinal cortex discharge olfactory impulses to parts of the 
hippocampus. An fMRI study of 17 females with normal 
olfactory function (Kjelvik et al., 2012) supported a specific role 
for the entorhinal cortex and the hippocampus in odor identi
fication (the ability to provide the correct name for an odor). 
The entorhinal cortex has interconnections with association 
areas of the cerebral cortex and is an early target in Alzheimer 
disease along with the hippocampus.

Amygdaloid complex

Prominent electrical activity (rhythmic bursts in two broad 
frequency ranges) occurs in the human amygdaloid complex 
in response to olfactory stimuli. Similar bursts occur in the 
human prepiriform cortex. Patients who had undergone 
amygdalotomy in an attempt to eliminate or decrease intrac
table seizures showed judging errors of odor quality and an 
increase in “different” judgments about the pleasurable qual
ity of an odor (compared with distinct pleasant or distinctly 
unpleasant judgments). Such effects last no longer than 
1 week even after bilateral amygdaloid damage. The amyg
daloid complex participates in determining the pleasant, 
unpleasant, or indifferent aspects of olfactory responses, that 
is, the pleasurable aspects of odor. The role of the amygda
loid complex in this regard is of a discriminative or cortical 
nature. Electrophysiological studies in humans indicated 
that each odor is associated with a given group of frequency 
components. Odor discrimination in the human amygdaloid 
complex is determined by the patterning of these compo
nents according to their amplitude rather than by which 

components are present. Similar classes of odors produce 
similar patterns of response.

The amygdaloid complex along with the hypothalamus 
participate in certain aspects of feeding. Olfactory and gusta
tory inputs to these areas are involved in the behavioral 
responses to food. The hypothalamus appears to be involved 
in less discriminative eating such as eating in order to appease 
hunger and for the sake of survival. The primate amygdaloid 
complex participates in the control of behavioral responses to 
foods and thus appears to be involved in the more discrimina
tive aspects of eating termed appetite. In this regard, one pre
fers a certain type of food based on its taste, smell, texture, 
temperature, and flavor in addition to other qualities. Bilateral 
amygdalotomy in one case resulted in the patient being hyper
phagic for about 3½ months after the neurosurgical procedure.

Stria terminalis

The stria terminalis is a fiber bundle interconnecting nuclei 
of the amygdaloid complex with the septal area and the 
preoptic and anterior hypothalamus along the medial wall of 
each cerebral hemisphere (Fig. 17.4). From the corticomedial 
and basolateral nuclear groups of the amygdaloid complex, 
the stria terminalis sends fibers along the tail of the caudate 
forwards to the anterior commissure (Figs  17.4 and 19.1). 
Precommissural fibers of the stria travel in front of the ante
rior commissure to reach the septal area (Fig. 17.4, the ventral 
part of the subcallosal area). Other postcommissural fibers 
from the stria travel behind the anterior commissure to enter 
the hypothalamus (Fig. 17.4). In addition to interconnections 
with the septal area and the hypothalamus through the stria 
terminalis, the amygdaloid complex in nonhuman primates 
has many intrinsic fibers. These intrinsic fibers allow infor
mation to flow from the lateral and basolateral nuclei to the 
medial nucleus or from the basomedial nucleus to the medial, 
cortical nuclei and the central nucleus.

Stria
terminalis

Hypothalamus
Septal
area Uncinate

fasciculus

Anterior
commisure
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Figure 17.4 ● Distribution of the lateral olfactory stria to 
lateral olfactory areas. Also shown is the discharge from these 
lateral olfactory areas to parts of the telencephalon and 
diencephalon. The stria terminalis interconnects the superficial 
and deep amygdaloid nuclei with the subcallosal area and 
hypothalamus. Also shown is the uncinate fasciculus that 
connects lateral olfactory areas with the base of the frontal lobe.
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17.1.8 Thalamic neurons

As noted earlier, there are direct projections to the orbitofron
tal cortex from the piriform cortex in the monkey. It is also 
the case that tertiary olfactory neurons in the piriform cortex 
have direct projections to the medial dorsal nucleus of the 
thalamus that then influence the orbitofrontal cortex. In 
humans, there is a thalamocortical projection from the medial 
dorsal nucleus to considerable parts of the prefrontal cortex 
and to the orbital surface of the frontal lobe (Fig.  17.3). 
Neurons in the magnocellular part of the medial dorsal 
nucleus show activation following odorant stimulation of 
the olfactory bulb. Various studies involving patients with 
lesions of the MD nucleus have described variable impair
ment of olfactory function, including impaired odor detection, 
marginally decreased odor discrimination, impairment of 
hedonic judgment of odors, impairment of odor identifica
tion, and varying impairment on tests of olfactory attention. 
Clearly, the medial dorsal nucleus of the thalamus has a role 
to play in olfactory processing (Tham et  al., 2011a,b). fMRI 
studies have shown that attention to odor modulates thalam
ocortical connectivity in the human brain and that the human 
MD nucleus is involved in both olfactory hedonic processing 
and associative learning (Gottfried and Wilson, 2011). In 
addition to this olfactofrontal route through the thalamus, 
olfactory impulses trying to reach the frontal lobe may travel 
from tertiary olfactory neurons in the amygdaloid complex, 
over the uncinate fasciculus, to reach the base of the frontal 
lobe (Fig. 17.4).

17.1.9 Cortical neurons

Primary olfactory cortical areas

Experimental studies in nonhuman primates and imaging 
studies in humans provided evidence for three primary 
olfactory cortical areas: the orbitofrontal cortex (OFC), the 
inferior temporal gyrus, and the anterior insula.

In particular, the lateral and posterior aspects of the 
orbitofrontal cortex (Fig. 17.3) are likely involved in the fine 
discrimination of odors. Imaging studies in humans suggest 
that odor familiarity judgments activate the right orbito
frontal cortex whereas olfactory pleasurable judgments and 
also unpleasant odors, in particular, activate the left orbito
frontal cortex. Odor memory studies in patients with unilat
eral cerebral excision suggest a role for the right orbitofrontal 
in odor memory and odor discrimination. Odor sensation, 
perception, and experience (Gottfried and Wilson, 2011), 
including prior learned information about an odor, are likely 
integrated in the human OFC.

The inferior temporal gyrus has significant connections 
in primates with the olfactory tubercle (anterior perforated 
substance). The human temporal lobe is involved in odor 
detection and in processing olfactory information. The right 
temporal lobe participates in olfactory memory functions 
(a nonverbal process). Patients who had undergone anterior 
temporal lobectomy had significant elevations in odor 

detection thresholds. Odor memory studies in patients with 
unilateral cerebral excision suggest a role for the right tem
poral lobe in odor memory and odor discrimination.

The amygdaloid complex, which receives olfactory input 
from the lateral stria, is interrelated by way of association 
fibers with the rostral part of the temporal lobe including the 
temporal pole, the insula, and the base of the frontal lobe. 
Thus, in addition to the orbitofrontal cortex and the inferior 
temporal gyrus, the anterior insula, particularly the agranular 
insula, is likely to play a role in olfaction. This part of the 
insula is at the caudal boundary of the orbitofrontal cortex.

This complex olfactory network involving olfactory 
receptive areas such as the piriform cortex, entorhinal cortex, 
amygdaloid complex, and hippocampus along with these 
three primary olfactory cortical areas likely provides for 
odor‐guided regulation of behavior, odor‐related aspects of 
feeding, emotion, autonomic states, and memory (Gottfried 
and Zald, 2005). fMRI studies involving 17 females with 
normal olfactory function supported a specific role for the 
piriform cortex and orbitofrontal cortex in smelling and odor 
identification (Kjelvik et al., 2012). The insula and the orbito
frontal cortex provide a focus of convergence of olfactory, 
gustatory, visceral, autonomic, endocrine, and emotional 
impulses that play a role in human olfaction.

17.1.10 Efferent olfactory connections

Efferents from the cerebral cortex, olfactory tubercle, prepiri
form cortex, intralaminar thalamic nuclei, and perhaps the 
reticular nuclei of the midbrain project to the olfactory bulbs. 
Functionally, these efferents activate granule and periglo
merular cells in the olfactory bulb. Such an inhibitory feed
back loop helps contribute to the distinctiveness of olfactory 
responses, sharpening olfactory impulses, and allowing 
humans to differentiate thousands of different odors. As an 
odor lingers about, humans soon adapt to it and no longer 
notice it. This is probably due, in part, to efferent olfactory 
inhibition. While these efferent olfactory connections permit 
modulation of sensory processing, they also serve as a pro
tective mechanism to prevent injury to olfactory receptors.

17.1.11 Injuries to the olfactory system

Anosmia, hyposmia, and dysosmia

Aging is the primary cause of olfactory decline. This occurs 
in about 25% of those over the age of 53 years and in about 
60% of those over the age of 80 years. Around 14 million 
Americans have chronic olfactory impairment. Smoking, stroke, 
epilepsy, and nasal sinus disease are commonly associated 
with olfactory decline. Olfactory impairments include losses 
stemming from obstruction to the nasal passages (conduc
tive losses), losses due to damage to the olfactory epithelium 
(sensorineural losses), and losses due to central nervous 
system diseases (central dysfunction) (Pinto, 2011).

The most frequent reason for decreased olfactory acuity 
apart from age is the common cold. Any inflammation, 
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infection (such as sinusitis), nasal obstruction, or swelling of 
the olfactory epithelium will decrease smell. Intracranial 
infections often affect smell. Of a serious and permanent 
nature are traumatic injuries, such as fractures of the cribri
form plate of the ethmoid bone that stretch or sever the olfac
tory nerves. In a report on 1167 patients with injuries to the 
head, 7.5% had trauma to the olfactory system causing loss of 
smell, a condition called anosmia; 50% of those patients 
recovered their sense of smell. Anosmia leads to a loss of gray 
matter in various cortical areas (Bitter et al., 2010b) including 
the piriform cortex, insula, orbitofrontal cortex, and the hip
pocampus. An impaired but not a complete loss of olfaction 
is termed hyposmia. In subjects with hyposmia, there is both 
gray and white matter reduction (Bitter et al., 2010a). Further 
studies are necessary to show a correlation between gray or 
white matter reduction and olfactory impairment and also 
the normal role played by some of the diverse cortical areas 
that show volume loss in patients with olfactory deficits.

A distorted sense of smell is termed dysosmia. Although 
most patients are not overly concerned with the gradual loss 
of smell, and anosmia is not life threatening, it does interfere 
with the enjoyment of life, and is likely to be professionally 
devastating to those employed as chefs, perfumers, tobacco 
blenders, coffee and tea tasters, and so on.

The first intracranial tumor completely and successfully 
removed was an olfactory groove tumor (1885). Olfactory 
groove meningiomas are benign, slow‐growing tumors 
forming about 10% of all intracranial meningiomas. As they 
arise from the cranial dura along the cribriform plate of the 
ethmoid bone, they are in an ideal position to impinge on the 
olfactory fila, bulb, or tract. In such cases, they often cause a 
reduction in the ability to smell or, if the tumor continues to 
grow and reaches a sufficient size, it is likely to cause a com
plete anosmia. In one study, the average size of 18 measured 
tumors was 6.1 cm in length by 4.5 cm in height. Without 
proper diagnosis and treatment, the olfactory meningioma 
will continue to grow along with the development of visual 
and mental symptoms in addition to anosmia.

Alzheimer disease

Patients with early Alzheimer disease often exhibit deficits 
in odor identification. These deficits correlate with the number 
of tangles in the entorhinal cortex and the hippocampus 
along with hippocampal atrophy. In patients with Alzheimer 
disease, neurofibrillary tangles occur in the anterior olfactory 
nucleus.

Concomitant loss of smell and taste

Many patients with anosmia because of trauma report a 
concomitant loss of taste. In such cases, no structural injury 
exists to explain the taste deficit. This is probably because 
other perceptions contribute to the sense of smell. Olfactory 
sensory stimuli, stimuli from taste receptors in the oral cavity, 
other sensory perceptions from the oral mucosa, and expec
tations aroused through visual stimuli contribute to the 
impression of smell. The tendency for patients to confuse 
the sensations of taste and smell is well known. Loss of smell 

often goes unreported by patients because they do not deem 
it significant or because they attribute their anosmia to other 
causes, such as a sinus condition or exposure to air pollution. 
Although patients may be unaware or vaguely aware of their 
loss of smell, they all notice a flatness of taste.

Olfactory auras or hallucinations

Olfactory auras or hallucinations often accompany temporal 
lobe epilepsy. Such auras usually involve some disagreeable 
or unpleasant odors such as that of cigar smoke. These olfac
tory auras likely result from irritation of the lateral olfactory 
areas, including the amygdaloid complex. Conscious patients 
describe odor sensations on electrical stimulation of the 
uncus and amygdaloid complex. Irritation of the ventral leaf 
of the uncinate fasciculus (Fig. 17.4) connecting the amygda
loid complex with the frontal lobe is likely to yield olfactory 
auras that accompany seizures of temporal lobe origin. The 
cingulum, a prominent fiber bundle within the cingulate 
gyrus on the medial wall of each cerebral hemisphere, con
nects with the amygdaloid complex. Thus, irritation of the 
cingulum yields an aura of a sweet rose scent. Both an increase 
in strong responses and an increase in unpleasant responses 
occur in association with seizures. These effects are consistent 
with a general hyperexcitability in the amygdaloid complex. 
When such hyperexcitability reaches its peak, it leads to the 
development of a seizure. In some patients, epileptic activity 
appears in the amygdaloid complex on presentation of odor
iferous stimuli. The use of the odor of jasmine or floral odors 
decreases epileptiform activity in some patients with tempo
ral lobe seizures. EEG‐evoked responses to olfactory stimuli 
are recordable from the human amygdaloid complex.

Specific anosmia or odor‐blindness

Although some patients completely lose smell, many others 
may lose only one component of this sensation. This con
dition is termed specific anosmia or odor‐blindness. In the 
olfactory system, perhaps as many as 30 odors may exist (in 
contrast to the three primary colors in the visual system). 
If a specific olfactory receptor protein represents each pri
mary odor, then odor‐blindness is explainable by the absence 
or defectiveness of a specific receptor protein.

Pheromones

Pheromones are chemical substances known to be present in 
the vaginal secretions of female rhesus monkeys. These sub
stances act as sexual attractants and induce mating behavior 
in the male of the species. Although olfactory messages are 
particularly significant in lower animals for reproduction, in 
many primates olfactory communication by way of phero
mones probably serves a variety of functions. The recent 
discovery of a second class of protein receptors in the mouse 
olfactory epithelium may hold the clue to further under
standing of pheromones in humans. Genes encoding these 
receptors, called trace amine‐associated receptors (TAARs), 
are present in humans. Perhaps these TAARs serve as olfac
tory receptors in humans. Although these mouse data hint at 
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the possibility of human pheromones, more research might 
move this hint towards a more definitive answer. Wysocki 
and Preti (2004) broadly classified pheromones as primers, 
signalers, modulators, and releasers, providing examples of 
the first three in humans including effects on the menstrual 
cycle (primer effects), olfactory recognition of a newborn by 
its mother (signaler), and that of individuals who may exude 
different odors based on mood (suggestive of modulator 
effects). They concluded that no bioassay‐guided study has 
yet led to the isolation of true human pheromones.

17.2 tHe GUStAtOrY SYSteM
Taste or gustation is another chemical sense along with 
smell. This implies a close relationship between the chemical 
structure of a substance and its taste (or smell). Taste involves 
structures of the oral cavity functionally classified as a visceral 
afferent sensation. These VA sensations travel in fibers of 
the facial [VII], glossopharyngeal [IX], and vagal [X] nerves. 
Gustatory stimuli consist of chemical molecules or ions in 
solution ingested into the mouth. The resulting stimuli play 
a role in reinforcing and eliciting human behavior.

17.2.1 Receptors

Receptors for taste are the taste buds that appear in the oral 
cavity of the fetus at about 3–4 months of prenatal age – at a 
time when the fetus begins to swallow. The injection of sac
charine into human amniotic fluid causes an increase in the 
rate of fetal swallowing. In the earliest hours of extrauterine 
life, newborns respond with facial expressions to food‐related 
chemical stimuli. This observation and other studies of the 

development of taste preferences have led to the assumption 
that humans have a natural preference for sweet tastes.

Taste buds are modified epithelial structures in the oral 
cavity on the tongue and soft palate with a few on the lips, 
pharynx, and epiglottis, particularly at birth. Most taste buds 
in adults are on the tongue and associated with specialized 
papillae of varying appearance (Fig. 17.5). These visible pro
jections account for the tongue’s characteristic rough and 
uneven surface. In their absence, the tongue is pale and 
smooth. The taste papillae exist in greater numbers at birth 
than at any other time in life. With advancing age, there is a 
gradual reduction in the number of papillae and the number 
of taste buds.

Most human papillae are specific to one class of taste 
stimuli. The tongue is divisible into different areas by taste 
sensitivities. Sensitivity is greatest at the tip of the tongue for 
sweet tastes, greatest at the sides of the tongue for salty and 
sour tastes, and greatest at the back of the tongue for bitter 
taste. The soft palate is sensitive to sour and bitter. In contrast 
to the concept that individual papilla are sensitive to only 
one taste quality is the alternative view, based on experi
ments on single human fungiform papillae, that these papil
lae possess multiple sensitivity to compounds representative 
of the four primary taste qualities. In this view, specificity, if 
it exists, is at the level of single taste buds or single receptors.

Qualities of taste

Until a century ago, there were only four primary qualities 
of taste (salt, sweet, sour, bitter), each considered as a sepa
rate modality. These modalities have specific receptors and 
travel in specific fibers along the gustatory path. However, 
there appears to be at least one other primary quality of 
taste, initially described by a Japanese chemistry professor, 
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Figure 17.5 ● (A) Dorsal surface and base of the human 
tongue including the epiglottis, showing the location of the 
specialized taste papillae. (B) Section through a circumvallate 
papilla illustrating the location and appearance of its taste 
buds. (C) Drawing of an enlarged section of the side of two 
taste buds. (Source: Adapted from Henkin, 1976, and 
Pfaffmann, 1978.)
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Kirkunae Ikeda (2002/1909), and termed umami (derived from 
the Japanese adjective umai meaning good or delicious). 
The taste is a brothy, meaty, or savory taste imparted by gluta
mate as it occurs naturally in many foods including meat, fish, 
vegetables, and dairy products. Umami plays an important 
role in making food taste delicious. McCabe and Rolls (2007) 
made the interesting observation that umami is a rich and 
delicious flavor formed by convergence of taste and olfactory 
pathways in the human brain. Based on functional neuroim
aging of umami taste, Rolls (2009) proposed that umami is 
likely a rich and delicious flavor produced by a combination 
of glutamate taste and a consonant savory odor. Glutamate is 
thus a flavor enhancer because of the way in which it can 
combine supralinearly with consonant odors in cortical areas 
in which the taste and olfactory paths converge far beyond 
their receptors. Tastes that are more complex than these five 
primary qualities stimulate a pattern of specific receptors. 
Another aspect of taste, in addition to these five primary 
qualities, is the pleasant or unpleasant quality that it arouses 
described as the pleasurable or hedonic aspects of taste.

Specialized papillae with taste buds

Three different forms of specialized papillae containing taste 
buds are identifiable in humans: the fungiform, foliate, and 
circumvallate papillae. A fourth set of papillae, termed the 
filiform papillae, lack taste buds but have a dense distri
bution on the dorsal surface of the anterior two‐thirds of the 
tongue. Taste buds on the anterior two‐thirds of the tongue 
receive their innervation through the nervus intermedius 
part of the facial nerve [VII] (Fig. 17.6). The chorda tympani 
of the facial nerve joins the lingual nerve (a branch of the 
mandibular division [V3] of the trigeminal nerve [V]) and 
travels with it to the tongue. Taste buds on the posterior third 
of the tongue receive their innervation through the glos
sopharyngeal nerve [IX] (Fig. 17.6). The borderline between 
these taste fields, termed the sulcus terminalis, runs about 
2 cm in front of the circumvallate papillae. About 1280 taste 

buds are on the folds of the foliate papillae on the lateral 
border of the posterior tongue. These foliate papillae are 
sensitive to salty and sour tastes. The foliate papillae at the 
base of the tongue and in front of the anterior palatine arch 
receive their innervation through fibers of the glossopharyn
geal nerve. Taste buds on the soft palate and the tonsil receive 
their innervation by the facial nerve (Fig. 17.6) (greater pet
rosal nerve, pterygopalatine ganglion, lesser palatine nerves). 
Each mushroom‐shaped fungiform papilla on the front of 
the tongue has three to five taste buds on its dorsal surface 
sensitive to sweet tastes. The fungiform papillae are scat
tered among these filiform papillae and are numerous at 
the anterior margin of the tongue. These papillae contain 
some taste buds into adult age. Finally, there are several to 
12 large circumvallate papillae on the posterior tongue 
containing thousands of taste buds sensitive to bitter tastes.

Stimulus removal of a taste

Tongue movement enhances stimulus removal of a taste by 
forcing liquid in and out of the troughs that surround the 
circumvallate papillae. Serous glands near the circumvallate 
papillae at the base of the tongue (von Ebner glands) pro
duce a secretion to wash away the taste stimulus. Difficulty 
in stimulus removal leads to a lingering taste sensation 
commonly referred to as a “bad taste.” Bitter aftertaste is 
most common in the back of the mouth.

Structure of taste buds

Taste buds are barrel‐shaped structures about 50 μm in diam
eter. Each taste bud consists of 40–60 cells arranged similarly 
to the staves of a barrel (Fig. 17.5). Among these 40–60 cells 
are taste cells, basal cells, and supporting cells. Such cells 
have a lifespan of about 10 days and are in a constant state of 
flux – growing, developing, and dying. Finally, new cells arise 
and take their place. The taste bud (Fig. 17.5), being open at 
the top, communicates with the tongue surface. This opening, 
called the taste pore, is a narrow channel. Each taste cell has 
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Figure 17.6 ● Sensory innervation of the taste buds on 
the soft palate, tongue (facial nerve–anterior tongue; 
glossopharyngeal nerve–posterior tongue), and the epiglottis 
(vagal nerve). (Source: Adapted from Rollin, 1977.)
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numerous microvilli extending into the taste pore. Chemical 
stimuli react at the surface of the taste cell membrane, and 
such stimuli are absorbed on the microvilli surface, causing 
conformational changes of the receptor membrane proteins. 
This causes depolarization and ultimately the development 
of a nerve impulse. Taste cells have many fine nerve endings 
that branch profusely near their base. A single taste fiber is 
likely to synapse with several taste cells in humans.

17.2.2 Primary neurons

Primary neurons in the taste path are visceral afferent neurons 
in several sensory ganglia that then provide fibers to the taste 
buds. Those in the geniculate ganglion of the facial nerve 
[VII] supply the anterior two‐thirds of the tongue through 
the chorda tympani; those in the inferior ganglion of the 
glossopharyngeal nerve [IX] supply the posterior third of 
the tongue, and those in the inferior ganglion of the vagal 
nerve [X] supply taste buds on the epiglottis (Fig.  17.6). 

On stimulation of the chorda tympani, patients describe a 
metallic or sour taste on the anterior part of the tongue. Other 
investigators have reported the production of a sweet, sour, 
bitter, salty, or a metallic taste after chemical or mechanical 
stimulation of the human chorda tympani. The most common 
complaint after section of the chorda tympani is of a metallic 
taste on the tongue. Recordings from the 2000 fibers in the 
human chorda tympani are a useful means of studying the neu
ral basis of taste sensation. Regeneration occurs in the human 
chorda tympani. Injury to both chorda results in a persistent 
metallic taste and a generally poorer taste and a dry mouth.

Processes of primary neurons

Peripheral processes of primary neurons in the gustatory 
path of humans supply the base of the taste cells. Central 
processes of these same primary neurons enter the central 
nervous system (at medullary and pontine levels) with their 
respective cranial nerve (Fig. 17.7) and ascend or descend to 
the medulla oblongata, forming a fiber bundle referred to as 
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the solitary tract. These central processes ultimately end in 
the solitary nucleus at or near the level of their entrance and 
at the levels of entrance of the facial, glossopharyngeal, and 
vagal nerves. All fibers carrying gustatory impulses, associ
ated with these cranial nerves, participate in the formation of 
the solitary tract (Fig. 17.7). There is a slight decrease in the 
cross‐sectional area of the human solitary tract with age in 
males; this suggests a decrease in taste function as well.

17.2.3 Secondary neurons

Secondary neurons in the taste path are in the solitary 
nucleus (or the nucleus of the solitary tract) that surrounds 
the solitary tract. In some cases, the solitary tract surrounds 
the nucleus. The longest and most rostral subdivision 
of  the solitary nucleus is the interstitial solitary nucleus 
(or the dorsal visceral gray or the nucleus of Nageotte). Most 
primary afferents are visceral afferents (VA) from the facial, 
glossopharyngeal, and vagal nerves (with some afferents 
from the trigeminal nerve) terminate in the solitary nucleus. 
Together the nucleus and solitary tract form a continuous 
complex whose rostral extent is at about the middle of the 
trigeminal pontine nucleus, in the middle third of the pons, 
and whose caudal extent is in the lower medulla. As fibers of 
each of these three cranial nerves enter the central nervous 
system, their visceral afferent components pass through or 
around the trigeminal spinal tract to enter and contribute to 
the solitary tract. The visceral afferent components of the 
facial nerve end in the rostral third of the solitary nucleus. 
Most of the glossopharyngeal visceral afferents end in the 
intermediate part of the solitary nucleus whereas the vagal 
visceral afferents ultimately end in the caudal third of the 
solitary nucleus. Thus central processes of primary gustatory 
neurons synapse with secondary gustatory neurons in the 
solitary nucleus. Central processes of these secondary gusta
tory neurons enter an ipsilateral path termed the ascending 
gustatory path (Fig. 17.7).

17.2.4 The ascending gustatory path

The ascending gustatory path consists of fibers from neu
rons in the longest and most rostral subdivision of the soli
tary nucleus termed the interstitial solitary nucleus (or the 
dorsal visceral gray or the nucleus of Nageotte). In the mon
key, an ipsilateral projection from the rostral or gustatory 
part of the solitary nucleus ascends as a component of the 
central tegmental tract before terminating in the parvocel
lular part of the ventral posterior medial nucleus (VPMpc) of 
the dorsal thalamus. Clinicoanatomical studies confirmed 
that the ascending gustatory path in humans (Fig. 17.7) is an 
ipsilateral path (21 patients in six separate studies) that trav
els in the pontine tegmentum (13 patients, two separate 
studies) and then enters the dorsomedial  mesencephalic 
tegmentum (two patients, one report). In one case report, 
however, the ascending gustatory path was ipsilateral in the 

medulla but then crossed in the midbrain to reach the con
tralateral dorsal thalamus. It is perhaps these fibers that 
cross to the contralateral thalamus that lead to both con
tralateral and ipsilateral taste deficits in humans that have 
been reported following lesions to the thalamus or cortex. 
The ipsilateral ascending gustatory path is substantial in 
humans. There seems to be little support in the literature for 
an ascending gustatory path in humans that travels in the 
medial lemniscus.

17.2.5 Thalamic neurons

Secondary ascending gustatory fibers terminate in the basal 
ventral medial nucleus (VMb) of the human thalamus. 
Stimulation of the human VMb in patients who are awake 
during neurosurgical procedures elicits sensations of taste in 
addition to visceral sensations such as fullness of a hollow 
internal organ. Painful and nonpainful somatic sensations 
are elicitable from VMb. Thus, the human thalamic taste area 
mediates multiple sensations in addition to taste. Gustatory 
afferents also project to the posterior part of VPM adjacent to 
the centromedian nucleus in humans. The direct projection 
from the solitary nucleus to the thalamus is followed by 
thalamocortical projections to the cerebral cortex in humans.

Thalamocortical projections

Thalamocortical fibers leave the thalamic gustatory relay 
nucleus (the basal ventral medial nucleus or VMb), pass through 
the internal capsule, and end in such cortical areas as the 
anterior insula, the opercular part of the frontal lobe, and 
the opercular part of the postcentral gyrus of the parietal 
lobe (Fig. 17.7). There appears to be some recognition of taste 
at the thalamic level in humans, particularly pleasant versus 
unpleasant aspects of taste.

17.2.6 Cortical neurons

The primary gustatory cortex (PGC) includes parts of the 
frontoparietal operculum at the base of the central sulcus (the 
opercular part of the postcentral gyrus of the parietal lobe). 
The parietal opercular part of this PGC corresponds to 
Brodmann’s area 43 (Fig. 21.7). The primary gustatory cortex 
may extend to the opercular–insular junction and onto the 
floor of the anterior part of the insula. This area is closely 
associated with the representation of the jaw, tongue, and 
intraoral part of the sensory homunculus. Short association 
fibers coursing through the extreme capsule in primates link 
the anterior part of the insula with the cortex at the base of the 
central sulcus, including the frontoparietal operculum. Onoda 
et al. (2005) studied the laterality of the human primary gus
tatory cortex (PGC) in a series of patients who had had 
unilateral severance of their chorda tympani on the right side. 
Following stimulation of the left chorda tympani with NaCl 
using a device developed for measuring gustatory‐evoked 
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magnetic fields (GEMfs), both the frequency and latency of 
PGC activation in each hemisphere were measurable. Bilateral 
responses resulted more frequently than ipsilateral or contralat
eral responses, suggesting to the authors that a unilateral 
taste signal diverges en route to the cerebral cortex before 
terminating in the PGC of both hemispheres.

Closely associated with the primary gustatory cortex is a 
secondary gustatory cortex in the anterior dorsal part of the 
insula. The latter area is involved in the subjective recognition 
of gustatory modalities. In nonhuman primates, gustatory 
impulses from the primary gustatory cortex project to the 
orbitofrontal cortex where they converge on neurons that 
also receive olfactory impulses. This convergence in the 
orbitofrontal cortex may provide the site for the cortical 
representation of flavor.

The discriminative aspects of taste require cortical parti
cipation. Along the primary gustatory cortex is a pattern of 
representation for sweet, sour, salt, and bitter (and perhaps 
umami). This area of the cerebral cortex is probably involved 
in the identification of specific substances, the comparison of 
one aspect of taste with another, and the appearance of 
gustatory hallucinations. Association fibers interconnect the 
primary gustatory areas and the adjacent gustatory associa
tion area with the amygdaloid complex and hippocampal 
formation. Recent imaging studies in humans revealed that 
the pleasant and unpleasant aspects of taste activate the 
amygdaloid complex. The basolateral amygdaloid nucleus 
receives some gustatory input and receives olfactory fibers, as 
does the anterior part of the insula. Such olfactory–gustatory 
correlations occurring in the amygdaloid complex come to 
expression as appetite –  the more discriminative aspects of 
feeding. Therefore, injuries to the amygdaloid complex or 
hippocampal formation often lead to perversions of appetite.

17.2.7 Injuries to the gustatory system

Gustatory auras

A gustatory aura involves the subjective experience of gusta
tory symptoms that precede a seizure or a migraine headache. 
Such gustatory auras may be illusions (a perversion or 
misperception of a taste – mistaking something for what it is 
not) or hallucinations (the subjective perception of gustatory 
sensation when no gustatory stimulus or sensation is present). 
A patient with an anterior insular tumor described a bitter 
taste in his mouth preceding his seizures. Another patient 
with vascular injury to the inferior part of the postcentral 
gyrus had seizures preceded by an aura of a sour–bitter taste. 
Migraine sufferers may experience gustatory symptoms that 
are present before their headaches start. Irritative injuries to 
the frontal opercular side of the rostral part of the insula 
yield a gustatory aura.

Ageusia, hypogeusia, and parageusia

The loss of the ability to taste sweet, sour, bitter, salty, or 
umami is termed ageusia whereas a diminution or blunting 

of any of these tastes is termed hypogeusia. Perversions of 
taste or confusion about taste (sweet substances perceived as 
salty) is termed parageusia. The US National Institute on 
Deafness and Other Communication Disorders (NIDCD) 
reported that although more than 200 000 people visit a 
physician for taste disorders each year, many more taste 
disorders go unreported. Although some people are born 
with disorders of taste, most develop them after an injury or 
illness. Any process that coats the surface of the tongue is 
likely to have an effect on taste. With age or with decreased 
salivary gland function, there is likely to be a diminution of 
taste. Excessive smoking, oral and perioral infections, dental 
procedures, and oral appliances often affect taste, as do 
certain medications such as angiotensin‐converting enzyme 
inhibitors that are associated with decreased sense of taste 
and a strongly metallic, bitter, or sweet taste. Patients receiv
ing radiation therapy for cancers of the head and neck often 
develop disorders of taste.

Injury to the glossopharyngeal nerve results in the loss of 
taste on the posterior tongue and along the base of the tongue 
(including the foliate papillae). Surgical section of the chorda 
tympani causes unilateral ageusia on the anterior two‐thirds 
of the tongue. Involvement of the facial nerve as in Bell palsy 
may lead to gustatory disturbances. Pressure on the facial 
trunk with a growing cerebellopontine angle tumor often 
leads to taste deficits on the anterior tongue. Hypogeusia at 
the base of the tongue is often a component of glossopharyn
geal neuralgia.

Familial dysautonomia is a rare, inherited disease with 
many neurological signs and symptoms. One of these is the 
inability to taste. Affected patients have an absence of fungi
form and circumvallate papillae. This is the only consistent 
structural sign in this disease allowing a positive diagnosis 
of this condition (even in premature infants).

Flavor

As was noted in the discussion of injuries to the olfactory 
system, some patients with demonstrable olfactory deficits 
also describe a concomitant deficit of taste. Because these 
two senses often occur simultaneously and are difficult to 
separate, a useful term for olfactory and gustatory sensations 
that interact is flavor. Event‐related fMRI imaging revealed 
the brain representation of flavor is in the lateral part of the 
anterior orbitofrontal cortex. The medial part of the orbito
frontal cortex appears to be the cortical representation of the 
pleasantness of the olfactory and taste stimuli and their 
combinations. The simultaneous appearance of both olfactory 
and gustatory auras does occur, but only rarely. One patient 
thought he had smelled and tasted peaches. On another 
occasion, the same patient reportedly described smelling and 
tasting roasted peanuts. McCabe and Rolls (2007) made the 
interesting observation that umami is a rich and delicious 
flavor formed by convergence of taste and olfactory path
ways in the human brain. Using functional brain imaging 
with fMRI, they showed that the glutamate taste and savory 
odor combination produced much greater activation of the 
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medial orbitofrontal cortex and pregenual cingulate cortex 
than the sum of the activations by the taste and olfactory 
components presented separately.

Miracle fruit

A fascinating aspect of the subject of taste is the observation 
that gymnemic acid, a naturally occurring plant substance, 
blocks the sweet taste of sugar and saccharin in humans. 
This completely suppresses the human response to sweet 
substances without affecting responses to salty, acid, or bitter 
stimuli. Experiments in humans revealed that pre‐rinsing 
with gymnemic acid makes stimuli that are primarily sweet 
tasting more difficult to identify. The red berries of a shrub 
native to West Africa, known as miracle fruit, also have an 
interesting property. After chewing these berries for some 
time, sour food and dilute mineral and organic acids have 
a sweet taste without affecting the bitter, salty, or sweet 
response. This observation is due to the presence of a taste‐
modifying protein, miraculin, in the fruit. Yamamoto et  al. 
(2006) used taste‐elicited magnetic fields to study the cortical 
representation of taste‐modifying action of miracle fruit in 
humans. Initial taste responses were localizable to the area 
of the primary gustatory cortex in the fronto‐parietal oper
cular/insular cortex. However, the sourness component of 
citric acid decreases at the level of subcortical relays. The 
authors suggested that the primary taste area participates in 
the qualitative aspect of taste whereas a pattern of activation 
among different cortical areas is associated with the affective 
aspect of taste.
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It is proposed that the hypothalamus, the anterior thalamic nuclei, the gyrus 
 cinguli, the hippocampus, and their interconnections constitute a harmonious 
mechanism which may elaborate the functions of central emotion, as well as 
participate in emotional expression … as a unit within the larger architectural 
mosaic of the brain.

James W. Papez, 1937
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The Limbic System

18.1 HIStOrICAL ASPeCtS
Broca (1878) divided the human brain into two parts: an 
intelligent part, consisting of the cerebral cortex, and a brutal 
part that he referred to as “le grand lobe limbique.” The latter 
part forms a tennis racket‐shaped ring or limbus [Latin: 
border] of gray matter whose handle corresponds to the 
olfactory bulb and tract. The frame of this tennis racket cor
responds to those nuclear groups that encircle medial parts 
of the cerebral hemisphere. This brutal part of the brain was 
termed the “seat of those lower faculties which predominate 
in the beast.”

Papez (1937) published a paper entitled “A proposed 
mechanism of emotion” in which he suggested that this wall 
of gray matter along the medial surface of each cerebral 
hemisphere participates in the balance and control of emo
tion. He further suggested that this region constitutes “a 
harmonious mechanism which may elaborate the functions 
of central emotion and participate in emotional expression.” 
Note the distinction between emotion and emotional expres
sion, as this chapter concludes with comments related to the 
possible role of the limbic system in three aspects of human 
emotion. Papez also emphasized a cyclic path forming the 
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functional basis for emotion. Since his idea was not well 
accepted, Papez never referred to the topic of emotion in 
his later writings.

In a discussion of “motility, behavior, and the brain,” 
Yakovlev (1948) postulated three neuronal coordinates of 
behavior: (1) an innermost entopallium, responsible for vis
ceral function; (2) an intermediate mesopallium, responsible 
for emotional expression; and (3) an outermost ectopallium 
involved in effectuating or transforming emotions into acts.

MacLean (1952) described the Papez circuit as the  “visceral 
brain.” He later proposed the term “limbic system” as the 
anatomical substrate of emotion and behavior. Since a great 
deal of emotional expression is of a visceral or autonomic 
nature, MacLean suggested that this system dominates the 
sphere of visceral activity. He therefore linked the term 
“limbic system” with medial hemispheric areas involved in 
the balance and control of emotion and emotional expression. 
Lastly, he suggested that limbic epilepsy should provide a 
link between neurology, psychology, and psychiatry.

18.2 ANAtOMY OF tHe LIMBIC SYSteM
The term limbic system includes a number of brain areas 
(Fig. 18.1) such as the olfactory system, the septal area (ventral 
part of the subcallosal area), and the mamillary bodies of the 
hypothalamus (Fig. 19.1). Also part of the limbic system is 
the anterior nuclear group of the thalamus, the hippocam
pal formation, and the amygdaloid complex. Other constit
uents of the limbic system are the cingulate gyrus with its 
associated fiber bundle the cingulum, and certain cortical 
areas termed the limbic association areas that influence 
structures of the limbic system. Others might include addi
tional areas not named here. Still others regard certain of 
these limbic brain areas (such as the hippocampal forma
tion and amygdaloid complex) as independent functional 

systems rather than as conspicuous parts of the limbic system. 
The anatomical relationships among these structures in 
humans are elegantly demonstrated using functional imag
ing methods.

18.2.1 Olfactory system

Parts of the olfactory system included in the limbic system 
are the olfactory epithelium with olfactory cells and fila, each 
olfactory bulb, tract, stria, and trigone. The area behind the 
olfactory trigone, penetrated by numerous small blood ves
sels and called the anterior perforated substance (Fig. 17.2), 
corresponds to the tuberculum olfactorium. The tuberculum 
includes that part of frontal cortex posterior and medial to 
the olfactory tract that has a trilaminar organization. That 
part of the cerebral hemisphere of the frontal lobe posterior 
and lateral to the olfactory tract is the prepiriform cortex. 
This area of cerebral cortex extends caudally to blend into the 
amygdaloid complex.

18.2.2 Septal area

On the medial surface of each cerebral hemisphere, inferior 
to the rostrum of the corpus callosum, anterior to the lamina 
terminalis, and superior to the anterior perforated substance, 
is the subcallosal area (Fig.  18.1). The subcallosal area is 
divisible into dorsal and ventral parts. The dorsal part of the 
subcallosal area, termed the subcallosal gyrus, is continuous 
with the cingulate gyrus whereas the ventral part of the 
subcallosal area includes the septal area that corresponds to 
Brodmann’s area 25. The septal area includes the septal 
nuclei, the nucleus of the diagonal band of Broca, and the 
nucleus accumbens (Fig. 16.3, AC).

Splenium of
corpus callosum

Trunk of
corpus callosum Cingulate gyrus

Genu of corpus
callosum

Rostrum of
corpus callosum

Olfactory bulb

Subcallosal area

Mamillary
body

Uncus

Parahippocampal
gyrus

Isthmus of
cingulate gyrus

Figure 18.1 ● Limbic areas of the human brain (in yellow) 
on the medial surface of the cerebral hemisphere.
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18.2.3 Mamillary bodies of the hypothalamus

The mamillary bodies (Fig.  18.1), which are rostral to the 
interpeduncular fossa, form a protuberance on the ventral 
surface of the hypothalamus. An extremely large fiber bundle 
of the limbic system, the fornix (Figs 18.2 and 19.1), ends in the 
mamillary bodies (Fig. 19.1). The mamillary bodies of chronic 
alcoholics often show a loss of myelinated fibers with decreased 
levels of cerebrosides, cholesterol, and phospholipids.

18.2.4 Anterior nuclei of the thalamus

The anterior nuclei, at the rostral end of that structure, receive 
sensory impulses from the mamillary bodies of the hypothala
mus by way of the mamillothalamic tract (Fig. 18.2). Impulses 
from the anterior nuclear group project to the cingulate gyrus 

over thalamocingulate fibers (Fig. 18.2). The anterior nuclear 
group is therefore a relay nucleus in the limbic system con
necting two parts of the diencephalon  –  the thalamus and 
hypothalamus.

18.2.5 Hippocampal formation

The collateral sulcus separates the parahippocampal gyrus 
(Fig. 18.1), on the inferior surface of each cerebral hemisphere 
and the medial surface of each temporal lobe, from the occipi
totemporal gyrus. Part of the parahippocampal gyrus projects 
into the temporal horn of the lateral ventricle. Several shallow 
grooves indent its anterior part, giving it the appearance 
of the paw of an animal and giving rise to the term “pes 
hippocampi.” Coronal sections through the parahippocampal 
gyrus (Fig.  18.3) reveal four easily recognizable internal 

Cingulum

Stria
terminalis

Mamillothalamic
tract

Fornix
Anterior nuclei

Thalamo-
cingulate
fibers

Figure 18.2 ● Some connections of the limbic areas of the human brain. Nearby cortical areas in the frontal and parietal lobes (indicated by the asterisks) have a 
major influence on limbic structures. The limbic structures that receive or project these connections are labeled on Fig. 18.1.
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Figure 18.3 ● Coronal section through the parahippocampal gyrus. (Source: DeArmond et al., 1989. Reproduced with permission of Oxford University Press.)
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features collectively termed the hippocampal formation. 
These structures include the dentate gyrus, hippocampus 
proper (“hippocampus”), subiculum, and parahippocampal 
gyrus (Fig. 18.3).

The hippocampus proper or cornu Ammonis (Ammon’s 
horn) is more generally termed the hippocampus. It includes 
four cellular areas designated CA1, CA2, CA3, and CA4. The 
human CA1 is about 30 cells in thickness. The subiculum is 
actually a complex that includes the subiculum proper, pre
subiculum, prosubiculum, and parasubiculum. The parahip
pocampal gyrus includes an anterior part consisting of the 
entorhinal cortex and the perirhinal cortex (Figs  18.4, 18.5, 
18.6, 18.7, and 18.8) and a posterior part (Figs 18.9 and 18.10). 
Coronal sections through the hippocampal formation 

(Figs 18.4, 18.5, 18.6, 18.7, 18.8, 18.9, 18.10, and 18.11) reveal its 
internal complexity including the dentate gyrus (Figs 18.7 and 
18.8), the cellular areas of the hippocampus (Figs 18.7, 18.8, 
18.9, and 18.10), the subiculum (Figs 18.7, 18.8, 18.9, and 18.10), 
and the various components of the parahippocampal gyrus.

The entorhinal cortex lies within the rhinal sulcus (hence 
its name) and corresponds to Brodmann’s area 28 (Figs 18.4, 
18.5, 18.6, 18.7, and 18.8). The lateral boundary of the human 
entorhinal cortex is the rhinal sulcus and its medial boundary 
is the uncus (Fig.  18.6). The human entorhinal cortex may 
have 8–27 cytoarchitectonic subdivisions. This six‐layered 
cortex represents an atypical or transitional type of cortex. 
The entorhinal cortex has interconnections with association 
areas of the cerebral cortex and is an early target in Alzheimer 
disease. It would be interesting to determine what effect, if 
any, damage to these interconnections has on the early symp
toms of Alzheimer disease. In the monkey, the entorhinal 
cortex receives input from the olfactory bulb, cingulate cortex, 
insula, orbitofrontal cortex, superior temporal cortex, para
hippocampal cortex, and perirhinal cortex. This cortical input 

cc

Cd
ic

ic
Pu

GPe

ac

Un BM
La

Ent

PRC

FuG

ITG

Ins
CI

Figure 18.4 ● Coronal section through the center of the anterior commissure 
in the human brain. The basomedial (BM) and lateral (La) amygdaloid nuclei 
are present at this level deep to the uncus (Un) and are colored purple. The 
anterior part of the parahippocampal gyrus (PHG), shown in pink, includes the 
entorhinal cortex (Ent) and the perirhinal cortex (PRC). (Source: Mai et al., 
2004. Reproduced with permission of Elsevier.) Nonamygdaloid and 
nonhippocampal abbreviations for Figs 18.4–18.11: ac, anterior commissure; 
cc, corpus callosum; Cd, caudate nucleus; Cl, claustrum; cos, collateral sulcus; 
cp, cerebral peduncle; FuG, fusiform gyrus; GPe, globus pallidus externus; GPi, 
globus pallidus internus; H1, thalamic fasciculus (field H1); H2, lenticular 
fasciculus (field H2); ic, internal capsule; Ins, insula; ITG, inferior temporal 
gyrus; MB, mamillary body; Pu, putamen; rhs, rhinal sulcus; RN, red nucleus; 
scc, splenium of the corpus callosum; SN, substantia nigra; STh, subthalamic 
nucleus; tCd, tail of the caudate; Th, thalamus; TLV, temporal horn of the lateral 
ventricle; TrLV, trigone of the lateral ventricle; ZI, zona incerta.
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Figure 18.5 ● Coronal section through the human brain about 4 mm posterior 
to the center of the anterior commissure. The anterior cortical (ACo), basomedial 
(BM), basolateral (BL), central (Ce), lateral (La), and medial (Me) amygdaloid 
nuclei are present at this level deep to the uncus (Un) and are colored purple. The 
anterior part of the parahippocampal gyrus (PHG), shown in pink, includes the 
entorhinal cortex (Ent) medially and the perirhinal cortex (PRC) laterally. 
(Source: Mai et al., 2004. Reproduced with permission of Elsevier.)
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reaches the hippocampal formation by way of its interconnec
tions with the entorhinal cortex. In this regard, the entorhinal 
cortex is been termed the “gateway to the hippocampus.” 
Stimulation of the hippocampal formation in humans causes 
an alerting effect on many cortical areas. Functionally, the hip
pocampal formation is part of the limbic system, playing an 
important role in that aspect of memory often described as 
“declarative memory.” Declarative memory is that aspect of 
human memory involving the storage of facts and experi
ences that can be consciously discussed, or declared.

18.2.6 Amygdaloid complex

On the medial aspect of the temporal lobe, at the anterior 
tip of the parahippocampal gyrus, and in the rostromedial 
wall of the temporal horn of the lateral ventricle, is the 
uncus (Fig.  18.1). Coronal sections through the uncus and 
hippocampal formation (Figs 18.4, 18.5, 18.6, 18.7, 18.8, 18.9, 
18.10, and 18.11) reveal the underlying amygdaloid complex 

that eventually fuses with the tail of the caudate nucleus 
(Fig. 16.3). The amygdaloid complex consists of a number of 
named nuclei (Table 18.1) broken down into the following 
four major nuclear groups: the corticomedial, central, and 
basolateral nuclear groups and a number of transition areas. 
The terminology applied to the human amygdaloid com
plex and used by different investigators can be challenging 
even to the experienced neuroscientist. The corticomedial 
nuclear group or superficial nuclei include the anterior amyg
daloid area, cortical (Figs  18.5, 18.6, and 18.7), and medial 
amygdaloid nuclei (Figs  18.5 and 18.7), the nucleus of the 
lateral olfactory tract and the periamygdaloid cortex. The 
central nuclear group includes the central amygdaloid nucleus 
(Figs  18.5, 18.6, and 18.7) and the interstitial amygdaloid 
nucleus. The basolateral nuclear group includes the lateral 
(Figs 18.4, 18.5, and 18.6), basolateral (Figs 18.5, 18.6, and 18.7), 
and basomedial (Figs 18.4, 18.5, 18.6, and 18.7) amygdaloid 
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Figure 18.6 ● Coronal section through the human brain about 8 mm posterior 
to the center of the anterior commissure. The basomedial (BM), basolateral (BL), 
central (Ce), lateral (La), medial (Me), and posterior cortical (PCo) amygdaloid 
nuclei are present at this level deep to the uncus (Un) and are colored purple. The 
anterior part of the parahippocampal gyrus (PHG), shown in pink, includes the 
entorhinal cortex (Ent) medially and the perirhinal cortex (PRC) laterally. The 
rostral part of the hippocampus (H) is also present at this level and is shown in 
pink. (Source: Mai et al., 2004. Reproduced with permission of Elsevier.)

cc Cd

ic

Th

ZI
H2

STh

SN
MB

Pu

GPe

GPi

Un

BM
Me

st stAHi
BL

CA1

DG

S

TLV
H

CePCo

Ent
PRC

PHG

cos FuG

ITG

CI

Ins

Figure 18.7 ● Coronal section through the human brain about 12 mm 
posterior to the center of the anterior commissure. The amygdalohippocampal 
area (Ahi), basomedial (BM), basolateral (BL), central (Ce), medial (Me), and 
posterior cortical (PCo) amygdaloid nuclei and the stria terminalis (st) are 
present at this level deep to the uncus (Un) and are colored purple. The anterior 
part of the parahippocampal gyrus (PHG), shown in pink, includes the 
entorhinal cortex (Ent) medially and the perirhinal cortex (PRC) laterally. The 
cellular area (CA1) of the hippocampus proper, the dentate gyrus (DG), the 
rostral part of the hippocampus (H), and the subiculum (S) are present at this 
level and shown in pink. (Source: Mai et al., 2004. Reproduced with permission 
of Elsevier.)
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nuclei. The transition areas (TA) include the amygdaloclaus
tral TA, the amygdalohippocampal TA (Fig. 18.7), the amyg
dalopiriform TA, and the amygdalostriatal TA. Figures 18.4, 
18.5, 18.6, 18.7, 18.8, 18.9, 18.10, and 18.11 illustrate the amyg
daloid nuclei as they appear on coronal sections through the 
cerebral hemisphere.

In general, the nuclei of the amygdaloid complex have 
dense intrinsic and extrinsic nuclei. There are several func
tional systems with important connections involving the 
amygdaloid complex. These include (1) connections between 
the olfactory system, amygdaloid complex, and hypothala
mus; (2) the autonomic nervous system with the central 
nucleus and the brain stem; and (3) the frontal and temporal 
cortices with the deep nuclei (lateral and basolateral amyg
daloid nuclei). The deep nuclei have important and recipro
cal connections with the nucleus basalis of Meynert. The 
intrinsic connections of the primate amygdaloid complex are 
such that information seems to flow from the deep nuclei to 
the superficial nuclei.

The principal efferent paths of the amygdaloid com
plex in humans are the stria terminalis and the ventral 

amygdalofugal path. The stria terminalis is an important 
fiber bundle projecting from the cortical and medial nuclei 
and also from the basolateral and basomedial nuclei of the 
amygdaloid complex to the hypothalamus and septal area. 
The ventral amygdalofugal path connects the medial amyg
daloid nucleus with the hypothalamus. It leaves the dorso
medial aspect of the amygdaloid complex, travels inferior to 
the globus pallidus (adjacent to the ansa lenticularis and the 
nucleus basalis of Meynert) and enters the hypothalamus at 
the level of the anterior commissure.

These connections allow the amygdaloid complex to 
stand at a crossroads integrating exteroceptive, intero
ceptive, autonomic, and sensory information. This infor
mation, in turn, is able to influence diverse areas of the 
brain such as the cortex, thalamus, hypothalamus, and 
brain stem.

18.2.7 Cingulate gyrus and cingulum

The cingulate gyrus, ventral to the cingulate sulcus and 
dorsal to the trunk of the corpus callosum, follows the 
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Figure 18.8 ● Coronal section through the human brain about 16 mm 
posterior to the center of the anterior commissure. Only a very small part of the 
amygdala (AMG) and the stria terminalis (st) are present at this level and are 
colored purple. The anterior part of the parahippocampal gyrus (PHG) and the 
entorhinal cortex (Ent) are shown in pink. Deep to the uncus the cellular areas 
CA1, CA2, and CA3 of the hippocampus proper are visible and shown in pink, 
as is the dentate gyrus (DG). (Source: Mai et al., 2004. Reproduced with 
permission of Elsevier.)
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Figure 18.9 ● Coronal section through the human brain about 23.9 mm 
posterior to the center of the anterior commissure. Only the stria terminalis 
(st) is present at this level (colored purple) as it leaves its origin in the 
amygdala. The posterior part of the parahippocampal gyrus (PHG) is shown 
in pink, as are the subiculum (S) and the cellular areas CA1, CA2, and CA3 
of the hippocampus proper. (Source: Mai et al., 2004. Reproduced with 
permission of Elsevier.)
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Figure 18.10 ● Coronal section through the human brain about 31.9 mm 
posterior to the center of the anterior commissure. The posterior part of the 
parahippocampal gyrus (PHG) is shown in pink, as are the subiculum (S) and 
the cellular areas CA1, CA2, and CA3 of the hippocampus proper. Also shown 
is the fimbra of the hippocampus (fi). (Source: Mai et al., 2004. Reproduced 
with permission of Elsevier.)
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Figure 18.11 ● Coronal section through the human brain about 42.2 mm 
posterior to the center of the anterior commissure. As the thalamus has now 
disappeared, the remaining structures of the hippocampal formation (shown in 
pink) include the posterior part of the parahippocampa gyrus (PHG) and the 
cellular areas CA1 and CA2 of the hippocampus proper. These structures 
impinge on the trigone of the lateral ventricle (TrLV) at this point and to some 
degree are tucked under the splenium of the corpus callosum (scc). (Source: 
Mai et al., 2004. Reproduced with permission of Elsevier.)

table 18.1 ● Nuclei of the amygdaloid complex in humans.

Nuclear group Abbreviation

 I. Corticomedial nuclear group (superficial nuclei) CoMeNG

Anterior amygdaloid area AAA
Cortical amygdaloid nucleus Co
Medial amygdaloid nucleus Me
Nucleus of the lateral olfactory tract NLOT
Periamygdaloid cortex PAC

  II. Central nuclear group CeNG

Central amygdaloid nucleus Ce
Interstitial (intercalated) amygdaloid nuclei I

III. Basolateral nuclear group (deep nuclei) BLNG

Basolateral (basal) amygdaloid nucleus BL
Basomedial (accessory basal) amygdaloid nucleus BM
Lateral amygdaloid nucleus La

   V. Transition areas TA

Amygdaloclaustral transition area ACl
Amygdalohippocampal transition area AHi
Amygdalopiriform transition area AP
Amygdalostriatal transition area AStr

Source: Terminologia Anatomica (Federative Committee on Anatomical Terminology, 1998) and Mai et al. (2008).
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contour of the corpus callosum (Fig.  18.1). Caudal to the 
splenium of the corpus callosum, the cingulate gyrus narrows 
into the cingulate isthmus, which connects the cingulate 
gyrus with the parahippocampal gyrus of the temporal 
lobe (Fig.  18.1). The cingulum is a prominent association 
bundle in the  cingulate gyrus (Fig. 18.2). This bundle of long 
and short association fibers carries impulses to and from the 
parahippocampal gyrus. Thalamocingulate fibers from the 
anterior nuclei of the thalamus bring impulses to the cingu
late gyrus. Through fibers of the cingulum, the cingulate 
gyrus connects to the subcallosal area (including the sub
callosal gyrus and the septal area) and to limbic structures 
in the temporal lobe such as the hippocampal formation 
and amygdaloid complex. The cingulum also connects the 
cingulate gyrus with cortical areas in the frontal, parietal, 
and occipital lobes.

18.2.8 Cortical areas

Limbic association areas include parts of the anterior 
temporal, cingulate, insular, orbital frontal, and parahip
pocampal cortex.

18.3 CYCLIC PAtHS OF tHe LIMBIC SYSteM
A cyclic path underlies the functioning and connects the 
principal components of the limbic system. This cyclic limbic 
path is essentially a reinforcing system. Figure 18.1 illustrates 
the limbic areas of the brain whereas Fig. 18.2 illustrates the 
links in the cyclic limbic path. Starting from the mamillary 
body of the hypothalamus (Fig.  18.1), the mamillothalamic 
tract (Fig. 18.2) projects impulses to the anterior nuclei of 
the thalamus. From the anterior nuclear group, thalam
ocingulate fibers (Fig. 18.2) project to the cingulate gyrus 
(Fig. 18.1). The cingulum (Fig. 18.2), an association bundle 
in the cingulate gyrus, proceeds to the parahippocampal 
gyrus (Fig. 18.1). Short association fibers interconnect this 
gyrus with the hippocampal formation and amygdaloid 
complex that lie deep to the uncus (Fig. 18.1).

The fornix (Fig. 18.2) completes this cyclic path as it arises 
in the hippocampal formation in the parahippocampal gyrus 
(Fig. 18.1) and passes posteriorly towards the medial wall 
of each cerebral hemisphere. Fibers of the fornix leave the 
caudal aspect of the hippocampus as a flat band of fibers that 
progressively thickens to form the crus of the fornix. Fibers 
of the crus then turn upwards and forwards to pass beneath 
the corpus callosum toward the medial wall of each hemi
sphere. In so doing they form the trunk of the fornix. The 
fibers of the trunk continue anteriorly and descend as the 
columns of the fornix (Fig.  19.1) with some of the fornix 
fibers passing in front of the anterior commissure (Fig. 19.1), 
as precommissural fibers, to reach the septal area where they 
terminate. Other postcommissural fornix fibers end in the 
mamillary bodies of the hypothalamus (Fig.  19.1). This 
prominent fiber bundle of the limbic system includes about 
2.7 million fibers (twice the number of fibers in each optic 

nerve and twice the number of fibers in each pyramidal 
tract). Septohippocampal connections and hippocamposep
tal connections occur through the fornix. Another link in 
the cyclic path is the stria terminalis (Figs 17.4 and 18.2), an 
efferent bundle interconnecting nuclei of the amygdaloid 
complex with the septal area and the preoptic and anterior 
hypothalamus along the medial wall of each cerebral hemi
sphere (Fig.  17.4). From the corticomedial and basolateral 
nuclear groups of the amygdaloid complex, the stria termi
nalis sends fibers along the tail of the caudate forwards to 
the anterior commissure (Fig. 17.4). Precommissural fibers 
of the stria travel in front of the anterior commissure to reach 
the septal area (Fig. 17.4; the ventral part of the subcallosal 
area). Other postcommissural fibers from the stria travel 
behind the anterior commissure to enter the mamillary body 
of the hypothalamus (Figs  17.4 and 19.1). Discharge and 
redischarge of impulses throughout this cyclic limbic circuit 
builds up and enhances these same impulses at various 
points along the circuit.

In humans, cortical areas have a major influence on limbic 
structures. In particular, this includes the cortex in the frontal, 
parietal, and temporal lobes, connected by way of the cingu
lum with the subcallosal area, the cingulate gyrus, and the 
parahippocampal gyrus. Such connections are afferent and 
efferent as well as excitatory and inhibitory. These interrelat
ing systems are infinitely complex, as is some of the behavior 
they underlie. Cortical interaction with and in these limbic 
areas is significant in humans. Cortical maturation, particu
larly of association areas, depends on genetics, environment, 
education, and experience. These influences are noteworthy 
when considering limbic system function.

There is a balance between the limbic system on the 
one hand and association areas of the cerebral cortex on 
the other, based on the connections between them. The 
outcome of the interaction between these areas results in 
the expression of emotion manifested as observable beha
vioral responses including autonomic and extrapyramidal 
responses. Although association areas of the cerebral cortex 
are intact, they may not function properly unless activated 
by the cyclic limbic paths.

18.4 tHe HUMAN LIMBIC SYSteM: 
A CASe StUDY
Examination of the brain of a 64‐year‐old male with an 
8‐year history of progressive neurological deterioration, 
including dementia, impaired cognition and affect, and 
autonomic dysfunction, demonstrates the synaptic organi
zation of the limbic system in humans (Fig.  18.12). There 
was diffuse atherosclerosis of the cerebral blood vessels that led 
to a cerebral infarction and the resulting signs and symptoms. 
Through a process of anterograde transneuronal degeneration, 
the cyclic limbic path was identifiable from the hippocampal 
formation in the left temporal lobe to the anterior nuclei of 
the thalamus (Fig. 18.12). The array of autonomic dysfunctions 
included polydipsia, polyuria, dehydration, tachycardia, 
hyperventilation, anorexia, severe cachexia, excessive gastric 
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secretions, bowel and bladder incontinence, insomnia, lethargy, 
stupor, reversal of day/night sleep pattern, paranoia, agita
tion, mood changes, and decreased libido.

18.5 DeSCeNDING LIMBIC PAtHS
The limbic system exerts its influence on lower levels of the 
nervous system through its descending efferent paths. These 
descending limbic paths include the habenulopeduncular 
tract, the dorsal longitudinal fasciculus, and the mamilloteg
mental and tegmentospinal paths.

The habenulopeduncular tract is a descending epitha
lamic discharge path to the tegmentum of the midbrain and 
spinal cord. Its discharge to spinal levels is through the dor
sal longitudinal fasciculus (DLF). The DLF extends from the 
hypothalamus interrelating olfactory and gustatory impulses 
involved with feeding, and then discharges such impulses to 
various preganglionic parasympathetic and motor nuclei of 
the brain stem. These connections form part of the efferent or 
output side of the limbic system.

The dorsal longitudinal fasciculus is a discrete bundle of 
fibers in the periaqueductal gray of the midbrain. As it 
descends through the brain stem, it ends in these nuclei: the 
accessory oculomotor nucleus, trigeminal motor nucleus, 
facial nucleus, superior and inferior salivatory nuclei, dorsal 
vagal nucleus, nucleus ambiguus, and hypoglossal nucleus. 
Through these connections, the DLF discharges to nuclei 

related to eating (that influence salivary and digestive glands) 
and to nuclei that innervate nonstriated muscle of the gastro
intestinal tract (for peristalsis). This path also regulates 
neurons associated with overt emotional expression such as 
smiling or frowning (facial nucleus), tears and their production 
(lacrimal nucleus), and neurons underlying other accompany
ing movement and autonomic responses.

The mamillotegmental and tegmentospinal paths provide 
for discharge to preganglionic sympathetic neurons in the 
spinal cord. These are essentially hypothalamotegmental 
paths that travel in the ventrolateral part of the tegmentum 
of the midbrain discharging impulses from the hypothalamus 
to nuclei in the spinal cord that regulate body temperature.

18.6 FUNCtIONAL ASPeCtS OF tHe HUMAN 
LIMBIC SYSteM

18.6.1 Emotion

The limbic system participates in aspects of two very 
complex brain functions: emotion and memory. The term 
emotion refers to our private world of feeling or mood. 
Humans are capable of experiencing and remembering a 
wide range of emotions, including happiness, fear, anger, 
sadness, and disgust. The limbic system modulates both 
internally and externally derived input in order to participate 
in the elaboration of emotion and in the memory of events 
with emotional significance. The efferent side of emotion and 
emotional memories is emotional expression, which has 
somatic and autonomic components to it. The connections of 
the amygdaloid complex with the autonomic nervous system 
are important with regard to these autonomic components of 
emotional expression. Emotion is what we feel and emo
tional expression is the demonstration of such feelings that 
are visible to others as our behavioral responses. This dif
ference between our emotion and the expression of that 
emotion is likely due to the influences of overlying limbic 
association areas of the cerebral cortex that are able to moni
tor the expression of our emotions. It is possible for humans 
to control, monitor, and mask their emotions such that the 
expressions others see may not be an accurate reflection of an 
individual’s true state of emotion. So while my students are 
all smiling at me during a lecture, they may in fact be frown
ing on the inside because of a difficult test that I have just 
given them. Thus in humans the expression of emotion may 
bear little relationship to the actual feelings or emotions 
themselves. Obviously, some individuals are very good at 
controlling or masking the expression of their emotions 
whereas others are much less so.

Injuries to various parts of the limbic system become 
apparent to others through our expression of emotion or 
behavior. Therefore, violent, aggressive, restless, assaultive, 
or destructive behaviors often follow limbic system injury. In 
addition, mood disturbances such as anxiety, fear, guilt, or 
altered affective tone are likely to be present. Such abnormal 
behavior usually has a distinctive autonomic character to it, 
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Figure 18.12 ● Anterograde transneuronal degeneration in the human 
limbic system. (Source: Torch et al., 1977. Reproduced with permission of 
Wolters Kluwer Health.)
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including oral tendencies, altered feeding and sexual behavior 
(either increased or decreased sexual behavior), disturbances 
of water balance, temperature regulation, altered sleep–
wake cycle, and respiratory and cardiovascular changes. 
Neuroendocrine disturbances often accompany limbic sys
tem disorders because of the interrelation between the limbic 
system and the hypothalamus. Those with limbic system 
disorders often lose the capacity to experience or express 
emotion.

In addition to an individual’s experience of emotion, mem
ory of emotional events, and the expression of emotion, there 
is another element, namely the recognition of emotion, in us 
and in others. All of these aspects of emotion likely involve 
different elements of the human limbic system linked 
together and functioning in concert. In this regard, we note 
that the human amygdaloid complex plays a vital role in 
recognizing facial expressions of fear and becomes active 
during facial expressions of contempt. The involvement of 
the hippocampal formation in the consolidation and recall 
of memories and, in this case, the recall of memories associ
ated with negative consequences allows humans to make 
appropriate responses to aversive and stressful events. On 
the one hand, the appropriate response may be nothing more 
than the conscious awareness that the situation, although 
unpleasant or uncomfortable, is not threatening or worthy of 
action. On the other hand, the appropriate response may 
consist of behaviors or expressions of emotion with both 
visceral and motor responses that move us away from threat
ening circumstances or people. Clearly, human emotions are 
an extraordinarily complex topic, as is their anatomical and 
physiological foundations. Papez may not have been too far 
off in his description of the limbic system and its component 
parts as “a harmonious mechanism which may elaborate the 
functions of central emotion and participate in emotional 
expression.”

18.6.2 Memory

Another important function of the limbic system is that of 
cortical activation or reinforcement, particularly as it relates 
to the learning of new information, the storage of learned 
information (memory), and the recall of that information. 
Declarative memory is that aspect of human memory involving 
the storage of facts and experiences that can be consciously 
discussed, or declared. Declarative memory may be episodic 
or semantic. Episodic memory relates to daily experiences, 
events, or episodes that occur at a specific time and place 
(e.g., I remember that I had cereal and fruit for breakfast this 
morning). These events can be recent or remote (past). 
Semantic memory, also termed propositional memory, 
relates to facts and learned general knowledge of the world 
that are independent of time and place (e.g., I remember that 
the United States has sent a man to the Moon). There are other 
interesting aspects of normal memory and of forgetting. For 
example, as time passes, our memory gradually fades or 
becomes less accessible, a phenomenon called transience. 

In Alzheimer disease, impairment of recent memories is more 
likely than impairment of remote memories.

Memory is a complex function of neurons interlocked 
with one another at special regions of convergence and 
synapse. Disturbances of memory sometimes result from 
injury to brain areas where information processing occurs, 
where such information is stored, or in those circuits that 
underlie the recall of previously stored memories. Such dis
turbances may also be due to failure of the limbic system to 
activate these cortical areas. The discharge and redischarge 
through the hippocampal formation aids in the processing of 
information and memory consolidation. There is little doubt 
that the human hippocampus plays an important role in 
some types of memory, particularly declarative memory, the 
storage of facts and experiences that can be consciously 
discussed, or declared. In this regard, the hippocampus is 
part of the medial temporal lobe memory system that is 
downstream of the ventral (“what”) pathway of the visual 
system (Table 8.2). The activation of cortical areas function
ing in the recall of that information strengthens such recall. 
Confabulation is likely the result of lowered cortical activation 
with mental confusion combined with a memory deficit 
yielding poor judgment and the inability to differentiate reality 
from fiction. Such individuals often confabulate in order to 
cover up their memory deficit.

18.7 LIMBIC SYSteM DISOrDerS
Injuries to various parts of the limbic system often result in 
mental confusion and mental disability, disorientation, 
dementia, memory disturbances, and confabulation. Bilateral 
hippocampal injuries or injury to structures along the limbic 
path such as the mamillary bodies or the septal area (ventral 
part of the subcallosal area) are likely to cause poor activation 
of cortical areas, which then lead to decreased mental activity 
with confusion.

Two characteristic disorders of the limbic system are 
Korsakoff syndrome and Klüver–Bucy syndrome. Mental 
manifestations accompanying Korsakoff syndrome include 
amnesia, confabulation, and disorientation. In this syndrome, 
injuries are commonly in the hippocampi, septal area (there 
are likely to be hemorrhages into this area or aneurysms of 
the anterior communicating artery with bleeding and pres
sure on the area), or mamillary bodies (usually pressure on 
these structures from a tumor such as a craniopharyngioma). 
Since the hippocampal formation is involved in the recall of 
recent events, injuries causing Korsakoff syndrome interfere 
with the reinforcing function of the limbic system, leading to 
mental confusion and confabulation.

As early as 1888, Brown and Schäfer reported substantial 
behavioral changes in monkeys after bilateral temporal lobe 
removal. In 1937, Klüver and Bucy arrived at a group of 
symptoms that they considered typical in the bilateral 
 temporal lobectomized monkey, including (1) visual agnosia, 
(2) strong oral tendencies, (3) hypermetamorphosis, (4) pro
found changes in emotional behavior or a complete loss of 
emotional responses, (5) changes in sexual behavior, and 



tHe LIMBIC SYSteM ● ● ● 309

(6) changes in feeding habits. Visual agnosia refers to the 
inability to detect and recognize the character or meaning of 
an object based on visual criteria alone. The animals placed 
any objects in their mouths, including a reflex hammer, tuning 
fork, and buttons, thus manifesting strong oral tendencies. 
Hypermetamorphosis refers to the excessive tendency to 
take notice of and attend to every visual stimulus. The 
changes in sexual behavior include hypersexual behavior, 
whereas the changes in feeding habits include an increase 
in food consumption (vociferous appetite) and a lack of 
discrimination as to what the animal ate (talcum powder, 
banana peel, inappropriate objects). The first human case of 
Klüver–Bucy syndrome (1955) followed bilateral temporal 
lobectomy involving the uncus and the hippocampal forma
tion. Most other cases in humans have involved bilateral 
injuries with atrophy or destruction of both temporal lobes 
including the uncus, amygdaloid bodies, and both hippocampi. 
The visual agnosia in monkeys is probably a psychic blindness 
in humans. In adult humans, child‐like behavior and changes 
in sexual behavior, including hypersexual behavior, may 
occur. As an example, one Klüver–Bucy patient threw off her 
hospital gown, while continually writhing and gyrating 
mimicking sexual movements. This syndrome is an excellent 
example of a limbic system disorder in humans.

18.8 INJUrIeS tO LIMBIC CONStItUeNtS
The functional aspects of limbic constituents are often evident 
following injury to those structures in humans.

18.8.1 Septal area

Anterior communicating artery aneurysms impinging on the 
septal area may result in an overall decrease in cortical func
tioning, particularly a poverty of associations. One is likely 
to see altered states of consciousness, changes in mood, 
personality, and poor judgment caused by decreased cortical 
functioning.

In humans, cortical control of the hypothalamus takes 
place through the subcallosal area. The medial forebrain 
bundle connects the septal area and the anterior perforated 
substance to the hypothalamus. This puts the hypothalamus 
on the efferent side of the connections for emotional expres
sion. Irritative injuries to the septal area and medial forebrain 
bundle result in attacks of rage and other emotional changes. 
Permanent personality changes are also likely to occur. The 
septal area is involved to some extent in the regulation of 
water balance and body salts. Irritative injuries in and around 
the bed nucleus of the anterior commissure in nonhuman 
primates often result in edema of the contralateral limb.

18.8.2 Hippocampal formation

Cyclic discharge and redischarge through the limbic sys
tem, including structures of the hippocampal formation, 
strengthen recently made memories (consolidation) and favor 

recall of those memories. Since the hippocampal formation 
stimulates or activates cortical areas involved in the recall 
of events, it is not surprising that bilateral injuries to the hip
pocampal formation cause poor activation of the cerebral 
cortex, leading to the inability to remember recent events, 
decreased mental activity, and mental confusion.

18.8.3 Amygdaloid complex

Injuries to the amygdaloid complex yield perversions of 
appetite with a loss of discriminative eating. In humans, there 
appears to be an amygdalohypothalamic axis controlling 
reproductive functions under the regulation of the frontal 
lobe such that the amygdaloid complex participates in the 
discriminative aspects of sexuality. Stereotaxic amygdalotomy 
may lead to increased sexual behavior postoperatively. Marked 
degeneration in the medial, cortical, and medial central amyg
daloid nuclei occurs in those with senile dementia, suggesting 
that the amygdaloid complex may participate in the behavioral 
changes that occur in senile dementia. In another case, idio
pathic localized amygdaloid degeneration was the cause of the 
patient’s presenile dementia. In this case, changes in character 
and emotional disorders were predominant over memory 
disturbance and/or disorientation.

18.8.4 Seizures involving the limbic system

Limbic structures in the temporal lobe such as the amygdaloid 
complex, hippocampal formation, and surrounding piriform 
cortex have a low seizure threshold when electrically stimu
lated. Therefore, these areas are often responsible for the 
origin or propagation of complex partial seizures.

18.9 PSYCHOSUrGerY OF tHe LIMBIC SYSteM
Various points along the limbic system, including the fornix, 
anterior commissure, thalamus, hypothalamus, cingulum, and 
amygdaloid complex, have served as targets for psychosurgi-
cal procedures in efforts to treat a variety of behavioral 
disorders. Over the years, the size and location of targets for 
psychosurgery have changed greatly. The procedure termed 
radical frontal leukotomy eventually became a more restricted 
frontal leukotomy, including orbital undercutting, then 
cingulectomy, and finally selective stereotaxic procedures. 
The last procedures have also undergone an evolution of sorts, 
from inferomedial leukotomy, to subcaudate tractotomy, cin
gulotomy, amygdalotomy, thalamotomy, hypothalalmotomy, 
and, most recently, multitarget procedures (involving the 
amygdaloid complex, cingulum, and substantia innominata).

18.9.1 Drug‐resistant epilepsy

A procedure carried out in some individuals with nonfocal 
general forms of epilepsy of nontemporal lobe origin that 
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are resistant to drug treatment utilizes a bilateral fornico‐
amygdalotomy involving the fornix, anterior commissure, 
and amygdaloid complex as well as a thalamotomy of the 
ventral anterior nucleus of the thalamus.

18.9.2 Violent, aggressive, or restless 
behaviors

The hypothalamus was the stereotaxic target in many indi
viduals with violent, aggressive, or restless behaviors, with 
a marked calming effect in 95% of the cases. Bilateral amyg
dalotomy is often carried out in those with bouts of uncon
trollable fear, violence, or both, and in those with assaultive, 
destructive, or hyperoral behavior and pyromania. The 
posteromedial hypothalamus was the target in a series of 
31 patients ranging from 3 to 15 years of age who displayed 
aggressive behavior towards themselves and others. All 
improved after the cryohypothalamotomy in that they 
remained calm. Neurosurgeons performing four‐target 
limbic system surgery for violent, aggressive states may 
carry out bilateral destruction of the cingulum and amyg
daloid complex.

18.9.3 Schizophrenia

Multitarget limbic system surgery of the amygdaloid complex, 
substantia innominata, and the cingulum may be useful in 
patients with schizophrenia. A demonstrable clinical improve
ment occurred in most of those desperately ill persons who 
underwent bilateral destruction of the amygdaloid complex, 
substantia innominata, and cingulum.

18.9.4 Intractable pain

Those suffering with intractable pain and drug addiction have 
found relief following bilateral anterior cingulotomy. In some 
cases, the amygdaloid complex is a target. Cingulotomy has a 
long history as a method of treatment for psychiatric illness 
and intractable pain, with significant improvement reported 
in 70–80% of those treated in this manner.

18.9.5 Psychiatric disorders and abnormal 
behavior

Chronic depression, obsessive–compulsive neuroses, and 
drug addiction are conditions for which bilateral baso
frontal tractotomy, cingulotomy, or a combination of both 
procedures may be considered. These procedures “favorably 
modify” such abnormal behaviors as neurosis, schizoaffec
tive behavior, involutional depression, epile psychosis, 
manic depression, and psychopathic behavior. In the face of 
these behaviors, the cingulum bundle (bilaterally) is the 
target, with 75% of those treated pronounced well, improved, 

or greatly improved. Patients with uncontrollable, violent 
explosions of temper, those easily excitable, or those with 
unsteadiness of mood have benefited from unilateral or 
bilateral medial amygdalotomy. Over 60% of such patients 
showed significant improvement, with outbursts of temper 
less destructive than before.
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Here in this well‐concealed spot, almost to be covered by a thumb‐nail, lies the very 
mainspring of primitive existence  –  vegetative, emotional, reproductive  –  on 
which, with more or less success, man, chiefly, has come to super‐impose a cortex 
of inhibitions. The symptoms arising from disturbances of this ancestral apparatus 
are beginning to stand out in their true significance.

Harvey Cushing, 1929
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The Hypothalamus

The hypothalamus weighs about 4 g and occupies the ventral 
part of the diencephalon, inferior to the dorsal thalamus and 
the hypothalamic sulcus (Figs 5.9 and 19.1). The hypothala-
mus of one hemisphere is separable from its counterpart in the 
other hemisphere by the third ventricle (Fig. 19.2). The rostral 
limit of the hypothalamus is the lamina terminalis (Figs 19.1 
and 19.3), a thin membrane forming the rostral wall of the 
third ventricle. The lamina terminalis interconnects the optic 
chiasm with the anterior commissure (Fig 19.1, line from point 
2 to 11, and Fig. 19.3). The hypothalamus extends anteriorly 
into the preoptic area, a telencephalic structure that extends 
from the lamina terminalis anteriorly to the anterior edge of 
the optic chiasm. The caudal limit of the hypothalamus 
follows a line drawn from the posterior commissure to the 
caudal end of the mamillary body (Fig. 19.1, line from point 
6 to 10). The lateral boundary of the hypothalamus is the 
subthalamus while its ventral border, forming the floor of the 
third ventricle, includes many external surface features such 
as the optic chiasm, infundibular stalk, tuber cinereum, and 
mamillary bodies (Fig. 19.3).

19.1 HYPOtHALAMIC ZONeS 
(MeDIAL tO LAterAL)
There are three identifiable internal medial to lateral 
 longitudinal zones identifiable in the human hypothalamus: 
a zone nearest the third ventricle called the periventricular 
zone, a medial zone adjoining the periventricular zone, 
and a lateral zone outside or lateral to the medial zone 
(Fig.  19.4). Most hypothalamic nuclei are in the medial 
hypothalamic zone. The lateral hypothalamic zone or lat-
eral hypothalamic area, extending throughout most of the 
length of the hypothalamus (Table 19.1), consists of poorly 
differentiated neurons and a few fibers. Most of the former 
are fibers that simply pass through the lateral hypotha-
lamic zone.

Any nuclear group or fiber path in the hypothalamus may 
be located according to its presence in a particular anterior–
posterior region and in a medial–lateral zone. Using this 
method, the suprachiasmatic nucleus and the medial preoptic 
nucleus would be located in the medial zone of the chiasmal 

19.1 HYPOtHALAMIC ZONeS (MeDIAL tO LAterAL)

19.2 HYPOtHALAMIC reGIONS (ANterIOr tO POSterIOr)

19.3 HYPOtHALAMIC NUCLeI

19.4 FIBer CONNeCtIONS

19.5 FUNCtIONS OF tHe HYPOtHALAMUS

FUrtHer reADING
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region. It is evident from examination of Table 19.1 that there 
is some overlap of a few nuclear groups from the chiasmal 
region into the tuberal region and some overlap of a few 
nuclear groups from the tuberal region into the mamillary 
region. The periventricular zone of the hypothalamus con-
tains small‐ to medium‐sized neurons interspersed between 
finely myelinated and nonmyelinated fibers. These fibers 
form the diencephalic periventricular system (DPS). This 
system of fibers connects caudal regions of the hypothalamus 
with the frontal cortex through the medial dorsal nucleus of 
the thalamus.

5

4

16

8

9

3 6 12

15

2

7

11 10

14

1

13

Figure 19.1 ● Medial surface of the human brain showing the position of 
the thalamus, hypothalamus, and epithalamus. The hypothalamus lies inferior 
to the hypothalamic sulcus (dotted in red), posterior to the lamina terminalis 
[indicated by the line from the anterior commissure (2) to the optic chiasm 
(11)] and superior to the junction of the midbrain and diencephalon indicated 
by the line that traverses the epithalamic (posterior) commissure (13) dorsally 
and the caudal part of the mamillary bodies (10) of the hypothalamus ventrally. 
The thalamus (16) lies above the hypothalamic sulcus (red dots) and includes 
the interthalamic adhesion (8). The epithalamus consists of the habenular 
commissure (6), the pineal gland (12), and the posterior commissure (13). Key: 
1, anterior column of fornix; 2, anterior commissure; 3, cavity of third ventricle; 
4, choroid plexus of third ventricle; 5, corpus callosum; 6, habenular 
commissure; 7, hypothalamus; 8, interthalamic adhesion; 9, interventricular 
foramen; 10, mamillary body; 11, optic chiasm; 12, pineal gland; 13, posterior 
commissure; 14, septum pellucidum; 15, superior colliculus; 16, thalamus. 
(Source: England and Wakely, 1991. Reproduced with permission of Elsevier.)

Figure 19.2 ● Outline of the human hypothalamus (red) shown in relation 
to the third ventricle. (Source: Mai et al., 2004. Reproduced with permission 
of Elsevier.)

Interthalamic adhesion

Hypothalamic sulcus

Mamillothalamic
fasciculus

Mamillary region

Mamillary body
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Infundibular stalk

Optic chiasma

Tuberal
region

Chiasmal
region

Lamina
terminalis

Anterior
commissure

Fornix

Figure 19.3 ● Medial surface of the human hypothalamus illustrating three regions of the hypothalamus and various related structures.
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19.2 HYPOtHALAMIC reGIONS 
(ANterIOr tO POSterIOr)
Based on the presence of external features visible along its 
ventral border (optic chiasm, infundibular stalk, tuber 
cinereum, and mamillary bodies), the human hypothalamus 
is divisible into several anterior to posterior regions in the 
coronal plane. Since the tuber cinereum merges anteriorly 
into the infundibular stalk of the pituitary gland, most 
authors combine the infundibular and tuberal regions into 
a single cone‐shaped, tuberal region. Thus, the human 
hypothalamus is divisible into a chiasmal region, a tuberal 
region, and a mamillary region (Braak and Braak, 1987). The 
chiasmal region lies at the anterior end of the hypothalamus 
superior and anterior to the optic chiasm. It includes the 
preoptic area and seven named nuclei and also the lateral 
hypothalamic area (Fig. 19.5A and Table 19.1). At the poste-
rior end of the hypothalamus is the mamillary region that 
includes two named nuclei associated with the mamillary 
bodies and the posterior hypothalamic area (Figures 19.1, 19.3, 
and 19.5C and Table 19.1). The tuberal region lies between 
the chiasmal region anteriorly and the mamillary region pos-
teriorly. It includes six named nuclei in humans (Fig. 19.5B). 

The lateral hypothalamic area is associated with all three 
anterior–posterior regions of the hypothalamus whereas the 
posterior hypothalamic area is present only in the mamillary 
region of the hypothalamus (Figure 19.5A, B, and C).

In the following discussion, the hypothalamic nuclei and 
their location within the human hypothalamus from anterior 
to posterior are based, in part, on the Atlas of the Human Brain, 
3rd edition (Mai et  al., 2008) and the accompanying Nissl‐
stained sections in that Atlas through the hypothalamus by 
Koutcherov. Subnuclei within a nucleus are usually included 
under the name of the parent nucleus (for example, the five 
subnuclei of the paraventricular nucleus). Table  19.1 pro-
vides a list of the regions and nuclei of the human hypothala-
mus and their anterior–posterior extent.

19.3 HYPOtHALAMIC NUCLeI

19.3.1 Chiasmal region

The chiasmal region contains seven named nuclei in the 
human brain (Fig. 19.5A and Table 19.1). Most are located in 
the medial hypothalamic zone. The lateral hypothalamic 
area borders the lateral aspect of the chiasmal region through-
out its anterior–posterior extent.

Suprachiasmatic nucleus (SCh)

The suprachiasmatic nucleus (SCh) (Fig. 19.5A and Table 19.1) 
is the first nucleus to appear in the preoptic part of the chi-
asmal region at the junction of the medial wall of the lamina 
terminalis with the optic chiasm. This nucleus generates 
and expresses circadian rhythms in humans (Mai et al., 1991). 
As the circadian pacemaker in the human brain for sleep–wake 
states, the SCh exerts “gentle” control over the sleep–wake cycle. 
This control is termed “gentle” in the sense that humans 
are able to override the control mechanisms of this nucleus 
and nap during the day but also stay awake at night (Beersma 
and Gordijn, 2006). Patients with clinically documented 
disruption of circadian behavior likely have pathological 
involvement of the SCh whereas the loss of SCh neurons 
leads to impairment of circadian function in humans (Mai 
et al., 1991). Mai et al. found evidence for five different sub-
divisions in the human suprachiasmatic nucleus that may 
subserve specific functional roles. GABA is the main neuro-
transmitter in the suprachiasmatic nucleus.

Supraoptic nucleus (SO) and paraventricular nucleus (Pa)

Two prominent cell groups in the chiasmal region are the 
magnocellular, neurosecretory nuclei  –  the supraoptic 
nucleus and the paraventricular nucleus (Fig. 19.5A). (Note 
there is another paraventricular nucleus, abbreviated PV, 
that is an important constituent of the median nuclear group 
of the human thalamus.)

The human paraventricular nucleus is oriented vertically 
along the wall of the third ventricle throughout the chiasmal 
and into the tuberal region of the hypothalamus (Table 19.1). 
Using chemical markers, at least five subnuclei are identifiable 

Lateral zone

Medial zone

Periventricular
zone

Figure 19.4 ● Medial to lateral zones of the hypothalamus: a narrow 
periventricular zone, a middle zone, and a lateral zone. Most of the nuclei 
are in the middle zone. (Source: Mai et al., 2004. Reproduced with permission 
of Elsevier.)
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Figure 19.5 ● A model of the human hypothalamus showing the location of various nuclei illustrated with different colors. Four rostral to caudal sections through 
(A) the chiasmal region, (B) the tuberal region, and (C) the mamillary region of the human hypothalamus. The nuclei and their location within the hypothalamus from 
anterior to posterior are based, in part, on the Atlas of the Human Brain, 3rd edition, by Mai et al. (2008) and the accompanying Nissl‐stained sections in the Atlas of 
the hypothalamus by Koutcherov. Additional details of specific nuclei are based on the work of Koutcherov et al. (2000a,b, 2004, 2007). Subnuclei within a nucleus are 
grouped together under the name of the parent nucleus (for example, the five subnuclei of the paraventricular nucleus). The first number in the series from 20 to 31 
provides the corresponding plate number in the Atlas. Abbreviations: ac, anterior commissure; db, nucleus of the diagonal band; DMH, dorsomedial nucleus; fx, fornix; 
H2, lenticular fasciculus (field H2); Inf, infundibular nucleus; InfS, infundibular stalk; InM, intermediate nucleus; LH, lateral hypothalamic area; LM, lateral mamillary 
nucleus; LT, lateral tuberal nuclei; mfb, medial forebrain bundle; MM, medial mamillary nucleus; MPO, medial preoptic nucleus; opt, optic tract; ox, optic chiasm; Pa, 
paraventricular nucleus; Pe, periventricular nucleus; PeF, perifornical nucleus; PH, posterior hypothalamic area; SCh, suprachiasmatic nucleus; SNR, substantia nigra, 
pars reticulata; SO, supraoptic nucleus; SuM, supramamillary nucleus; TM, tuberomamillary nucleus; Un, uncinate nucleus; VMH, ventromedial nucleus; ZI, zona incerta.
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in the human paraventricular nucleus (Koutcherov et  al., 
2000b) and the human supraoptic nucleus has four named 
parts (Mai et  al., 2008). These nuclei, characterized by a 
conspicuous and dense network of capillaries, are responsi-
ble for the synthesis of two neuropeptides, oxytocin and 
vasopressin. Vasopressin also arises in neurons of the supra-
chiasmatic nucleus.

The hypothalamo–hypophyseal tract, made up of about 
100 000 nonmyelinated fibers, takes its origin from the 
supraoptic and paraventricular nuclei, passes over the optic 
chiasm and through the infundibular stalk, and ends in the 
neurohypophysis (posterior lobe of the pituitary gland). 
This tract provides a route for the controlled release of oxy-
tocin and vasopressin, leading to the regulation of pituitary 
output.

Axons from these Pa and SO neurons project to the neuro-
hypophysis, where their peptides may enter the general 
 circulation. Circulating vasopressin has antidiuretic and 
vasoconstrictor effects whereas oxytocin has a major role in 
parturition and lactation (Benarroch, 2013). In addition to its 
involvement in the regulation of posterior pituitary output, 
the paraventricular nuclei also play a role in regulation of the 
autonomic nervous system. The neurokinin B receptor (NK3) 
is an element of the hypothalamic neuronal circuitry regulating 
blood pressure in rats. Using immunohistochemistry to 
reveal the distribution of NK3 in the human hypothalamus, 
Koutcherov et  al. (2000a) found the strongest NK3‐like 
immunoreactivity in neurons of the paraventricular nucleus, 
specifically in the parvicellular and posterior paraventricular 
subnuclei.

Medial preoptic nucleus (MPO)

The human medial preoptic nucleus is an inverted comma‐
shaped structure exclusively at the chiasmal region, bordered 
laterally by the lateral hypothalamic area and medially by 
the paraventricular nucleus (Koutcherov et  al., 2007). The 
MPO is oriented inferiorly towards the supraoptic and 
suprachiasmatic nuclei (Fig. 19.5A). Although it is composed 
of predominantly small cells, there are variations in their 
concentration, shape, and topographic position among the 
medial and lateral subdivisions of the human MPO. The 
function of this nucleus in the human hypothalamus is 
unclear. Whereas studies in experimental animals indicated 
that MPO is associated with reproductive and homeostatic 
regulation, there is little evidence that this is the case in 
humans.

Intermediate nucleus (InM)

Almost 30 years ago, Gorski and his co‐workers (1978) pro-
vided evidence for a morphological sex difference within 
the medial preoptic nucleus of the rat brain. A few years later, 
Swaab and Fliers (1985) studied an analog of this sexually 
dimorphic nucleus (SDN) in humans and found that it was 
2.5 times larger in men than in women and contained 
2.2 times as many cells. Allen et al. (1989) selected the preoptic–
anterior hypothalamus (PO‐AHA) in humans for quantitative 
analysis of possible sexually dimorphic nuclei. They identi-
fied four cell groups that they termed the interstitial nuclei 
of the anterior hypothalamus (INAH‐1–4). They noted that 
INAH‐1 closely resembled the sexually dimorphic cell group 
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of Swaab and Fliers (1985). Allen et  al. (1989) found that 
INAH‐1 and INAH‐4 and also the supraoptic nucleus (SON) 
were not sexually dimorphic. They did observe that INAH‐3 
was 2.8 times larger in the male brain than in the female 
brain, irrespective of age, and that INAH‐2 was twice as 
large in males. A third group of investigators revisited this 
issue (Byne et al., 2000) and undertook a systematic exami-
nation of all four INAH nuclei, examining sexual variation 
in volume, neuronal number, and neuronal size. INAH‐3 
occupies a significantly greater volume and contains more 
neurons in males than in females. No sex differences in volume 
were identifiable for any of the other INAH nuclei (1, 2, or 4). 
In a second paper, Byne et al. (2001) re‐examined the INAH 
with regard to sex, sexual orientation, and HIV status and 
again found that only INAH‐3 has more neurons and occu-
pies a greater volume in presumed heterosexual males than 
females but tends to have a smaller volume in homosexual 
men. Their studies suggest that INAH‐3 volume alone is not 
a reliable predictor of sexual orientation. Although this sex 
difference remains controversial, Krujiver (2004) noted that 
some of the controversy may be due to a difference in sam-
pling for age.

With this historical background in mind, we come to the 
fifth nuclear group in the chiasmal region – the intermediate 
nucleus (InM). In this discussion and in Table 19.1, we are 
following the lead of Koutcherov et al. (2007) and Mai et al. 
(2008), who combined INAH‐1 and INAH‐2 described in the 
previous section into one cell group, the intermediate nucleus 
(InM), which likely corresponds to the SDN of Swaab and 
Fliers (1985). InM, a small, compact group of cells, is a “bor-
dering structure” in relation to the medial preoptic nucleus. 
It appears in the lateral hypothalamic area of the posterior 
chiasmal region on the lateral surface and ventral aspect of 
the medial preoptic nucleus (Fig. 19.5A). Although it seems 
to be a part of MPO, its chemo‐ and cytoarchitecture defines 
it as a distinct nucleus with a close structural association 
with MPO (Koutcherov et  al., 2007). Most recently, Garcia‐
Falgueras et al. (2011) found that InM shows an age‐dependent 
sex difference in volume and galanin‐immunoreactive neuron 
number. In light of their extensive studies of the human 
hypothalamus, Garcia‐Falgueras and Swaab (2008) proposed 
that the intermediate nucleus (and the uncinate nucleus 
described in the following section) are part of a brain network 
involved in various aspects of sexual behavior.

Uncinate nucleus (Un)

The uncinate nucleus (Un), like the intermediate nucleus, is 
a “bordering structure” embedded in the medial preoptic 
nucleus (Fig. 19.5A). In this case, it is on the ventricular side 
of MPO, medial to the paraventricular nucleus and in the 
posterior chiasmal region. The uncinate nucleus is a small, 
oval, compact group of medium‐ and small‐sized neurons 
bisected into two subnuclei by fibers of the fornix. The medial 
part of the bisected uncinate nucleus likely corresponds 
to  INAH‐4 whereas the lateral part likely corresponds to 
INAH‐3 (Koutcherov et  al., 2007; Garcia‐Falgueras and 

Swaab, 2008). The latter authors found that there is a sex 
difference in the INAH‐3 subnucleus in that it is reversed 
in transsexuals but only partially influenced by alterations in 
sex hormone levels in adulthood. In light of their extensive 
studies of the human hypothalamus, Garcia‐Falgueras 
and Swaab (2008) proposed that the intermediate nucleus 
and the uncinate nucleus are part of a brain network involved 
in various aspects of sexual behavior.

Periventricular nucleus (Pe)

This periventricular nucleus (Pe) of the human hypothalamus 
includes a dorsal part and an anteroventral part. Its small 
cells are scattered in a narrow zone beneath the ependymal 
lining of the third ventricle in the chiasmal region extending 
into the tuberal region of the hypothalamus (Fig. 19.5A and 
Table  19.1). In the tuberal region, it is readily identifiable 
medial to the ventromedial nucleus and the infundibular 
nucleus (Fig. 19.5A and Table 19.1). In the chiasmal region, it 
appears as an inferior continuation of the paraventricular 
nucleus. In their early description of this nucleus, Braak and 
Braak (1987) observed that “large portions” of Pe are “inter-
mixed with specific cells” of the paraventricular nucleus. 
The periventricular nucleus is at almost the same rostral–
caudal hypothalamic regions as the supraoptic and paraven-
tricular nuclei.

19.3.2 Tuberal region

The tuberal region of the human hypothalamus (Table 19.1), 
bounded laterally by the lateral hypothalamic area, contains 
six named nuclei. The ventromedial nucleus (VMH) is a 
conspicuous structure of the tuberal region. This rather 
large, ovoid mass (Fig.  19.5B and Table  19.1) contains a 
dense network of somatostatin cells and fibers in adults and 
infants. Opiod gene expression, substance P, and NADPH 
diaphorase characterize the ventromedial nucleus. Oxytocin 
binding sites are also present in the ventromedial nucleus. 
A thin, cell‐sparse shell surrounds this nucleus with its two 
parts: a larger ventrolateral part and a smaller dorsomedial 
part. Matsuda et  al. (1999) used functional magnetic reso-
nance imaging (fMRI) to monitor hypothalamic function in 
response to glucose ingestion in obese humans. They demon-
strated the existence of differential hypothalamic function in 
lean and obese humans that may be secondary to obesity. 
Neuroimaging studies in humans have shown a marked 
increase in activity in the area of the VMH during feeding 
(King, 2006), suggesting that the human ventromedial 
nucleus is involved in feeding behavior. Lesions of the 
human ventromedial nucleus cause hyperphagia and obesity 
(Pinkney et al., 2002).

The dorsomedial nucleus (DMH) is found at relatively 
the same levels of the tuberal region but dorsal to the 
ventromedial nucleus (Fig.  19.5B). It is composed of two 
populations of neurons – a larger, diffuse subdivision and a 
smaller, compact subdivision. Immunohistochemistry reveals 
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NPY‐containing neurons scattered throughout the human 
hypothalamus, including the DMH (Dudas et  al., 2000 and 
Merchenthaler et al., 2010). Neurotensin binding site densi-
ties are present in the paraventricular, perifornical and dor-
somedial nuclei (Najimi et al., 2014). The dorsomedial nucleus 
in experimental animals is likely involved in the regulation 
of homeostasis as it relates to feeding, reproduction, sexual 
behavior, and the neuroendocrine control of pituitary hor-
mone secretions.

The human infundibular nucleus (Inf) contains neurons 
expressing estrogen receptors (Fig. 19.5B). This nucleus is some-
times termed the arcuate nucleus. In search of neuropeptides 
coexpressed in the infundibular nucleus, Hrabovszky et  al. 
(2013) carried out immunohistochemical studies of the 
tachykinin peptide Substance P (SP) in autopsy samples 
from men (aged 21–78 years) and postmenopausal women 
(aged 53–83 years). They observed that the SP system in the 
human infundibular nucleus is sexually dimorphic but that 
SP cell numbers do not show gross differences in the infun-
dibular nucleus between young and old men. It is likely that 
these infundibular neurons are involved in the regulation of 
reproduction and sexual behavior. In addition, the infun-
dibular nucleus likely functions in feeding behavior as 
well as growth and metabolism.

The perifornical nucleus (PeF) is a conspicuous constituent 
of the tuberal region of the human hypothalamus. The fornix 
is a prominent bundle of fibers originating in the hippocampus 
and terminating, in part, in the mamillary nuclei of the hypo-
thalamus (Fig.  19.5B). As the fibers of the fornix enter the 
hypothalamus in the medial zone of the tuberal region and 
occupy the region between the paraventricular nucleus and 
the lateral hypothalamic area (Fig.  19.5B), the perifornical 
nucleus begins to surround the fornix on its medial, lateral, 
and inferior surfaces. As the fibers of the fornix turn into the 
mamillary region of the human hypothalamus, the perifornical 
nucleus surrounds the fornix and provides a shell around it. 
The neurokinin B receptor (NK3) is an element of the hypo-
thalamic neuronal circuitry regulating blood pressure in rats. 
Using immunohistochemistry to reveal the distribution of 
NK3 in the human hypothalamus, Koutcherov et al., (2000a) 
found the strongest NK3‐like immunoreactivity in neurons 
of the paraventricular nucleus with another prominent 
population of NK3‐positive cells in the perifornical nucleus.

The lateral tuberal nuclei (LT) are small, scattered nuclei 
that lie in the posterior part of the tuberal region and at the 
rostral end of the mamillary region (Table 19.1) that contain 
about 60 000 neurons (Kremer, 1992). The LT nuclei appear to 
straddle the junction between the tuberomamillary nucleus 
and the lateral hypothalamic area in that medially they 
invade the tuberomamillary nucleus whereas laterally they 
extend into the myelin‐rich environment of the lateral hypo-
thalamic area (Fig. 19.5B). Cells in the LT nuclei are rounded, 
triangular, or polygonal with a diameter of about 25 μm and 
have an eccentrically placed pale cell nucleus on one pole of 
the soma and a conspicuous deposit of coarse and densely 
packed lipofuscin granules on the other (Timmers et al., 1996; 
Braak and Braak, 1998) that accumulate with age. The lateral 

tuberal nuclei are involved in a variety of human neurodegen-
erative diseases, including Alzheimer disease, Huntington 
disease and Pick disease. Timmers et  al. (1996) showed an 
abundance of somatostatin 1–12 (SST1–12) immunoreactivity 
in both neurites and perikarya of LT neurons. The LT nuclei 
of patients with Huntington disease demonstrate a marked 
reduction in SST1–12 immunoreactivity. The human LT nuclei 
are intensely immunoreactive for somatostatin and the 
neuropeptide FF receptor FF1 (Gerig and Celio, 2007).

As their name suggests, the tuberomamillary nuclei 
(TM) occupy the tuberal region of the hypothalamus but 
extend posteriorly into the mamillary region (Fig. 19.5B and 
Table  19.1). These magnocellular neurons (up to 40 μm in 
diameter) surround the fornix and the caudal extent of the 
mamillary bodies. Neurons of the tuberomamillary nuclei 
are part of a histaminergic network in the human brain 
(Panula and Nuutinen, 2013). There is colocalization of the 
64 000‐histaminergic neurons in the human TM area with 
GABA. They participate in a wide variety of functions, 
including arousal, sleep–wakefulness, feeding, brain metab-
olism, and regulation of blood pressure. The authors sug-
gested that human studies involving healthy individuals and 
patients with narcolepsy have shown that the histaminergic 
TM network is an essential component of the sleep–wake 
regulatory system. The tuberomamillary nuclei show an 
age‐related accumulation of lipofuscin pigment in humans. 
Reduction in the histamine content of neurons in TM occurs 
in Alzheimer disease.

Narcolepsy is a rare disorder of the sleep–wake cycle 
characterized by excessive daytime sleepiness and episodes 
of loss of muscle tone (cataplexy) often brought on by strong 
emotion such as laughter (Valko et al., 2013). Narcolepsy is 
associated with an 85–95% reduction in the number of orexin 
neurons (Thannickal et al., 2000) and a lack of orexin‐A in 
the cerebrospinal fluid (Nishino et al., 2001). Orexin is also 
termed hypocretin (the discovery and naming of these neuro-
peptides involved two separate groups). In human studies, 
the focus of the orexin system has been sleep and wakefulness 
(or narcolepsy) (Machaalani et al., 2013). Since the histaminer-
gic network plays an important role in the maintenance of 
wakefulness (Panula and Nuutinen, 2013), it is not surpris-
ing that orexin neurons heavily innervate and excite neurons 
in the tuberomamillary nucleus.

The expression of orexin receptors (OxR1 and OxR2) occurs 
with differing densities in all hypothalamic regions, including 
the infundibular nucleus, dorsomedial nucleus, lateral hypo-
thalamic area, perifornical nucleus, paraventricular nucleus, 
supraoptic nucleus, and ventromedial nucleus. These orexin-
ergic neurons in the hypothalamus send projections to all 
brain regions except the cerebellum (Machaalani et al., 2013).

19.3.3 Mamillary region

The mamillary bodies (MB) form the caudal boundary of the 
hypothalamus and are a conspicuous external feature of 
the human hypothalamus that distinguishes the location of 
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the mamillary region (Fig. 19.1). A capsule of fibers surrounds 
the mamillary bodies. The mamillary bodies are an impor-
tant link in the limbic system (mamillothalamic tract, 
anterior nucleus of the thalamus, cingulate gyrus and its 
underlying cingulum and the hippocampus), playing a 
role in memory formation and emotion, and are suscepti-
ble to alcohol and vitamin B1 deficiency (Bernstein et  al., 
2007). Internally, the mamillary bodies contains two nuclei 
(Table  19.1): a larger medial (MM) mamillary nucleus that 
forms the main mass of the mamillary body and a smaller 
lateral (LM) mamillary nucleus (Fig. 19.5C). Neurons in the 
human medial mamillary nucleus express substance‐P mRNA. 
They also contain monoamine oxidase. There is a sparse 
distribution of GABAergic neurons throughout MM (Dixon 
et al., 2004). Begega et al. (1999) did not observe an affect by 
age on the total number of neurons and glial cells or the 
volume of MM. The mamillotegmental path originates in 
the medial mamillary nucleus. Its continuation as the teg-
mentospinal path provides for discharge to preganglionic 
sympathetic neurons in the spinal cord. Lesions of the hip-
pocampal formation or transections of the fornix in humans 
lead to shrinkage of the medial mammillary nucleus (Loftus 
et al., 2000).

Using morphometric and immunohistochemical tech-
niques, Bernstein et  al. (2007) examined MB volumes, cell 
numbers, and densities in the brains of patients with schizo-
phrenia and controls. Whereas the volumes of the MB did 
not differ between schizophrenics and controls, the number 
of neurons and the resulting neuronal densities were signifi-
cantly reduced on both sides (on the left by 39% and on the 
right by 22%). There was a 50% reduction in the number of 
parvalbumin‐immunoreactive MB neurons in schizophre-
nia. As the authors noted, in the MB, parvalbumin labels a 
subpopulation of glutamate/aspartate‐containing neurons 
projecting mainly to the anterior nucleus of the thalamus. 
They concluded that their data provide new evidence for 
impaired limbic circuits in schizophrenia.

Patients with obstructive sleep apnea show significantly 
reduced left, right, and combined MB volumes compared 
with control subjects, after partitioning for age, gender, and 
head size (Kumar et al., 2008). Such diminished MB volumes 
in these patients may be associated with memory and spatial 
orientation deficits found in this syndrome, according to the 
authors. They suggested that this volume loss may be due to 
hypoxic/ischemic processes, possibly assisted by nutritional 
deficiencies in the syndrome.

The posterior hypothalamic area (PH) follows the ante-
rior–posterior length of the medial mamillary nucleus 
(Table 19.1). Deep brain stimulation of the PH is an emerging 
technique for the treatment of medially intractable cluster 
headache (Sani et al., 2009).

19.4 FIBer CONNeCtIONS
A myriad of fiber connections exist with the hypothalamus. 
The following sections include a description of a few of these 
fiber connections with the hypothalamus.

19.4.1 Medial forebrain bundle

The medial forebrain bundle (mfb) has ascending and descend-
ing fibers connecting the hypothalamus with the septal area, 
anterior perforated substance, and medially lying olfactory 
areas. Olfactory impulses in the medial olfactory tract synapse 
in the septal region and the anterior perforated substance. 
These impulses travel over the medial forebrain bundle and 
project to the preoptic and anterior hypothalamic nuclei.

19.4.2 Stria terminalis

The stria terminalis (st) interconnects the preoptic and ante-
rior hypothalamic nuclei with the amygdaloid complex. 
From the superficial (cortical and medial nuclei) and deep 
nuclei (basolateral and basomedial nuclei) of the amygdaloid 
complex, the stria terminalis sends its fibers to the hypo-
thalamus and septal area.

19.4.3 Fornix

The fornix (fx) is a major fiber bundle on the medial aspect of 
each cerebral hemisphere connecting the hippocampal forma-
tion with the anterior hypothalamus and the medial mamil-
lary nucleus and also the lateral hypothalamic region. Arising 
in the hippocampal formation, fibers of the fornix pass to the 
medial wall of each cerebral hemisphere. Some of the fornix 
fibers pass in front of the anterior commissure, as precommis-
sural fibers, to reach the septal area, where they terminate. 
Other postcommissural fornix fibers end in the mamillary 
bodies of the hypothalamus (Fig. 19.1). This prominent fiber 
bundle includes about 2.7 million fibers (twice the number of 
fibers in each optic nerve and twice the number of fibers in 
each pyramidal tract). Septohippocampal connections and 
hippocamposeptal connections also occur through the fornix.

19.4.4 Diencephalic periventricular system

The diencephalic periventricular system (DPS) intercon-
nects the hypothalamus with the thalamus. Visceral impulses 
from the hypothalamus that reach the medial dorsal nucleus 
of the thalamus correlate with somatic impulses from sur-
rounding thalamic nuclei. This visceral and somatic informa-
tion can then be associated with impulses from frontal and 
prefrontal cortical areas. Such information enters conscious-
ness at the cortical level as a feeling or “affective tone” that 
colors our responses and contributes to our personality and 
behavior.

19.4.5 Dorsal longitudinal fasciculus

One of two common discharge systems from the hypothala-
mus to the brain stem is the dorsal longitudinal fasciculus 
(DLF). This fiber bundle originates from neurons in the 
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hypothalamus and as a discrete bundle runs through the peri-
aqueductal gray of the brain stem. The DLF synapses with 
preganglionic parasympathetic nuclei and motor nuclei of the 
brain stem. In particular, the dorsal longitudinal fasciculus 
distributes to the accessory oculomotor nucleus, trigeminal 
motor nucleus, facial nucleus, superior and inferior salivatory 
nuclei, dorsal vagal nucleus, nucleus ambiguus, and hypo-
glossal nucleus. Some ascending gustatory fibers are also in 
the dorsal longitudinal fasciculus. Such impulses discharge to 
the mamillary body after relay in the ventral tegmentum of the 
brain stem. Because of the relationship between the hypo-
thalamus and these brain stem motor nuclei, irritation of the 
dorsal longitudinal fasciculus often leads to vomiting accom-
panied by nausea, poor appetite, weak spells, and pallor, but 
not associated with headache. Such irritation often results 
from increased intracranial pressure.

19.4.6 Anterior and posterior 
hypothalamotegmental tracts

From anterior and posterior regions of the hypothalamus, 
fibers arise that pass through the lateral hypothalamic zone 
and make their way to the tegmentum of the midbrain. In 
particular, these anterior and posterior hypothalamoteg-
mental tracts project to an area below the red nucleus, to 
reticular neurons at inferior collicular levels, and at pontine 
levels. From midbrain and pontine levels, two paths descend 
through the brain stem, diverge from one another, and form 
two separate systems in the spinal cord. The first of these is 
the ventral reticulospinal tract  –  a crossed and uncrossed 
system of fibers descending through the brain stem to end 
bilaterally on preganglionic neurons of the intermediolateral 
nucleus at T1–L3 levels of the spinal cord. The ventral reticu-
lospinal tract synapses with sympathetic neurons that inner-
vate sweat glands of the upper and lower limbs.

The second path from midbrain and pontine levels is the 
lateral reticulospinal tract, whose fibers descend through the 
lateral part of brain stem into the lateral funiculus of the spi-
nal cord. This bundle of fibers ends on cells of the ipsilateral, 
intermediolateral nucleus at T1–T4 levels of the spinal cord. 
These sympathetic neurons pass to sympathetic neurons that 
innervate the sweat glands on the same side of the face.

19.4.7 Pallidohypothalamic tract

The pallidohypothalamic tract is a small bundle of fibers 
that connects the hypothalamus with the globus pallidus.

19.4.8 Mamillothalamic tract

The mamillothalamic tract is a prominent system of fibers 
connecting the mamillary body on the one hand with the 
anterior nuclei of the thalamus on the other. This system is a 
major link in the cyclic limbic path.

19.4.9 Vascular connections

The vascular connections between the hypothalamus and the 
hypophysis (pituitary gland) are termed the hypothalamo–
hypophyseal portal system. This system supplies blood to 
the adenohypophysis (anterior lobe of the pituitary gland). 
The internal carotid artery supplies vessels to the upper part 
of the pituitary stalk. Here a capillary bed is formed that 
drains into portal vessels. At the lower end of the stalk is 
another capillary bed that derives blood from the inferior 
hypophyseal arteries. Hence a vascular connection exists 
between the hypothalamus and the anterior lobe of the pitui-
tary. Releasing factors produced by the hypothalamus make 
their way into the anterior lobe of the pituitary by means of 
this vascular route. Such releasing factors control the output 
of hormones from the anterior lobe of the pituitary and 
thereby control the ultimate release of hormones from target 
organs. The hypothalamo–hypophyseal portal system is 
capable of regeneration if injured.

19.5 FUNCtIONS OF tHe HYPOtHALAMUS

19.5.1 Water balance – water intake and loss

The hypothalamus participates in the regulation of water 
balance, including water intake and loss. Injury to the 
hypothalamo–hypophyseal path and its connections to the 
neurohypophysis (posterior lobe of the pituitary gland) 
results in polydipsia and polyuria, including the excretion 
of large amounts of dilute urine. This condition, called 
 diabetes insipidus, is due to the absence of production of 
ADH (vasopressin) from the supraoptic nucleus of the 
hypothalamus. Normally this hormone, produced in the 
hypothalamus and acting in the kidney, greatly increases 
the permeability of the renal tubules to water. The absence 
of ADH thus interferes with renal tubular reabsorption of 
water, particularly in the distal tubules. Some patients with 
tumors of the hypothalamic region exhibit no thirst, nor 
will they drink water unless strongly reminded to do so. 
Such an absence of thirst often necessitates prolonged 
intravenous fluid therapy.

In humans, preoptic pulmonary edema may result from 
destructive injuries in the preoptic area. Such edema is due to 
a nonendocrine increase in capillary permeability that leads 
to the buildup of fluid in that limb. A final aspect of hypotha-
lamic water balance is the observation that arising from the 
hypothalamus and closely paralleling the dorsal longitudi-
nal fasciculus is a path involved in bladder control.

19.5.2 Eating – food intake

The hypothalamus participates in basic aspects of eating for 
survival that involves the correlation of both olfactory and 
gustatory impulses. Olfactory impulses make their way to 
the hypothalamus by way of the medial forebrain bundle. 



tHe HYPOtHALAMUS ● ● ● 323

Ascending gustatory impulses make their way into the hypo-
thalamus over ascending fibers of the dorsal longitudinal 
fasciculus. Discharge from the hypothalamus is over the 
dorsal longitudinal fasciculus to preganglionic parasympa-
thetic and motor nuclei of the brain stem that are associated 
with feeding. In this way, the hypothalamus is likely to influ-
ence salivary glands, glands of the gastrointestinal tract, and 
nonstriated muscle of that tract along with the muscles of 
mastication.

Children with injuries of the tuberal region often refuse to 
eat, becoming extremely emaciated. A recent review of 
hypothalamic tumors in children has shown an abnormality 
of body weight occurring in 76% of these children. More than 
50% of these children with hypothalamic tumors showed 
failure to gain weight.

Anorexia nervosa is associated with an aversion to food, 
weight loss, and malnutrition that may lead to chronic 
starvation. This life‐threatening condition is probably a com-
bination of an emotional and an endocrine disturbance, 
perhaps a hypothalamic‐pituitary dysfunction. Hypothalamic 
tumors in humans may yield anorexia.

19.5.3 Temperature regulation

The anterior hypothalamus probably regulates against heat 
in humans that occurs by sweating. The underlying physi-
ological mechanism appears to be vasodilatation of blood 
vessels. One hazard of surgical procedures in and about 
the anterior hypothalamus is possible injury to this region 
causing increased internal body temperature. Irritative inju-
ries often result in profuse sweating.

The posterior hypothalamic area is probably involved in 
regulating against cold. On exposure to cold, shivering and 
vasoconstriction result. Patients with Parkinson disease 
have degenerative changes in the posterolateral hypothala-
mus. Such changes help explain the absence of shivering, 
impaired peripheral vasodilatation, and deficient sudomotor 
function in response to heat often accompanying Parkinson 
disease.

19.5.4 Autonomic regulation

The hypothalamus influences visceral activities through 
descending connections from the hypothalamus such as the 
dorsal longitudinal fasciculus (DLF) and the anterior and 
posterior hypothalamotegmental paths. The DLF influences 
preganglionic parasympathetic neurons. Stimulation of this 
path causes decreased pupillary size, increased lacrimation, 
increased vasodilatation, increased salivation, decreased 
heart rate, and increased peristalsis. The anterior and poste-
rior hypothalamotegmental paths influence the reticulospinal 
paths that then influence sympathetic neurons of the spinal 
cord. Hence stimulation of these hypothalamotegmental 
paths results in increased sweating, increased pupillary size, 
increased heart rate, and decreased peristalsis.

19.5.5 Emotional expression

Emotion is an extremely complex function of the human 
nervous system. The expression of that emotion takes place 
over the anatomical connections from various regions of 
the nervous system. Both the cerebral cortex, particularly the 
frontal lobe, and the limbic system have inhibitory and regu-
latory functions over one another and over the hypothala-
mus and its output. Discharge and redischarge throughout 
the limbic system likely result in cortical activation and the 
arousal of emotion. Thalamocortical connections from the 
medial dorsal nucleus to the frontal lobe yield a subjective 
feeling or character to a given situation. This, coupled with 
memory of past events, influences our emotions. The expres-
sion of that emotion, however, is likely to be voluntary and 
controlled as manifested by our appearance, manner, words, 
actions, or facial expression. Under stress or under other 
extenuating circumstances, such emotional expression is 
likely to be involuntary and out of control. Extrapyramidal 
and autonomic responses, increased heart rate, pupillary 
changes, increased sweating, and respiration typify involun-
tary emotional expression.

A fascinating aspect of emotional expression is the 
observation of patients with fits of laughter caused by tumors 
of the floor of the third ventricle. The structural substrate for 
such fits of laughter is likely to be the hypothalamus. 
Sponging blood from the floor of the third ventricle in a 
patient under local anesthesia led to a burst of laughter!

19.5.6 Wakefulness and sleep – biological 
rhythms

Many factors are involved in establishing levels of conscious-
ness commonly referred to as wakefulness and sleep. Such 
factors include the enormous driving of the cerebral cortex 
over the ascending reticular activating system and the influ-
ence of cyclic limbic activation of cerebral cortical areas. 
There are complex interconnections between these areas of 
the nervous system, the hypothalamus, and the hippocam-
pal formation. Our alertness and awareness vary during 
the day from a heightened state of acute awareness and 
emotional excitement to profound sleep. Our state of con-
sciousness includes accompanying autonomic responses 
such as changes in respiration, heart rate, or body tempera-
ture. Injuries to the posterior hypothalamic area including 
the region lateral and posterior to the mamillary bodies may 
result in pathological sleep. Such pathological sleep often 
becomes narcolepsy. Narcolepsy is a term used to describe 
attacks of irresistible sleep in the day. Injuries that involve a 
considerable part of the tegmentum of the midbrain result in 
a profound coma because of the interruption of ascending 
multisynaptic reticular paths and also descending hypo-
thalamotegmental and dorsal longitudinal fasciculus paths. 
An interesting aspect of the hypothalamus and sleep–wake 
disorders has been the discovery (in 1998) of the hypocretins 
(also called the orexins). These peptides, produced in the 
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lateral hypothalamic area, are deficient in the cerebrospinal 
fluid of patients with sporadic narcolepsy–cataplexy and less 
commonly in familial narcolepsy. Moreover, patients with 
narcolepsy have no or barely detectable hypocretin‐containing 
neurons in their hypothalamus. The exact role of these pep-
tides in sleep–wake disorders is unclear.

19.5.7 Control of the endocrine system

The hypothalamus controls the endocrine system through 
the release of hormones such as ADH and oxytocin, from the 
neurohypophysis (posterior lobe of the pituitary gland). 
Releasing factors produced in the hypothalamus and trans-
ported to the anterior lobe of the pituitary gland act there to 
yield hormone release. There are nine releasing factors 
associated with the hypothalamus, which cause an increased 
synthesis or secretion of anterior pituitary hormones, with 
the exception of certain substances that are inhibitory factors. 
Such inhibitory factors decrease synthesis or secretion of 
anterior pituitary hormones.

19.5.8 Reproduction

The hypothalamus participates in reproduction through its 
interrelationship with the hypophysis. Through this relation-
ship, the hypothalamus influences the development of the 
gonads, ovulation, implantation, lactation, fetal growth and 
development, and parturition. As noted earlier, the human 
arcuate or infundibular nucleus (INF) contains neurons 
expressing estrogen receptors. It is likely that these neurons 
are involved in reproduction and sexual behavior.
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The efferent neurons through which the visceral organs are innervated are designated 
as autonomic. They constitute the major portion of the autonomic nervous system. 
This system is neither anatomically separate from nor functionally independent of 
the central nervous system. The neurons through which the autonomic ganglia 
are anatomically and functionally connected with the central nervous system are 
visceral efferent components of the cerebrospinal nerves.

Albert Kuntz, 1953
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The Autonomic Nervous System

20.1 HIStOrICAL ASPeCtS
Galen (ca 130–200), who described nine of the 12 pairs of 
cranial nerves, originally described the autonomic nervous 
system. He traced the vagal nerve [X] into the thorax and 
abdomen and described its distribution to visceral organs. 
Galen advanced the theory of “consent” or “sympathy” 
between different parts of the body based on the concept that 
peripheral nerves were hollow, allowing animal spirits to 
flow through them from one body part to another, bringing 
about “sympathy” between the various parts of the body. 
Bichat (1800) divided the life of the organism into both 
animal and vegetable parts. Therefore, there were vegetative 
and animal nerves that would now be termed visceral and 
somatic nerves. Reil (1807) introduced the term “vegetative 
nervous system” and considered the sympathetic ganglia as 
independent nerve centers.

Gaskell (1886) envisioned visceral nerves as arising from 
homologous neuronal columns in the central nervous system. 

The development of the limbs and the nerves of the limbs 
broke these columns into three outflows: a cranial outflow, 
a thoracic outflow, and a sacral outflow. Later, Gaskell 
introduced the term “involuntary nervous system.” Langley 
(1890) made extensive investigations of the autonomic 
nervous system and contributed many terms still in use 
today. He introduced such terms as preganglionic fibers 
and postganglionic fibers, and in 1893 the term “autonomic 
system,” dividing it into a tectal part, a bulbosacral part, 
and a sympathetic part. Later, he combined the tectal and 
bulbosacral parts into one division and introduced the term 
“parasympathetic.” He was later to publish the first book on 
the autonomic nervous system.

Dale (1933) proposed dividing the autonomic nervous 
system into adrenergic and cholinergic divisions based on 
the transmitter released by the terminals when the nerve 
fiber was stimulated. He observed that all preganglionic 
fibers are cholinergic. Albert Kuntz (1879–1957) was perhaps 
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the most prolific American investigator in the field of the auto-
nomic nervous system in the 20th century. He added greatly to 
our understanding of this system and was a leading authority 
on this system throughout his lifetime. Since his death, studies 
using enzyme histochemistry, fluorescent methods, immuno-
cytochemistry, and electron microscopy have added greatly to 
our knowledge of the autonomic nervous system.

20.2 StrUCtUrAL ASPeCtS
The autonomic nervous system is the visceral efferent part of 
the human nervous system, including autonomic neurons 
and their associated ganglia that collectively innervate non-
striated muscle, cardiac muscle, and exocrine glands. 
Autonomic impulses are conducted away from (efferent) 
their cell bodies of origin and towards peripheral structures 
or effectors in the body viscera, including in the digestive, 
respiratory, urogenital, and endocrine systems, and also in 
the spleen, heart, and great vessels. Peripheral effectors 
receive such impulses and respond to them by contraction or 
secretion. Functional regulation of visceral structures involves 
the conduction of sensory impulses from visceral structures 
back to the spinal cord and brain. Sensory neurons that 
receive impulses from the viscera, including from nonstriated 
muscle, cardiac muscle, and exocrine glands, fall into the 

class of visceral afferents. Hence the autonomic nervous sys-
tem is both a visceral efferent and a visceral afferent system.

Careful study of the (1) location of the cell bodies of origin 
of this system; (2) manner of distribution of its fibers; and (3) 
the termination of these fibers, will facilitate understanding 
of the autonomic nervous system.

20.2.1 Location of autonomic neurons 
of origin

That part of the autonomic nervous system whose neuronal 
cell bodies are associated with cranial nerve nuclei (oculo-
motor, facial, glossopharyngeal, and vagal) and are at sacral 
spinal levels (S2 to S4) is the craniosacral division of the 
autonomic nervous system (Fig. 20.1). This division is also 
termed the parasympathetic division of the autonomic 
nervous system (Table 20.1).

That part of the autonomic nervous system whose neurons 
of origin are at certain spinal levels, in particular thoracic 
 levels T1 to T12 and lumbar levels L1 and L2, is the thora-
columbar division (Fig. 20.1). This division is also termed the 
sympathetic division of the autonomic nervous system 
(Table 20.1). Ganglia associated with the sympathetic division 
of the autonomic nervous system include the sympathetic 
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trunk or chain of paravertebral ganglia and the prevertebral 
ganglia. The reason for this curious craniosacral and thora-
columbar arrangement of the neurons of origin of the autonomic 
nervous system is unclear. Fish have a cranial parasympathetic 
system but no sacral parasympathetic system. Anurans, how-
ever, have also a sacral parasympathetic division.

20.2.2 Manner of distribution 
of autonomic fibers

The craniosacral (parasympathetic) division distributes fibers 
through a two‐neuron system (Fig. 20.1). From cell bodies in 

association with the oculomotor, facial, glossopharyngeal, 
and vagal nerves, axons pass through these respective 
cranial nerves (Table 20.2). Axons from sacral spinal levels 
(S2 to S4) pass out through the respective sacral spinal nerves 
(S2, S3, and S4). These axons pass almost to the organ inner-
vated, but before reaching their site of termination they syn-
apse in course on parasympathetic neurons in peripherally 
located ganglia. Axons of neurons that pass to the ganglia are 
termed “preganglionic” in that these fibers come before the 
ganglia. All preganglionic fibers synapse in parasympathetic 
ganglia on their way to their eventual termination (Fig. 20.1). 
There are four of these parasympathetic ganglia in the head: 
the ciliary, pterygopalatine, submandibular, and otic ganglia 

table 20.1 ● Comparison of the two divisions of the autonomic nervous system.

Sympathetic Parasympathetic

Somata of origin (in the central 
nervous system)

Thoracolumbar: lateral horn of all thoracic and the first 
two lumbar segments; intermediomedial and 
intermediolateral cell columns

Craniosacral: in the accessory oculomotor nucleus 
(iii), the inferior (ix) and superior (vii) salivatory nuclei 
and in the dorsal vagal nucleus (x), and in the sacral 
parasympathetic gray in spinal segments s2 to s4

Preganglionic fibers Short fibers with many collaterals Long fibers with few collaterals

Preganglionic neurotransmitter Acetylcholine Acetylcholine

Postganglionic fibers Long fibers Short fibers with few branches

Location of postganglionic 
somata (in peripheral ganglia)

Remote from organs they supply Near or in effector they supply

Postganglionic neurotransmitter Norepinephrine Acetylcholine

Areas influenced Widespread influence throughout the body Only limited area of influence

Functions Pupillary dilation. Increases heart rate, force of contraction, 
and coronary flow. Decreases GI motility, contractility, and 
tone. Sphincter contraction and inhibition of gastric 
secretion. Dilation of bronchi and bronchioles. Constricts 
pulmonary vessels and vessels to the liver, pancreas, and 
spleen. Ejaculation. Vascular constriction, sweat gland 
secretion, and contraction of arrector pili muscles

Pupillary constriction. Increases glandular secretion. 
Decreases heart rate, constricts coronary vessels, 
decreases conduction velocity, increases peristalsis, 
increases nonstriated muscular tone. Relaxes 
sphincters, aids in urination and erection

table 20.2 ● Cranial parasympathetic nuclei.

Cranial nerve
Location of 
preganglionic neurons

Location of 
postganglionic neurons Structures innervated Function

Oculomotor Accessory oculomotor 
nucleus (midbrain)

Ciliary and episcleral ganglia Sphincter pupillae and ciliary muscles 
of the iris

Pupillary constriction 
accompanying light reflex 
and accommodation

Facial Superior salivatory nucleus 
(lower pons)

Submandibular and 
pterygopalatine ganglia

Submandibular, sublingual, and lacrimal 
glands. Oral cavity glands, nasal and 
palatine glands

Secretion of these glands

Glossopharyngeal Inferior salivatory nucleus 
(medulla)

Otic ganglion Parotid gland Secretion of parotid gland

Vagus Dorsal vagal nucleus 
(medulla)

Terminal ganglia in or near 
organs innervated

Heart, nonstriated muscle and glands of 
lungs, esophagus stomach, small intestine, 
colon to splenic flexure, liver, kidneys 
pancreas, gallbladder, bile ducts

Decrease heart rate, constrict 
coronary vessels, peristalsis, 
nonstriated muscle tone, relax 
sphincters, secretion of glands
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(Table 20.2). Other parasympathetic ganglia are in the walls 
of organs. Therefore, the parasympathetic division of the 
autonomic nervous system has long preganglionic fibers 
that synapse in or near the organs innervated, and short 
postganglionic fibers that then must travel only a slight dis-
tance to reach their eventual termination (Fig. 20.1). Pre‐ and 
postganglionic fibers of the parasympathetic division are 
cholinergic. The discharge of such preganglionic and post-
ganglionic fibers influences only a limited area.

The thoracolumbar or sympathetic division of the auto-
nomic nervous system has its cell bodies of origin in the 
intermediolateral nucleus at spinal levels T1 through L1 or 
L2. The intermediolateral nucleus forms an extension of the 
gray matter lateral to the central canal called the lateral horn 
(Fig. 20.2). Some of these neurons retain a position near the 
central canal as an intermediomedial nucleus. The interme-
diolateral and the intermediomedial nuclei are the neurons 
of origin for preganglionic fibers of the sympathetic division 
of the autonomic nervous system (Table 20.1). Preganglionic 
fibers arise from these primary neurons and travel outside 
the cord in the ventral roots and into the ventral rami of the 
respective spinal nerves. The ventral rami have two branches 
leading to a sympathetic ganglion and these ganglia connect 
in a vertical series forming the sympathetic trunk. After 
entering the ventral rami of the spinal nerves, the pregan-
glionic fibers travel only a short distance, form white rami 
communicantes, and enter the sympathetic trunk. In the 
sympathetic trunk are neurons on which these short, pregan-
glionic fibers synapse. Thus, fibers from a limited region of 
the spinal cord (in particular from T1 to L1 or L2 spinal 
levels) enter this distribution center (the sympathetic trunk), 
from which point they reach throughout the body. Fibers 
leaving the sympathetic trunk are postganglionic fibers in 
that they have already synapsed on ganglionic neurons in 
the sympathetic chain. Postganglionic sympathetic fibers are 
long and are identifiable by the elaboration of adrenergic 
neurotransmitters at their terminals. Sympathetic fibers have 
a considerable influence throughout the body.

20.2.3 Termination of autonomic fibers

Parasympathetic fibers

Oculomotor nerve

Parasympathetic fibers in the oculomotor nerve [III] originate 
from neurons at the level of the superior colliculus. The 
nucleus of their origin is the accessory oculomotor (Edinger–
Westphal) nucleus (Table  20.2) medial to the oculomotor 
nucleus. Preganglionic fibers from these neuronal cell bodies 
travel in the oculomotor nerve before passing to secondary 
neurons in the ciliary ganglion. From the ciliary ganglion, 
postganglionic fibers pass to the sphincter pupillae and the 
ciliary muscle of the iris. These parasympathetic fibers are 
associated with pupillary constriction and accommodation 
of the lens (Table 20.2).

Facial nerve

Parasympathetic fibers associated with the facial nerve 
[VII] have their cell bodies of origin in the lower third of the 
pons (Table 20.2). Primary parasympathetic neurons occur 
in a nuclear group known as the superior salivatory nucleus. 
This nucleus is on the lateral side of the intrapontine part of 
the facial nerve. Preganglionic parasympathetic fibers leave 
the superior salivatory nucleus and pass out of the brain 
stem with fibers of the facial nerve. Such preganglionic 
parasympathetic fibers pass in the chorda tympani and 
 lingual nerve to reach secondary neurons in the subman-
dibular ganglion. Postganglionic parasympathetic fibers 
leave the submandibular ganglion and supply the subman-
dibular gland and the sublingual gland. Some pregangli-
onic fibers associated with the superior salivatory nucleus 
pass to the pterygopalatine ganglion and ultimately inner-
vate the lacrimal gland. These parasympathetic fibers asso-
ciated with the facial nerve are involved in secretion of 
these glands.

Glossopharyngeal nerve

The parasympathetic fibers related to the glossopharyn-
geal nerve [IX] occur in a nuclear group at the level of the 
entering fibers of the glossopharyngeal nerve (Table 20.2). 
This nucleus, the inferior salivatory nucleus, is at the rostral 
tip of the dorsal vagal nucleus. Preganglionic fibers leave 
this nucleus and travel in the glossopharyngeal nerve to 
reach the otic ganglion. Postganglionic fibers leave the 
secondary neuronal cell bodies in the otic ganglia to sup-
ply the parotid gland through the auriculotemporal 
branch of the mandibular nerve. When activated, these 
parasympathetic fibers produce a watery secretion of the 
parotid gland.

Vagal nerve

Parasympathetic fibers in the vagal nerve [X] have their 
neurons of origin in the lower half of the medulla oblon-
gata, dorsal and lateral to the hypoglossal nucleus. Primary 

Figure 20.2 ● Section of the upper thoracic level of the human spinal cord 
demonstrating the location of the intermediolateral cell column (arrow).
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parasympathetic preganglionic neurons are in the dorsal 
vagal nucleus. Preganglionic fibers leave this nucleus and 
travel in the vagal nerve and perhaps in the accessory 
nerve [XI] to reach secondary neurons in or near the organs 
innervated. This includes the heart, lungs, esophagus, and 
gastrointestinal tract to the descending colon. In these 
organs are intrinsic ganglia that serve as secondary neu-
rons in this chain. Postganglionic fibers leave these intrin-
sic ganglia and pass to cardiac and nonstriated muscle 
and to glands associated with these visceral structures. 
Parasympathetic fibers associated with the vagus [X] func-
tion in decreasing heart rate and conduction velocity, pro-
moting bronchial constriction, and increasing gastrointestinal 
motility (by promoting peristalsis and relaxing sphincters 
of the gastrointestinal tract).

Sacral parasympathetic nucleus

The sacral parasympathetic nucleus is at spinal levels S2 to 
S4. This nuclear group consists of primary parasympathetic 
neurons that supply preganglionic fibers that form the 
 pelvic splanchnic nerves. These preganglionic parasympa-
thetic fibers supply secondary neurons in the organs they 
are to innervate. Ultimately, postganglionic fibers supply 
the rectum, urinary bladder, erectile tissue of the penis or 
clitoris, the testes or ovaries, uterus, uterine tubes, and 
parts of the large intestine from the splenic flexure to the 
anus. These parasympathetic fibers which have their cell 
bodies of origin at spinal levels, function in urinary detru-
sor contraction, trigone and sphincter relaxation, erection 
and vasodilation, and glandular secretion of the gastroin-
testinal tract, and have an excitatory effect on colon motil-
ity. These fibers and neurons at sacral levels of the spinal 
cord form the sacral part of the craniosacral division of the 
autonomic nervous system.

Sympathetic fibers

At thoracic and lumbar spinal cord levels, primary sym-
pathetic neurons form the intermediolateral and inter-
mediomedial nuclei (Table 20.1), often termed the lateral 
horn (not to be confused with the lateral subdivision 
of  the ventral horn) from T1 to L1 or L2 spinal levels 
(Fig. 20.3). Preganglionic fibers leave these cell bodies of 
origin to pass to the paravertebral ganglia that form the 
sympathetic trunk and to the prevertebral ganglia by way 
of white rami communicantes (Fig. 20.3). Secondary sym-
pathetic neurons are in ganglia of the sympathetic trunk 
and prevertebral ganglia. Postganglionic sympathetic 
 fibers leave these ganglia and pass along blood vessels to 
supply sweat glands in skin, arrector pili muscles of hairs, 
many blood vessels, the heart, and lungs. These sympa-
thetic fibers increase heart rate and conduction velocity 
in addition to the force of ventricular contraction. They 
are also involved in blood vessel constriction, dilation of 
the pupils (Fig. 20.3) and bronchi, decreasing gastrointes-
tinal motility, gastrointestinal sphincter contraction, and 
ejaculation.

20.3 SOMAtIC eFFereNtS VerSUS 
VISCerAL eFFereNtS
There are many distinctions between somatic efferent (vol-
untary) and the visceral efferent (autonomic or involuntary) 
neurons in the nervous system. First, somatic efferent neu-
rons supply voluntary, striated muscles whereas visceral 
efferent neurons supply involuntary, nonstriated muscle, 
cardiac muscle, and exocrine glands.

Second, somatic efferent neurons include both alpha and 
gamma motor neurons that occupy much of the ventral horn 
at all spinal cord levels. They are also associated with the 
oculomotor, trochlear, abducent, and hypoglossal nerves. 
These somatic efferent neurons at spinal cord levels are “in 
line with” the somatic efferent neurons associated with 
cranial nerves III, IV, VI, and XII. Visceral efferent neurons, 
however, are restricted to the lateral horn of the spinal cord, 
where they form an intermediolateral nucleus in segments T1 
to L1 or L2, or occur in the sacral parasympathetic nucleus in 
segments S2 to S4. The sacral parasympathetic nucleus does 
not form a lateral horn but does lie in an intermediate posi-
tion between the dorsal and ventral horns. Other visceral 
efferent nuclear groups are in association with certain cranial 
nerve nuclei including the accessory oculomotor (Edinger–
Westphal) nucleus at rostral levels of the midbrain, the supe-
rior salivatory nucleus in the lower pons, the inferior 
salivatory nucleus and the dorsal vagal nucleus in the medulla 
oblongata. These four visceral efferent nuclei contribute fibers 
to four or perhaps five cranial nerves – the oculomotor, facial, 
glossopharyngeal, and vagal nerves.

Third, the somatic efferent system is a single‐neuron sys-
tem from its cell bodies of origin in the spinal cord or brain 
stem to the termination of its fibers, with the cell bodies lying 
inside the central nervous system. The visceral efferent system, 
however, is a two‐neuron system with the first neuron in the 
system, the preganglionic neuron, inside the central nervous 
system and the second neuron in the chain, the postgangli-
onic neuron, outside the central nervous system. Fourth, 
the somatic efferent system is either a voluntary or a reflex 
system whereas the visceral efferent system is exclusively a 
reflex system over which we do not normally exert voluntary 
control.

20.4 VISCerAL AFFereNtS
The autonomic nervous system is not purely an efferent sys-
tem; rather, it also includes visceral afferents. These visceral 
afferents are a prominent part of the sensory reflex arch that 
underlies much reflex activity of visceral structures. There 
must be some sensory input for the visceral efferents to func-
tion in an appropriate manner. The visceral afferents carry 
impulses to higher levels, particularly impulses associated 
with visceral pain such as ischemia, gut distention, pulling 
on mesenteries, excessive muscle contraction, and gastric 
hyperacidity. These are examples of poorly localized, chronic 
visceral pain.

The primary neurons of the visceral afferents are smaller 
neurons in all spinal ganglia (Fig. 20.4). Peripheral processes 
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of these small spinal ganglionic neurons send thinly myeli-
nated axons out into the periphery, where they end as 
free nerve endings. The central processes of these spinal 
ganglionic neurons enter the spinal cord through the 
 lateral division of the dorsal root. Here these fibers end in 
the secondary visceral gray from T1 to L1 or L2 and also 
from S2 to S4 spinal levels (Fig. 20.4). From the secondary 
visceral gray, an ascending visceral path termed the 
spinoreticulothalamic tract (Fig.  20.4) ascends on both 
sides of the spinal cord (a crossed and uncrossed path) and 
travels to the thalamus. This secondary ascending visceral 
path takes up a position in the proprius bundles at the 
gray matter–white matter junction. The proprius bundles 
surround the gray matter of the dorsal and ventral horns, 
both medially and laterally. A pattern is present here such 

that impulses from certain parts of the body travel in a 
 certain part of the proprius bundles whereas impulses from 
other visceral structures are in a different position among 
the proprius bundles.

Apparently, there are also visceral afferent impulses 
 carried in the glossopharyngeal and vagal nerves that pass 
to the solitary nucleus. Visceral afferents distribute with or 
accompany the visceral efferent fibers but never synapse in 
autonomic ganglion. Those fibers associated with reflex 
control of visceral activity probably accompany parasym-
pathetic nerves whereas those fibers that convey visceral 
sensation presumably accompany sympathetic nerves. The 
exception appears to be the visceral pain fibers from certain 
pelvic viscera that accompany the pelvic parasympathetic 
nerves.
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20.5 reGULAtION OF tHe AUtONOMIC 
NerVOUS SYSteM
Both the hypothalamus and the cerebral cortex play a role in 
the regulation of the autonomic nervous system. The hypo-
thalamus is a significant correlation region that coordinates 
visceral activities responding to ever‐changing conditions 
of external and internal environments. The hypothalamus 
exerts its regulation of the autonomic nervous system 
through two major output systems that leave the hypothala-
mus: the dorsal longitudinal fasciculus and the hypothalam-
otegmental paths. These paths descend to influence both 
parasympathetic and sympathetic neurons at brain stem and 
spinal levels.

Autonomic related areas of the cerebral cortex or autonomic 
related cortices (ARC) influence the autonomic nervous 
system. These include Brodmann’s area 25, the posterior 
orbitofrontal cortex (POF), and the anterior insula. That area 
inferior to the rostrum of the corpus callosum termed the 
subcallosal area is divisible into dorsal and ventral parts. The 
dorsal part of the subcallosal area, termed the subcallosal 
gyrus, is continuous with the cingulate gyrus whereas the 
ventral part of the subcallosal area includes the septal area 

and corresponds to Brodmann’s area 25. These autonomic 
related cortices influence the autonomic nervous system by 
way of the hypothalamus and through other connections to 
lower levels of the nervous system. Thus, there are corticohy-
pothalamic fibers and there are corticothalamohypothalamic 
fibers, particularly those that pass to the medial dorsal 
nucleus of the thalamus. The amygdaloid complex through 
amygdalohypothalamic fibers also exerts an influence on the 
hypothalamus. These paths are probably regulatory and pro-
vide necessary adjustments in autonomic function. Since 
both emotion and intellectual decisions are cortical in origin, 
it is apparent that these cortical influences exert their control 
through regulation of the autonomic nervous system.

20.6 DISOrDerS OF tHe AUtONOMIC 
NerVOUS SYSteM
Numerous disorders threaten the autonomic nervous system. 
As one looks at the myriad of conditions that influence the 
autonomic nervous system, it is revealing to note that the 
autonomic nervous system is dispersed and widespread and 
that it participates in many functions. As an example, among 
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disorders of the autonomic nervous system are disorders of 
cardiac control. Myocardial infarction and cardiac arrhyth-
mias may have an autonomic component. Either a decrease 
(arterial hypertension) or increase (arterial hypotension) in 
arterial blood pressure beyond normal limits reflects an 
imbalance between the sympathetic and parasympathetic 
parts of the autonomic nervous system.

Some disorders of regional circulation lead to such condi-
tions as migraine headaches and limb disorders. Abnormalities 
of body temperature regulation, including both hypo‐ and 
hyperthermia, are examples of autonomic dysfunctions. 
Increased or decreased sweating (called hyperhidrosis or 
anhidrosis), and also changes in pupillary size or disturbances 
of micturition and sexual function, come under the heading of 
autonomic disturbances. Gastrointestinal disorders, such as 
increased salivation, vomiting, ulcers or spastic colon, visceral 
pain such as phantom limb pain, and causalgia or vascular 
pain are attributable to injury to the autonomic nervous system.
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FUrtHer reADING

21.1 FACtS AND FIGUreS
The two cerebral hemispheres of the newborn weigh 
approximately 402 g in the male and 380 g in the female. By 
the end of the first year, the weight of the brain has doubled, 
and by the end of the sixth year, it has tripled to at least 90% 
of its adult weight at that time. This increase in weight is due 
mainly to an increase in the number of blood vessels, myelin 
layers, and supporting or glial elements. In adults, the cere
bral hemispheres weigh about 1450 g in the male, with 
a  normal range of 1200–1600 g. In the female, the cerebral 
hemispheres weigh about 1350 g, with a normal range of 
1100–1500 g. The brain of an elephant weighs about 5000 g 
and that of a blue whale about 6800 g.

Folding of the surface of the brain occurs such that two‐
thirds of its surface area lies buried and out of view in the 

depths of the cerebral fissures or sulci. When one considers 
the surface area of the brain per lobe, about 41% of the human 
brain consists of the frontal lobe, 17% the occipital lobe, and 
21% the temporal lobe, and the parietal lobe and insula make 
up about 21% of the surface area of the brain.

The surface gray matter of the cerebral hemispheres, or 
cerebral cortex, averages about 2.5 mm in thickness, with 
variation from one brain area to another. The primary visual 
cortex (Brodmann’s area 17) is about 1.5 mm in depth 
whereas the primary motor cortex (Brodmann’s area 4) is 
about 4.5 mm. There is variation in the thickness of the cere
bral cortex, with it being thinner in the depths of the fissures 
than at the upper margins of the fissures. About 1012 neurons 
may be present in both cerebral hemispheres (1012 = 1 trillion 
or 1 million × 1 million).
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21.2 COrtICAL NeUrONS
There are five neuronal types in the human cerebral cortex. 
These include the characteristic neuron of the human 
 cerebral cortex, the pyramidal neuron (Figs  21.1, 21.2, 
21.3, and 21.4), which measures about 10–70 µm in diam
eter. The majority of neurons in the human cerebral cor
tex are pyramidal neurons. These excitatory neurons 
project to other pyramidal neurons, forming networks 
among themselves. A single pyramidal cell may have up to 
200 synapses from other neurons on its cell body but 
upwards of 40 000 synapses on its axon and dendrites. 
The stellate or granule neuron is another neuronal type 
found in the cerebral cortex (Fig. 21.1). This neuronal type 
has a wide distribution and is probably correlative in 
function, interrelating different cortical layers. The hori-
zontal cells of Cajal are in the superficial cortical layers 
(Fig.  21.1). These small neurons correlate adjoining areas 
within each cerebral hemisphere and have axons and den
drites that run parallel to the cortical surface. The cells of 
Martinotti are in various cortical layers (Fig.  21.1). Their 
axons pass to the cortical surface and they, too, are probably 
correlative in function. The fifth cortical neuronal type is 
the polymorph, multiform, or pleomorph neuron. These 
essentially modified pyramidal neurons are associative in 
function and occur in the innermost  cortical layer.

21.3 COrtICAL LAYerS
Based on the size, shape, and arrangement of neuronal cell 
bodies (a neuroanatomical subdiscipline termed cytoarchi-
tectonics), the human cerebral cortex is divisible into some 
six cellular layers (Figs 21.1, 21.2, and 21.4). These cellular 

layers, in turn, are useful in parcelling the whole of the cere
bral cortex into areas or fields (cortical parcellation). From 
superficial to deep, these layers include the (I) mole cular 
layer, (II) external granular layer, (III) external pyramidal layer, 
(IV) internal granular layer, (V) internal pyramidal layer, and 
(VI) multiform layer (Fig. 21.4). Those cortical areas with 
six definite layers are termed homotypic areas. Those 
 cortical areas in which six layers are obscure, such as in 
the primary motor cortex (where there appear to be only 

Figure 21.1 ● Five neuronal types in the human cerebral cortex. (Source: Standring, 2005. Reproduced with permission of Elsevier.)
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Figure 21.2 ● Size, shape, and laminar distribution of pyramidal neurons in 
the human cerebral cortex. (Source: Jones, 1984. Reproduced with permission 
of Springer.)
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five layers) or where seven layers are identifiable, such as in 
the primary visual cortex, are termed heterotypic areas.

Based on the myelinated fibers present in the human 
cerebral cortex, some of which are tangentially oriented 
forming local concentrations or bands and others radially 
oriented and concentrated in bundles or radii (a neuro
anatomical subdiscipline termed myeloarchitectonics), it 
is possible to identify six major fiber layers in the human 
cerebral cortex (Fig.  21.4). From superficial to deep, the 
myeloarchitectonic layers of Vogt and Vogt (1919) include 
the (1) zonal layer, (2) dysfibrous layer, (3) suprastriate 
layer, (4) external stria or outer stripe of Baillarger, (5) 
interstriate layer together with the internal stria or inner 
stripe of Baillarger, and (6) an infrastriate layer with its 
four subdivisions.

Using the cellular or fiber patterns, or both, that may be 
present on histological sections of the cerebral cortex, 
many investigators have proposed “cortical maps” defin
ing various areas or fields throughout the cerebral cortex. 
One of the pioneers in this field was A.W. Campbell (1905), 
whose painstaking investigations enabled him to divide 
the human cerebral cortex into 16 major areas based on 
cytoarchitecture as revealed with Nissl staining of cor
tical neuronal cell bodies and myeloarchitecture based 
on  Weigert staining for myelinated fibers in the cortex. 

He correlated his histological areas with evidence of cortical 
function obtained from comparative anatomy, experimen
tal physiology, and clinical observation of human disease 
(Eadie, 2001).

At the beginning of the 20th century, Oskar and Cécile 
Vogt established a center for brain research dedicated to 
the study of the cyto‐ and myeloarchitecture of the cere
bral cortex. From 1901 to 1909, they entrusted the study 
of the cellular structure of the cortex to a young colleague, 
Korbinian Brodmann (Nieuwenhuys, 2013). In a series of 
elegant publications from 1903 to 1914, Brodmann presented 
several versions of his cytoarchitectonic map of the human 

Figure 21.3 ● Pyramidal neurons in the cerebral cortex. (Source: Reproduced 
with permission of the Blue Brain Project, 2006.)
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brain (Judaš et al., 2012; Šimic ́ and Hof, 2015). The resulting 
Brodmann’s map and Brodmann’s numbering system are 
widely used today. Indeed, it has become increasingly 
popular with the introduction of contemporary neuroimag
ing methods (Figs 21.5, 21.6, 21.7, and 21.8).

As Brodmann studied the cytoarchitectonics of the human 
brain, the Vogts focused on its myeloarchitectonics. Their stud
ies defined 185 myeloarchitectonic areas in the human brain: 
70 in the frontal lobe, 6 in the insula, 30 in the parietal lobe, 
19 in the occipital lobe, and 60 in the temporal lobe. The Vogts 
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gradually developed the general concept that the human cere
bral cortex is composed of about 200 distinct, juxtaposed corti
cal fields (Nieuwenhuys, 2013). After scrutinizing the total 
body of myeloarchitectonic studies on the human cortex by the 
Vogt–Vogt school, Nieuwenhuys (2013) concluded that the 

available data are adequate and sufficient for the composition 
of a new myeloarchitectonic map of the entire human cerebral 
cortex. The resultant new map (Figs 21.9 and 21.10) includes 
180 myeloarchitectonic areas: 64 frontal, 30 parietal, 6 insular, 
17 occipital and 63 temporal (Nieuwenhuys et al., 2015a, b).
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Figure 21.7 ● Modern rendition of the cytoarchitectural map showing Brodmann’s areas on the lateral surface of the human brain. (Source: Reproduced with 
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Contemporary methods of cortical parcellation have used 
a combination of anatomical, neurochemical, and functional 
methods to define various cortical areas or fields. Much more 
work needs to be done in order to combine and synthesize the 
myeloarchitectonic data of the Vogt–Vogt school, as expressed 
in the new map put forward by Nieuwenhuys et  al. (2015), 
with the results of the detailed cytoarchitectonic and receptor 
architectonic studies of the Zilles–Amunts group and their 

numerous associates, as noted by Nieuwenhuys et al. (2015). 
These groups hope that the result will be a comprehensive 
“super map” of the structural organization of the human 
neocortex.

There are different types of functional areas of the 
cerebral cortex, including receptive areas and projection 
areas. The receptive areas relate to specific sensory modali
ties and include the primary somatosensory, primary visual, 
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primary gustatory, primary olfactory, primary vestibular, 
and primary auditory areas of the cerebral cortex. In addition 
to the primary and some well‐defined secondary sensory 
receptive or motor projection areas, there are also cortical 
association areas related to correlating, interrelating, and 
interpreting information that reaches the cerebral cortex. 
The association areas receive impulses from various cortical 
areas. In the association areas are the ultimate functional 
capacities of the human brain. An association area may be 
under the influence of only one type of impulse from a 
single neighboring projection (a primary association area) 
or receptive area, or it may correlate two different types of 
sensory information (a secondary association area). There 
may also be tertiary or multimodal association areas in 
the human brain that are areas of integration, association, 
and correlation. Indeed, in terms of the associations that 
underlie the most complex of human capabilities, there may 
well be heteromodal and supramodal association areas that 
provide the anatomical basis for our ability to read, write, 
speak, learn, think, reason, remember, and ultimately create 
new concepts and ideas.

21.4 COrtICAL COLUMNS 
(MICrOArCHIteCtUre)
The cell size and packing density of the cerebral cortex 
(cytoarchitectonics) permit the identification of cortical lay
ers and cortical parcellation into individual areas and larger 
regions. In addition, there is also a columnar cortical organ-
ization (microarchitecture). Neurons in the somatosensory 
cortex are in vertical columns at right‐angles to the surface 
and extend through all cortical layers; they often share simi
lar receptive fields and have specific functions. The width 
of these cortical columns has an upper limit in primates of 
the order of about 5 mm. Columns in the primary soma
tosensory cortex are functionally interrelated by intrinsic 
corticocortical connections and by direct horizontal connec
tions between columns. These intrinsic connections serve to 
connect parts of the cerebral cortex having different 
response properties yet lying in regions of similar func
tional significance.

21.5 FUNCtIONAL ASPeCtS 
OF tHe CereBrAL COrteX
In discussing functions of the cortical areas in humans, it is 
essential to understand that we are not dealing with proper
ties inherent in the cerebral cortex itself, but with complete 
neuronal arcs or chains of neurons that project their impulses 
from specific areas of the nervous system to their termina
tions. The functional features of any cortical area are 
dependent on the connections to and from that area and the 
interrelations that exist between the various primary and 
secondary sensory receptive areas, the motor projection 
areas, and the primary, secondary, and tertiary associa
tion areas.

21.6 CereBrAL DOMINANCe, LAterALIZAtION, 
AND ASYMMetrY
Cerebral dominance refers to the observation that one cer
ebral hemisphere of the brain is more involved in certain 
functions such as language, handedness, musical talents, 
visual–spatial abilities, attention, and perhaps emotion. 
In some cases there is a functional lateralization, and in other 
cases there is an accompanying structural asymmetry in the 
brain. The early studies of Broca in the 1860s and Wernicke a 
decade later (1874) demonstrated the left hemisphere as part 
of the human brain network more involved in speech and 
language. This includes Broca’s area in the inferior frontal 
gyrus and Wernicke’s area in the inferior parietal lobule 
and the posterior parts of the superior, middle and inferior 
temporal gyri. Subsequent studies demonstrated a structural 
asymmetry in the temporal lobe termed the planum tempo
rale, which corresponds to the posterior superior surface of 
the superior temporal gyrus. This asymmetry in an audi
tory association area was greater in right‐handers than in 
left‐handers.

Both macroscopic and microscopic structural asymmetry 
exist in the primary motor area in humans with regard to 
handedness. In right‐handers, magnetic resonance (MR) 
morphometry reveals a deeper central sulcus on the left than 
on the right, and vice versa in left‐handers. Correspondingly, 
at the microscopic level, the neuropil volume in Brodmann’s 
area 4 is larger on the left than on the right. These anatomical 
asymmetries may reflect increased connectivity in area 4 
along with an increase in the intrasulcal length of the poste
rior bank of the precentral gyrus in the left hemisphere of 
right‐handers.

21.7 FrONtAL LOBe

21.7.1 Primary motor cortex

Superior to the lateral sulcus and in front of the central sulcus 
is the frontal lobe, characterized by having many significant 
functional areas. This includes the primary motor cortex cor
responding to Brodmann’s area 4, which occupies the pre
central gyrus on the lateral surface of the hemisphere, and 
that part of the paracentral lobule on the medial surface of 
the brain that lies anterior to the central sulcus (Figs  21.5, 
21.6, 21.7, and 21.8) and extending inferiorly to the cingulate 
sulcus. On the lateral surface of the brain, the precentral sul
cus bounds the precentral gyrus anteriorly and the central 
sulcus bounds it posteriorly. However, on the medial surface 
of the brain, there is no reliable anatomical landmark for the 
anterior border of area 4. Studies in primates have demon
strated two spatially separate motor representations of the 
arm and hand in area 4. The long axes of these representa
tions are oriented approximately parallel to the central sul
cus. Stimulation in both areas causes the same movements 
and activates the same muscles at similar current strengths. 
This phenomenon is termed the double representation 
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hypothesis. These two different areas or subareas of area 4 
differ with regard to their somatosensory input. The caudal 
area relates to movements that use tactile feedback for their 
execution whereas the rostral area relates to movements that 
use proprioceptive feedback for their execution. These find
ings, along with cytoarchitectural observations and quantita
tive distributions of transmitter‐binding sites, have led to the 
suggestion that area 4 in humans includes area 4 anterior (4a) 
and area 4 posterior (4p). In addition to the motor representa
tion across area 4, tactile and proprioceptive maps also occur 
in 4a and 4p. Thus, the primary motor area in humans can be 
subdivided based on anatomy, neurochemistry, and func
tion. The thumb and index and middle fingers have a repre
sentation in both 4a and 4p.

The motor homunculus

Electrical stimulation of the precentral gyrus and the anterior 
part of the paracentral lobule in conscious patients causes 
movements of the contralateral face, limbs, hands, or feet in 
that sequence, thus revealing a cortical pattern. This pattern 
of representation from toes to tongue, oriented along the pre
central gyrus and anterior part of the paracentral lobule, is 
usually illustrated as a distorted caricature, the motor 
homunculus (Fig.  21.11). The representation of the hands, 
digits, and face including the mouth and larynx is large. The 
hand area is on the middle third of the human precentral 
gyrus. The size of its representation reflects its extraordinary 

capabilities to sense temperatures, to participate in the active 
sense of touch in exploring the world around us, and to carry 
out complex fine, skilled movement including communicat
ing with our hands. The representations of the knee, leg, 
ankle, foot, and bladder begin on the edge of each cerebral 
hemisphere and pass over onto the anterior paracentral lob
ule. The bladder area is just anterior to the area representing 
the ankle and the toes.

Injury to the primary motor cortex will produce a con
tralateral flaccid paralysis. If the bladder representation on 
that part of area 4 that occupies the medial surface of each 
cerebral hemisphere is involved bilaterally, there will be an 
inability to start micturition and incontinence with dribbling 
because of overfilling of the bladder will result. The primary 
motor cortex discharges to lower motor neurons of the brain 
stem and spinal cord through components of the pyramidal 
system, both corticospinal and corticobulbar, for the initia
tion of voluntary motor activity.

21.7.2 Premotor cortex

The premotor cortex corresponding to Brodmann’s area 6, in 
the posterior part of the frontal lobe, is anterior to and paral
lels area 4, both on the medial and lateral surfaces of the cer
ebral hemisphere (Figs 21.5, 21.6, 21.7, and 21.8). The rostral 
border of area 6 on both medial and lateral surfaces of the 
human brain is unclear. On the medial surface of the brain, 
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area 6 extends inferiorly to the cingulate sulcus, where its 
caudal border is Brodmann’s area 24, part of the anterior cin
gulate cortex (Figs  21.6 and 21.8). A motor pattern exists 
across the premotor cortex with responses that are contralat
eral, but not as discrete as the responses that follow stimula
tion of the primary motor cortex. In essence, the premotor 
cortex is an extrapyramidal motor area in that it supplements 
the activity of the primary motor cortex. The premotor cortex 
is also termed the frontal aversive field in that stimulation of 
this area causes rotation of the head, eyes, and trunk to the 
opposite side with complex synergistic movements of flexion 
and extension of the contralateral arm and leg. In addition to 
the motor representation across area 6, a tactile map also 
occurs across this area.

Injury to the premotor cortex produces a motor apraxia. 
This purely cortical concept refers to the inability to carry out 
a sequence of motor activities in the presence of intact motor 
and sensory paths. Motor apraxia is evident as clumsiness in 
writing or drawing. A grasp reflex is also likely to appear. 
Following damage to the primary motor cortex, the premo
tor cortex is able to substitute to some degree. The premotor 
cortex also participates in cortical automatic associated move
ments that accompany fine skilled voluntary movements. 
A grasp reflex appearing in newborns and disappearing at 
2–4 months is likely to be so marked as to be able to suspend 
a child by their grasp. In older individuals, the primary 
motor cortex inhibits this reflex.

21.7.3 Supplementary motor area (SMA)

That part of the premotor area 6 that extends onto the 
medial hemisphere wall is termed the supplementary 
motor area (SMA). The SMA is divisible into rostral, pre‐
SMA, and caudal parts (the SMA proper). Complex motor 
tasks activate the rostral SMA whereas simple motor tasks 
activate the caudal SMA proper. The pre‐SMA is involved 
in the acquisition of new motor sequences whereas the 
SMA proper participates in the acquisition of motor 
sequences that are essentially automatic. For example, the 
playing of a familiar piano piece by an experienced pianist 
(automatic movements) activates the SMA, whereas the 
playing of an unfamiliar piece (perhaps more demanding 
and cognitive) activates laterally located area 6 along with 
pre‐SMA on the medial hemisphere surface. The SMA is 
somatotopically organized in humans with index finger 
responses anterior and dorsal to shoulder responses. Activation 
of the SMA occurs during imagined movements whereas 
regional cerebral blood flow increases in this area during 
complex sequential movements.

21.7.4 Cingulate motor areas

In addition to the primary motor area 4, the premotor area 6, 
the SMA, and their various subdivisions, the medial wall of 
the cerebral hemispheres contains motor areas buried in the 

cingulate sulcus. They do not extend onto the cingulate gyrus 
but include a rostral cingulate zone and a caudal cingulate 
zone. These cingulate zones correspond to Brodmann’s areas 
24 and 32 (Figs 21.6 and 21.8).

21.7.5 Frontal eye fields

The primary and secondary eye fields occupy parts of 
Brodmann’s areas 6, 8, and 9 (Fig. 21.12) on the lateral surface 
of the frontal lobe. At the posterior end of the middle frontal 
gyrus is the primary eye field responsible for voluntary 
eye deviations. There is also a secondary eye field at the 
posterior end of the inferior frontal gyrus on its dorsal part. 
Stimulation of the human primary eye fields yields devia
tions of the eyes, including divergence, horizontal conjugate 
deviation to the contralateral side, and deviation up and to 
the contralateral side. The pattern on the secondary eye field 
is essentially a mirror image of that on the primary eye field. 
The secondary eye fields permit relaxation of the antagonis
tic muscles during voluntary eye deviations. Movements of 
the head and pupillary changes may accompany movements 
of the eyes. Unilateral stimulation of the frontal eye fields 
in humans may also lead to bilateral opening or closing of 
the lids.

Processes of neurons in these eye fields project their fibers 
through the corticobulbar path to nuclei of the ocular muscles. 
The primary eye fields project fibers to the agonist muscles, 
whereas neurons in the secondary eye fields project fibers to 
the antagonistic muscles. Voluntary ocular movements obvi
ously involve the cooperative action of eye fields in both 
cerebral hemispheres.

Injuries to the frontal eye fields in humans are either 
irritative or destructive. Irritative injuries result in deviations 
of the eyes to the contralateral side, whereas destructive 
injuries result in deviation of the eyes to the same side. The 
effects of such injuries emphasize the close cooperation that 
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Figure 21.12 ● Frontal eye fields in the human brain corresponding to parts 
of Brodmann’s areas 6, 8, and 9.
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exists between the two cerebral hemispheres. Extrapyramidal 
cortical areas in the parietal and occipital lobes influence 
ocular movements, particularly following or automatic 
movements of the eyes.

Conjugate deviation of the eyes with pupillary dilation 
of the abducting eye may appear with the onset of seizures. 
Such cases localize the epileptogenic focus to the con
tralateral frontal lobe. Two patients with bilateral ptosis 
and difficulty initiating lid elevation had vascular infarc
tion of the right frontal lobe.

21.7.6 Broca’s area

In 1865, Broca described 25 patients with the loss of articu-
late speech (Lazar and Mohr, 2011). All of Broca’s patients 
had left cerebral hemisphere lesions and all but one were 
localizable to the inferior frontal convolution according to 
Berker et al. (1986), who translated Broca’s 1865 paper. They 
noted that Broca concluded that this loss of articulate speech 
nearly always comes from injury to the left frontal lobe. This 
area of the brain in the inferior frontal convolution is now 
termed Broca’s area. Broca’s discovery furnished the first 
anatomical evidence for the localization of brain function. 
Examination of this 1865 paper by Lazar and Mohr (2011) 
revealed that Broca had more insights related to the acquired 
loss of language. Here are a few of Broca’s insights that they 
noted: (1) that the loss of articulate speech nearly always 
comes about from injury to the left frontal lobe in contrast to 
his earlier assertion that such disorders could arise from 
injury to either hemisphere; (2) that there is some distinction 
between language and speech –  the idea and a sign in the 
former, but the idea and a spoken word in the latter; (3) 
that most patients with aphasia tend to improve in their 
performance, i.e., there is some form of recovery; (4) that 
full language “recovery” rarely occurs; and (5) that there is 
no strict correlation between lesion size and functional out
comes in speech disorders. Broca’s area is part of the human 
brain network responsible for speech and language.

Broca’s area occupies the triangular and opercular parts 
of the posterior end of the inferior frontal gyrus of the left 
cerebral hemisphere. This part of the inferior frontal gyrus 
corresponds to Brodmann’s areas 44 and 45 (Fig. 21.7) and 
has connections with the primary motor cortex, especially 
with those parts of area 4 that supply muscles concerned 
with speech. Area 44 or the pars opercularis of the inferior 
frontal gyrus is separated from area 45 or the pars triangu-
laris by the ascending or vertical ramus of the lateral sulcus 
whereas the anterior ramus of the lateral sulcus divides the 
pars triangularis from pars orbitalis (area 47) (Figs  5.9 
and 21.7).

Another view of the Broca’s area

Two recent papers suggest that another view of the func
tional role of Broca’s area might be appropriate. Bizzi et al. 
(2012) used diffusion MR tractography, functional magnetic 

resonance imaging (fMRI) and neuropsychology to study 
19 patients with aphasia induced by gliomas growing in the 
ventrolateral frontal region. They concluded that gliomas 
growing in the left ventral precentral region are much more 
likely to cause speech deficits than gliomas infiltrating the 
inferior frontal gyrus. Only patients with aphasia had lesion 
extensions that involved the arcuate fasciculus.

Tate et  al. (2014) revisited the functional role of Broca’s 
area in 165 consecutive patients undergoing awake brain 
mapping prior to resection of low‐grade gliomas. Using 
direct cortical stimulation, positive (motor or sensory) or 
negative (speech arrest, dysarthria, anomia, phonological 
and semantic paraphasias) findings were identifiable and 
localized by mapping onto a standard brain atlas. Motor or 
sensory function was identifiable in the pre‐/postcentral 
gyri. Articulation epicenters were evident in the pre‐/post
central gyri but speech arrest had its epicenter in the ventral 
premotor cortex, not Broca’s area. It would be most helpful if 
these results were reproducible.

21.7.7 Prefrontal cortex

The “prefrontal” cortex (PFC) makes up about one‐third of 
the human neocortex. It has three parts represented on the 
various surfaces of the frontal lobe (Fig. 21.13). The lateral 
prefrontal cortex includes the superior, middle, and inferior 
frontal gyri anterior to the premotor cortex involving 
Brodmann’s areas 8–11 and 44–47. On the medial surface of 
the frontal lobe, the medial prefrontal cortex (Ongür et al., 
2003; Rolls, 2015) involves Brodmann’s areas 8–12, 24, and 32. 
Area 24 involves part of the anterior cingulate cortex. On the 
orbital surface of the frontal lobe, the orbital prefrontal cortex 
includes Brodmann’s areas 10, 11, and 47 (Fig. 21.11). Collec
tively, these three constituents of the prefrontal cortex consti
tute a complex association area that provides the structural 
basis for the most complex intellectual and moral functions 
of which humans are capable. These complex intellectual 
and moral functions include those attributes that are highly 
developed in educated, experienced, and cultured individu
als. Such functions are modifiable by environment, memory, 
experiences, and the associations that we have with others in 
our lifetime. It takes many years to develop and synthesize 
these complex associations. The more abstract aspects of 
human intellectual function, higher mental functions, 
creativity, and intangible activities of the nervous system are 
also properties of the prefrontal cortex.

Some understanding of the function of these different 
parts of the prefrontal cortex comes from studies of injuries 
to them. For example, damage to the lateral prefrontal cortex 
results in a characteristic series of cognitive deficits in exe
cutive functions, including the inability to formulate a plan 
of action (thinking) and then the inability to carry out that 
plan (behavior). Deficits in motility, attention, and emotion 
result from damage to the medial prefrontal cortex of the 
human brain.
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The behavior evidenced after prefrontal injury depends 
on the state of development of the prefrontal cortex before 
the injury or damage to the cortex. By that, we mean that 
what results depends on what we had there and what we did 
with it. The resulting deficit manifests a loss of something 
that was there. One cannot lose something that one never had.

21.8 PArIetAL LOBe
The parietal lobe lies immediately behind the central sulcus 
and above the lateral sulcus on the lateral surface of the brain. 
Both the postcentral gyrus corresponding to Brodmann’s 
areas 3, 1, and 2 (Fig.  21.14) and its accompanying sulcus 
parallel the central sulcus. The postcentral gyrus continues 
onto the medial surface of the brain as the posterior part of 
the paracentral lobule (Figs 21.6 and 21.8) and it continues 
inferiorly to contribute to the frontoparietal operculum 
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corresponding to Brodmann’s area 43 (Fig. 21.14). An intra
parietal sulcus (Fig.  5.6) begins in the middle part of the 
postcentral sulcus and runs posteriorly into the parietal 
lobe, separating it into superior and inferior parietal lobules 
(Fig.  5.6). The superior parietal lobule corresponds to 
Brodmann’s areas 5 and 7 whereas the inferior parietal lobule 
includes Brodmann’s areas 39 and 40. Part of the superior 
parietal lobule extends onto the medial surface of the brain 
(Figs 21.6 and 21.8) down to the subparietal sulcus and the 
parieto‐occipital sulcus. Parts of the inferior parietal lobule 
and the inferior frontal gyrus contribute to the upper lip 
of the lateral sulcus termed the frontoparietal operculum 
(Fig.  5.6). The lower part of the inferior parietal lobule 
includes the supramarginal and the angular gyri (Fig. 5.6). 
The former, corresponding to Brodmann’s area 40 (Figs 21.5), 
caps the posterior tip of the lateral sulcus (Fig. 5.6) and the 
latter, corresponding to Brodmann’s area 39, caps the posterior 
tip of the superior temporal sulcus (Figs 5.6 and 21.5).

21.8.1 Primary somatosensory cortex (SI)

A significant area in the parietal lobe is the primary soma-
tosensory cortex or SI that corresponds to Brodmann’s areas 
3, 1, and 2 on the postcentral gyrus (Fig. 21.14) and the poste
rior part of the paracentral lobule of the parietal lobe. Area 1 
is on the crown of the postcentral gyrus and area 2 forms the 
anterior wall of the postcentral sulcus. Area 3 is divisible into 
areas 3a and 3b in nonhuman primates and humans, with 
area 3b being intrasulcal but forming the posterior wall of the 
central sulcus. Area 3a, also intrasulcal, forms the floor of the 
central sulcus and is a transition area between primary motor 
area 4 along the precentral gyrus and area 3b on the posterior 
bank of the central sulcus. Hence there are four strip‐like 
somatosensory areas in the human primary somatosensory 
area of the postcentral gyrus of the parietal lobe.

In addition to these four cytoarchitectonic subdivisions of 
SI, there is also a columnar cortical organization (microarchi
tecture) in the postcentral gyrus. Neurons in SI are in vertical 
columns at right‐angles to the surface and extend through all 
cortical layers; they often share similar receptive fields and 
have specific functions. Columns in SI are functionally inter
related by intrinsic corticocortical connections and by direct 
horizontal connections between columns.

The ability to recognize, localize, and assess pain and 
thermal sensations requires cortical participation. Compar
ison and contrasting of ongoing sensations and those previ
ously experienced occur in the frontal lobe, thus providing 
a basis for immediate reactions and influencing intended 
behavior. Although sensations of thermal extremes and 
superficial pain enter consciousness at a thalamic level in 
humans, the primary somatosensory cortex is capable of 
discriminating and comparing qualities of pain and slight 
variations in temperature, accurately localizing these sensa
tions with tactile and proprioceptive sensations.

Although impulses for visceral pain likely reach conscious
ness at a thalamic level, areas of the cerebral cortex are also 

involved in visceral sensation. The intralaminar nuclei, 
part of the “diffuse thalamocortical projection system,” relay 
visceral impulses to the cerebral cortex. Their diffuseness 
presumably accounts for the poor localization of visceral 
pain. Electrical stimulation reveals that visceral sensory areas 
in the cerebral cortex in humans include the lower end of the 
primary somatosensory cortex and part of the insula.

Contemporary imaging studies in humans have begun to 
clarify the role of cortical areas as we use our active sense of 
touch to explore the world around us. For example, in a 
study of the speed of moving stimuli across the skin of the 
hand (a rotating brush across the palmar surface of the 
fingers in contrast to rest), there was primarily activation in 
area 1 and secondarily in area 3b of the somatosensory 
cortex. In another study, the discrimination of curvatures or 
objects rich in curvatures led to an increase in regional cere
bral blood flow outside area 1 but perhaps in area 2 on the 
posterior bank of the postcentral sulcus. Positron emission 
tomography, cytoarchitectonic mapping, and a combination 
of sensory stimuli (passive or active touch, brush velocity, 
edge length, curvature, and roughness) revealed the proba
ble hierarchical processing of tactile shape in sensory areas of 
the human brain. This involves areas 3b and 1 as the first 
steps in the process, area 2 being the next step, and the ante
rior part of the cortex lining the intraparietal sulcus (IPA) and 
the adjacent part of the supramarginal gyrus being the final 
step. The anterior part of the human intraparietal sulcus is 
involved in visually guided grasping. Lastly, in a fourth 
study, a pleasant and soft touch to the hand elicited by using 
velvet in comparison with a neutral stimulus produced 
activation in the orbitofrontal cortex. This suggests that the 
pleasant or rewarding aspects of touch (“that feels good”) 
and also the pleasant or rewarding aspects of taste (“that 
tastes good”) or smell (“that smells good”), all of which are 
represented in different parts of the orbitofrontal cortex, 
collectively contribute to our state of emotion.

The sensory homunculus

Electrical stimulation of the postcentral gyrus and the posterior 
paracentral lobule in conscious humans evokes abnormal 
sensations called paresthesias. These paresthesias include 
numbness and tingling on different areas of the contralateral 
body (sensations of pain or temperature are rare). In 163 
patients, with 800 responses, coldness was reported 13 times, 
pain 11 times, and heat twice. By drawing areas of the 
body receiving sensations along the postcentral gyrus and 
posterior paracentral lobule, a cortical pattern is evident. 
This pattern of representation, from toes to tongue, oriented 
along the postcentral gyrus and posterior paracentral lobule, 
is often illustrated as a distorted caricature, the sensory 
homunculus (Fig. 21.15). Cutaneous areas of greatest sensi
tivity have correspondingly larger cortical representation. 
Hence the size of the parts of the homunculus is a reflection 
of the cortical area devoted to individual parts of the body. 
The sensory homunculus has the same order as the motor 
homunculus in the frontal lobe. Movements also follow 



tHe CereBrAL HeMISPHereS ● ● ● 349

stimulation of the human postcentral gyrus; however, a 
slightly higher stimulus threshold is required and the 
corticospinal path must be intact. Such movements affirm 
the presence of corticospinal neuronal cell bodies that 
originate in the postcentral gyrus.

Certain aspects of the human sensory homunculus are of 
special interest. The toes, foot, ankle, and leg have their repre
sentation in the posterior part of the paracentral lobule on the 
medial surface of the brain (Fig. 21.15). The representation of 
the thigh or hip occurs at the medial to superolateral surface 
junction followed in order by the trunk, neck, shoulder, arm, 
forearm, and hand (Fig.  21.15) across the superolateral 
surface of the brain. The genitalia and perineum likely have 
their representation on the medial surface of the human brain 
just ventral to the representation of the toes (although this 
representation is unclear). Recent recordings of cerebrocorti
cal potentials evoked by stimulation of the dorsal nerve of the 
penis in humans suggest a representation of the penis with 
the hip and upper leg near the junction of the medial to supe
rolateral surface. Additional studies should help to clarify the 
location of the cortical representation of the human genitalia 
and perineum. There is variation in the leg/body boundary 
in the human brain. All five fingers have a separate medial to 
lateral representation along the wall of the central sulcus not 
on the lateral surface. The anterior surface of the body faces 

the central sulcus. A patient who had lost four fingers on his 
right hand underwent successful reimplantation of two fin
gers. Postimplantation cortical evoked fields were localizable 
in the primary somatosensory cortex, demonstrating cortical 
reorganization of digit representation.

Experimental studies of the face area of SI in nonhuman 
primates demonstrated that oral soft tissues (gingiva, inner 
aspect of the lips) have their representation near the surface 
of the postcentral gyrus with the dental pulp along the floor 
of the central sulcus, coinciding with area 3a. Stimulation of 
dental pulp in humans causes painful sensations that are 
accurately localized, suggesting involvement of the primary 
somatosensory cortex for localization of painful sensations.

The face area, occupying most of the lower half of the 
postcentral gyrus (Fig.  21.15), receives trigeminal impulses 
including those from the face and mouth. The original sensory 
homunculus depicted that part of the face area concerned 
with the upper face and head to be superior to that concerned 
with the lips and oral cavity. The back of the head has its 
representation caudally in the postcentral gyrus; the face 
faces the central sulcus. Sensory seizures, analyzed in many 
patients, indicate that a revision of the accepted homuncular 
pattern along the postcentral gyrus is in order. In particular, 
the thumb is adjacent to the lower lip and corner of the 
mouth (Fig. 7.6).
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The multiple representation hypothesis

In nonhuman primates, each cytoarchitectural component 
of the primary somatosensory cortex corresponding to 
Brodmann’s areas 3a, 3b, 1, and 2 is a separate map of the 
body, receiving inputs from different peripheral receptors 
(Fig. 21.16). Areas 3b and 1 receive information from cuta
neous receptors and are essentially mirror images, yet differ 
enough to suggest that each has a distinct role in cutaneous 
sensation. Area 2 appears to receive information from 
predominantly deep receptors, including those signaling the 
position of joints and other deep body sensations, whereas 
area 3a receives sensory input from muscles. Cortical repre
sentation along the postcentral gyrus reflects a composite of 
somatotopically organized areas instead of a continuous 
homunculus. Functional imaging studies of the human SI 
show that multiple digit representations occur in the four 
subdivisions of SI (3a, 3b, 1, and 2) resembling the multiple 
representation hypothesis that is present in nonhuman pri
mates (Fig.  21.16). The definition of these cytoarchitectural 
subdivisions during imaging studies in humans depends on 
approximations based on anatomical landmarks.

Thermal and painful auras

Loss of discriminative pain or thermal sensation may result 
from cortical injury. Thermal and painful sensations fore
shadow the onset of an epileptic seizure, a phenomenon 
known as an aura. In 267 patients with focal seizures, only 
seven described painful sensations as a part of the seizure. 
A male patient had seizures marked by sensations of excruci
ating genital pain. These had been ongoing since the age of 
9 years.

Sensory Jacksonian seizures

An analysis of seizure patterns in 42 patients, involving 
subjective sensory experiences without objective signs, is a 
useful tool in shedding light on the function of the primary 
somatosensory cortex. Because they were alert and aware of 
their seizures, these patients were able to describe what and 
how they felt during the seizures. Such episodes, or sensory 
Jacksonian seizures, involve abnormal, localizable, cutane
ous sensations without apparent prior stimulation. The 
sensation spreads or progresses to adjacent cutaneous areas, 
in the body or along a limb, reflecting propagation of an 
epileptic discharge  –  an abnormal firing of neurons in the 
postcentral gyrus. This study supports the concept of a corti
cal sensory sequence with the thumb juxtaposed to the lower 
lip and corner of the mouth but not to the brow and corner of 
the eyelid as classically described (Fig. 7.6).

Injuries to the primary somatosensory cortex

Injuries to the primary somatosensory cortex result in the 
absence of proprioception and two‐point tactile sensation on 
the side contralateral to the injury. This often causes a loss of 
proprioception for the entire body or an individual limb, 

depending on the extent of the injury. If the injury is limited 
to the area of the hand representation along the primary 
somatosensory cortex of one cerebral hemisphere, the patient 
will not recognize the position of their fingers on the con
tralateral hand with their eyes closed. Without the aid of 
visual clues, the patient would be unable to identify objects 
such as a coin or key when placed in the hand. This deficit, 
referred to as cortical astereognosis of the receptive type, 
represents a loss of the ability to use tactile information in 
order to identify objects placed in the hand.

21.8.2 Secondary somatosensory cortex (SII)

Adjoining the primary somatosensory cortex or SI is a smaller, 
secondary somatosensory cortex, or SII, on the superior 
bank of the lateral sulcus, continuing onto the parietal oper
culum of the human brain and corresponding to Brodmann’s 
area 43 (Fig. 21.14). More than 10 secondary somatosensory 
areas are identifiable in the nonhuman primate brain. SII in 
nonhuman primates receives fibers from the ventral poste
rior medial nucleus and the caudal part of the ventral poste
rior lateral nucleus. Reciprocal corticothalamic fibers occur 
from SII in nonhuman primates to the ventral posterior 
nucleus. Output from SII is to SI, to the primary motor cortex 
(corresponding to Brodmann’s area 4), and to the premotor 
cortex (corresponding to Brodmann’s area 6). SII neurons 
exhibit predominantly contralateral, moderate to well‐defined 
receptive fields that are usually larger than the receptive 
fields of neurons in SI. Although a detailed somatotopic 
organization exists in SII, with the exception of parts of the 
digit representation, neighboring neurons in SII do not form 
a precise body map comparable to that in SII of nonhuman 
primates. In SII, there is a split in the representation for the 
face, thumb, and foot causing a dual representation of the 
same body part in the composite map of SII.

Injury to the secondary somatosensory cortex

Unilateral or bilateral removal of monkey area SII causes a 
profound defect of tasks requiring tactile learning and reten
tion. Even in the face of injury to the primary association 
cortex in the parietal lobe, a patient is still able to recognize 
two points as two points and to identify the position of the 
parts of their body. However, the patient will be unable to 
name an object placed in the affected hand, based on soma
tosensory information. With this deficit, called cortical 
astereognosis, the patient loses the ability to use the soma
tosensory information.

21.8.3 Superior parietal lobule

That part of the parietal lobe including the primary (areas 3, 
1, and 2) and secondary somatosensory cortex (area 43) is 
often termed the anterior parietal cortex (Fig.  21.14). The 
entire parietal cortex behind SI and SII is often termed the 
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posterior parietal cortex (PPC). The PPC is divisible into the 
superior parietal lobule and the inferior parietal lobule. 
The superior parietal lobule lies superior to the intraparietal 
sulcus and includes Brodmann’s areas 5 and 7 whereas the 
inferior parietal lobule lies inferior to the intraparietal sulcus 
and includes Brodmann’s areas 39 and 40. Through long and 
short association fibers, this complex sensory association 
region receives input from visual, auditory, somatosensory, 
limbic, and vestibular cortical areas. Based on the serial 
processing of sensory information from primary to second
ary sensory areas, the superior parietal lobule is likely to be a 
tertiary sensory association region in terms of its higher 
order processing. The superior parietal lobule has connections 
with the pulvinar nuclei and the lateral posterior nucleus of 
the thalamus. Such connections permit the reinforcement, 
correlation, and integration of sensory information. The 
superior parietal lobule is involved in  spatial orientation.

Injury to the secondary association areas

Injuries to the parietal secondary association areas often 
lead to rare visual illusions that are modifications of the 
 normal positions of objects. The sidewalk appears crooked, 
the chair or table upside down, the world upside down, or a 
patient is likely to describe their face as “slipping out of 
position.” Such phenomena do not have any emotional 
component to them, as do such illusions that occur after 
injury to the temporal lobe.

Loss of body scheme

In addition to these rare visual illusions, a loss of body scheme 
often results from damage to the parietal secondary associa
tion areas. Such patients do not recognize a body part as 
belonging to themselves. They have, in essence, an agnosia for 
parts of the body. This can occur for a digit, hand, or half of 
the face. If the injury is in the nondominant cerebral hemi
sphere, the patient may experience ignorance of the existence 
of paralyzed or hemiplegic limbs. Finally, a phantom limb is 
likely to occur with injury to parietal secondary association 
areas. In this condition, the cerebral cortex is probably receiv
ing abnormal impulses from the stump of the amputated limb. 
The cerebral cortex builds up an illusion of the nonexistent 
limb. This is perhaps a proprioceptive and not a visual illusion.

Sensory apraxia

Injuries to the dominant parietal lobe often result in the 
phenomenon of sensory apraxia, in which an affected per
son is able to follow simple commands, but cannot carry out 
a series of movements in which each step depends on the 
preceding movement. Asking a patient to go to the table, 
pick up a cup, pour water in it, drink the water, dry the cup, 
and return to the table is a formidable task. The inability to 
carry out such simple commands is probably the result of a 
proprioceptive loss in the sequence of motor sensory motor 
responses.

Sensory extinction

With parietal lobe injury, the simultaneous application of 
the same sensory stimulus on symmetrical parts of the body 
causes a failure to perceive one stimulus on the side oppo
site the injured parietal lobe whereas the patient is able to 
perceive isolated single stimulation of each point on the two 
sides of the body. Thus, the patient is able to perceive the 
examiner touching the tips of both index fingers when the 
stimuli are individually applied, but not when applied 
simultaneously. This phenomenon, called sensory extinction, 
is a subtle symptom of parietal lobe injury due to a percep
tual rivalry. The injured area loses out and there is extinction 
of the sensation coming from that side of the body. Critchley 
(1953) pointed out that within the brain, no territory surpasses 
the parietal lobe in the rich variety of clinical phenomena 
that follow disease states.

21.8.4 Inferior parietal lobule

The inferior parietal lobule (Fig. 21.14) includes the supra
marginal gyrus and the angular gyrus corresponding to 
Brodmann’s areas 40 and 39, respectively (Figs  21.7 and 
21.14). The intraparietal sulcus forms the dorsal border of the 
inferior parietal lobule. The supramarginal gyrus caps the 
posterior tip of the lateral sulcus whereas the angular gyrus 
caps the posterior tip of the superior temporal sulcus (Fig. 5.6). 
In some brains, these two gyri may be indistinct one from the 
other. The angular gyrus, corresponding to Brodmann’s area 
39, is functionally involved in language. Bilateral injury to 
this gyrus or a unilateral injury in the dominant cerebral 
hemisphere will lead to a visual receptive aphasia. Patients 
with such injuries cannot read, nor are they able to recognize 
words as words. Therefore, they cannot write well, although 
they are able to talk and understand speech. They cannot 
name an object they are able to see, although they know how 
to use it, a condition termed alexia without agraphia or the 
inability to read although the ability to write remains.

The supramarginal gyrus, particularly in the left cerebral 
hemisphere (dominant for language in 95% of humans) and 
corresponding to Brodmann’s area 40, plays a role in the 
symbolism of language. Injury to this gyrus causes the loss of 
the ability to express oneself in language, a condition called 
conductive aphasia. Speech is broken but comprehension is 
good. Hence the inferior parietal lobule is another constitu
ent of the human brain network responsible for speech and 
language.

21.8.5 Parietal vestibular cortex (2v)

The parietal vestibular cortex, along the upper lip of the 
intraparietal sulcus (Figs 11.7 and 21.7), has the cytoarchitec
tural appearance of area 2. Because it functions in vestibular 
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consciousness –  the awareness of position or movement of 
our body caused by the effects of gravity and acceleration or 
deceleration – it is often termed area 2v. Other than vertigo 
(the abnormal sensation of self‐motion or of the motion of 
external objects, often described as “dizziness”), there is no 
easily definable, discrete vestibular sensation. Instead, it 
appears that vestibular stimuli integrate with visual and 
somatosensory modalities. In the process of this integration, 
vestibular stimuli seem to lose their original, pure character. 
This overlap of vestibular and visual with other somatosen
sory modalities often allows each to compensate for a defi
ciency in the other. Injuries along the intraparietal sulcus 
lead to dizziness and a subjective feeling that the world is 
whirling about the patient. There is the illusion of rotation or 
of floating.

21.8.6 Mirror representation of others’  
actions

One of the most interesting findings in recent years related to 
the human cerebral cortex is that some cortical motor areas 
that are active during the planning and execution of move
ments are also active when viewing the motor actions of oth
ers. This phenomenon is termed “mirror representation” of 
the actions of others. The anterior part of the human intrapa
rietal sulcus is involved in visually guided grasping as well 
as during the observation of others’ actions. There is a com
plex network of brain areas in the frontal, parietal, and tem
poral lobes forming this mirror neuron network in the 
human brain.

21.8.7 Preoccipital areas

In the parietal lobe and in part of the occipital lobe is an area 
involved in following or automatic ocular movements. In 
the parietal lobe, this area corresponds to Brodmann’s area 
19 whereas in the occipital lobe it corresponds to Brodmann’s 
area 18 (Figs 21.7 and 21.8). Often one is not aware of these 
movements as the eyes fix on a moving object. As we watch 
a tennis match or a ping‐pong match, our eyes move back 
and forth following the path of the ball, yet after a while, we 
are unaware of the fact that our eyes are moving to follow 
the ball from one side of the court or table to the other. The 
eyes automatically follow the moving object until the move
ment ceases, or until we voluntarily turn them elsewhere. 
These ocular movements are extrapyramidal in type and 
obviously significant, as emphasized by the presence of two 
different cortical fields (the frontal eye fields for voluntary 
ocular movement and preoccipital areas for following move
ments of the eyes) and also two separate extrapyramidal 
paths for their production. Cortical stimulation of parietal 
area 19 and occipital area 18 yields upward, downward, or 
horizontal deviations of the eyes. If the upper part of area 19 

or the lower part of area 18 is stimulated, upward deviation 
of the eyes will occur. Presumably, there are connections 
from these two areas of the parietal and occipital lobes, 
respectively, to the tegmentum of the midbrain by way of 
the internal corticotectal fibers. In particular, these fibers 
pass to the rostromedial part of the superior colliculus. From 
the rostromedial superior colliculus, tecto‐oculomotor fibers 
pass to the oculomotor and trochlear nuclear complexes of 
the midbrain. They end on neurons that supply muscles that 
raise the lids and lift the eyes in an upward direction. If the 
upper part of area 18 or the lower part of area 19 is stimu
lated, downward deviation of the eyes will occur. The ana
tomical basis for this is by way of internal corticotectal fibers 
that pass from the parietal and occipital lobes, respectively, 
to the caudolateral part of the superior colliculus. From the 
superior colliculus, tecto‐oculomotor fibers pass to the ocu
lomotor nucleus, particularly to those neurons that supply 
muscles that lower the eyes. If the middle part of parietal 
area 18 or the middle part of occipital area 19 is stimulated, 
horizontal deviations of the eyes will occur. Underlying 
these deviations are the corticotegmental paths, which pass 
from the cerebral cortex to the tegmentum of the midbrain. 
From there, fibers project to the contralateral abducent 
nucleus and the abducent reticular gray to initiate a horizon
tal deviation of the eyes.

The integrity of areas 18 and 19 and the fiber paths from 
them can be tested by producing a physiological nystagmus 
with the aid of a rotating drum with black and white vertical 
stripes or the use of a nystagmus tape that has vertical black 
and white stripes on it. The patient fixes their eyes on the 
black lines, follows them until they are no longer visible, 
and  then fixes their eyes on the next black line. Following 
this process produces nystagmus as a normal physiological 
response. Nystagmus involves fine, rhythmic, rapid, back 
and forth movements of the eyes. Absence of such nystag
mus is abnormal. Such nystagmus is an exaggerated repeti
tious sequence of following ocular movements, often 
referred to as optokinetic nystagmus, and also called opto-
motor or railway nystagmus. The origin of the term railway 
nystagmus denotes these types of ocular movements that 
often occur naturally in an individual watching the move
ment of telephone poles from a steadily moving train or an 
automobile.

The connections and functional aspects of ocular move
ments are exceedingly complex and we have caught only a 
glimpse of them in this discussion. In the future, we hope to 
understand and appreciate better the functional interrela
tions of the various areas of the brain involved in ocular 
movements. Bilateral destruction of the frontal eye fields 
makes it impossible for an individual to turn their eyes in 
any direction on command. The patient is still able to read by 
placing their finger under the words on a page and following 
their moving finger from word to word. In this regard, fol
lowing ocular movements often substitute and compensate 
for the loss of frontal eye fields and the loss of voluntary 
ocular movements.
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21.9 OCCIPItAL LOBe

21.9.1 Primary visual cortex (V1)

The primary visual cortex or striate area corresponding 
to  Brodmann’s area 17 (Figs  12.9 and 21.8) is functionally 
related to conscious vision. Anatomically, it involves the lips 
of the calcarine sulcus on the medial surface of the brain. The 
superior lip of the calcarine sulcus receives fibers projecting 
from the superior retinal quadrants whereas the inferior lip 
of the calcarine sulcus receives projections from the inferior 
retinal quadrants. The macular fibers project most posteriorly 
along the calcarine sulcus, followed by fibers from the para
macular areas, and finally, most anteriorly, the peripheral 
retinal fibers project more anteriorly along the calcarine 
sulcus. Unilateral injury to the calcarine sulcus will lead to a 
contralateral homonymous hemianopia.

21.9.2 Secondary visual cortex

Adjoining the primary visual cortex is a secondary visual 
cortex corresponding to Brodmann’s area 18 (Figs 12.9 and 
21.8). This area, also termed the parastriate area, has connec
tions with the primary visual cortex and with area 19 in the 
occipital lobe through short association fibers. Area 18 has 
connections with areas 18 and 19 in the contralateral cerebral 
hemisphere by way of commissural fibers. Long association 
fibers connect area 18 with the frontal lobe, permitting 
this  lobe to receive sensory, motor, and auditory impulses 
and also those from the insular and temporal lobes. Area 18 
interprets, associates, and facilitates the understanding of 
impulses that reach area 17. Information from area 18 in the 
dominant cerebral hemisphere correlates with that from area 
18 in the nondominant cerebral hemisphere. Area 18 partici
pates in color vision in humans. Areas 18 and 19 in the pari
etal lobe are involved with following or automatic ocular 
movements. Stimulation of area 18 in humans yields 
unformed images, wheels, flashing lights, streaks, flickering 
lights, and colored spots. Injury to area 18 will result in the 
loss of following ocular movements towards the contralateral 
side. Although the patient is still able see because the primary 
visual cortex is intact, they often present with a visual agno-
sia  –  the loss of power to recognize the import of visual 
stimuli in the absence of visual defects. The importance of the 
existence of long association fibers interrelating  the frontal 
lobe with the occipital lobe is evident in a patient with an 
injury in the middle frontal gyrus who saw stars and flashes 
of light. This suggests that the occipital lobe was being stimu
lated when in fact the lesion irritated fibers in the frontal lobe 
that interrelate the frontal and the occipital lobes.

21.10 teMPOrAL LOBe
The human temporal lobe lies below the lateral sulcus. Its 
posterior boundary is an imaginary vertical line from the 
preoccipital notch to the parieto‐occipital sulcus (Fig.  5.9). 
The temporal lobe has three gyri: superior, middle, and 

inferior temporal gyri, separated by two sulci: superior tem
poral and inferior temporal (the latter was formerly termed 
the middle temporal sulcus) (Fig. 5.7).

21.10.1 Primary auditory cortex (AI)

Two transversely oriented gyri, the anterior and posterior 
transverse temporal gyri, are continuous with the superior 
temporal gyrus but folded and hidden from view when one 
observes the lateral surface of the cerebral hemisphere. The 
anterior transverse temporal gyrus (of Heschl), lying in the 
depth of the lateral sulcus and corresponding to Brodmann’s 
area 41 (Fig.  21.7), is the primary auditory cortex or AI 
(Figs 10.6 and 21.17). The length and surface area of the left 
primary auditory cortex are greater than those of the right in 
newborns and adults. The circular insular sulcus limits area 
41 medially while laterally area 41 does not reach the tempo
ral operculum. Orderly projections thalamotemporal projec
tions from neurons of the medial geniculate body to the 
primary auditory cortex are termed acoustic radiations 
(Fig. 10.5). These fibers reach the temporal lobe through the 
sublenticular part of the internal capsule. Neurons in each 
medial geniculate body project fibers to layers IIIb and IV of 
the auditory cortex. Area 41 is sensory or koniocortex with 
layers II–IV of densely arranged small neurons surrounded 
by fields with large to medium‐sized IIIc pyramidal neurons. 
Sounds are heard in the primary auditory cortex and a 
pattern for tones of different pitch exists here in nonhuman 
primates and, presumably, also in humans.

21.10.2 Wernicke’s area

The early studies of Broca (1865) defining a motor speech 
area and Wernicke (1874) defining a sensory speech area 
demonstrated that the left hemisphere is part of the human 
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Figure 21.17 ● Removal of the opercula of the frontal and parietal lobes 
reveals the insula and the anterior and posterior transverse temporal gyri. 
(Source: Standring, 2005. Reproduced with permission of Elsevier.)
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brain network involved in speech and language. DeWitt and 
Rauschecker (2013) have offered a critical reappraisal of 
speech processing in the auditory cortex of humans and a 
new functional definition of Wernicke’s area as consisting of 
two areas: an auditory word‐form area in anterior superior 
temporal gyrus and an “inner‐speech area” in the posterior 
superior temporal gyrus and inferior parietal lobule. These 
two areas can be appreciated on the diagrams presented by 
Mesulam et al. (2015) that illustrate the two components of 
their “canonical language network.” This includes a compos
ite rendition of Wernicke’s area (the inferior parietal lobule 
and its supramarginal and angular gyri and also the poste
rior parts of the superior, middle and inferior temporal gyri) 
along with the left anterior temporal lobe (Fig. 21.18).

The posterior transverse temporal gyrus corresponds to 
Brodmann’s area 42 (Figs 21.5 and 21.7) whereas the lateral 
most parts of both transverse temporal gyri that extend onto 
the opercular surface of the superior temporal gyrus corre
spond to Brodmann’s area 22. Those parts of the superior 
temporal gyrus corresponding to Brodmann’s areas 42 and 
22 contribute to Wernicke’s area as defined by DeWitt and 
Rauschecker (2013). In this auditory association region, 
sounds are recognized and become meaningful for under
standing language. Although areas 41 and 42 are in the lat
eral sulcus, maps of Brodmann’s areas (Figs 21.5 and 21.7) 
often show these areas as though they were visible on the 
lateral surface. That part of the superior temporal gyrus that 
is visible on the lateral surface of the hemisphere consists 
primarily of area 22 and perhaps a small part of area 52 
(Fig. 21.5). Area 52 is the highest number in the Brodmann 
system of mapping.

Bilateral destruction of the primary auditory cortex, the 
bordering area 22, or both will result in cortical deafness. 
Cortical deafness is a total bilateral loss of hearing caused by 
bilateral cerebral injuries. Although affected patients have 
bilateral cerebral injury, they often have a reasonably normal 
audiogram because tones of different pitch come to conscious
ness at a thalamic level. Destruction of only one primary 
auditory cortex will lead to subtle auditory deficits. Such 
patients have difficulty localizing sounds in the contralateral 
auditory field and perhaps a loss of discrimination of dis
torted, interrupted, or accelerated speech.

Destruction of those parts of the auditory association cor
tex along the superior temporal gyrus corresponding to 
Brodmann’s areas 42 and 22 that contribute to Wernicke’s area 
in the left cerebral hemisphere (dominant for language in 95% 
of humans) often yields a handicapping auditory receptive 
aphasia. Such patients have normal hearing and the normal 
production of words (fluent), yet they are unable to interpret 
spoken sounds related to language or use words appropri
ately. Patients with injuries limited to the parietal operculum 
are often indifferent to loud and unpleasant noises.

21.10.3 Temporal vestibular cortex

On the superior temporal gyrus, anterior to the auditory 
areas, is a temporal vestibular cortex (Fig.  11.7). Irritative 
injuries of this vestibular cortex often cause the subjective 
feeling of vertigo (the abnormal sensation of self‐motion or 
of external objects, often described as “dizziness”). Such 
patients describe themselves as though they were whirling in 

Figure 21.18 ● Lateral and ventral views of the left hemisphere showing a composite rendition of Wernicke’s area (W, in green). Abbreviations: ag = angular 
gyrus; fg = fusiform gyrus; ifg = inferior frontal gyrus; itg = inferior temporal gyrus; mtg = middle temporal gyrus; phg = parahippocampal gyrus; smg = supramarginal 
gyrus; stg = superior temporal gyrus; tp = temporal pole of the anterior temporal lobe (ATL). The authors note that the left anterior temporal lobe needs to be 
inserted into the canonical language network as it has a critical role in single‐word comprehension and object naming. (Source: Mesulam et al., 2015. Reproduced 
with permission of Oxford University Press.)
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space. The experimental application of cortical irritants to 
this cortical location causes monkeys to somersault back
wards repeatedly, a dozen or more times, without stopping. 
The temporal vestibular cortex needs further clinical and 
experimental study with regard to its relationship with other 
vestibular cortical areas (Fig. 11.7).

21.10.4 Midtemporal areas related 
to memory

In the middle part of the inferior temporal gyrus, on the 
lateral and ventral surface of the brain, and in the region 
dorsal to the secondary auditory cortex, are visual and 
auditory association areas. These secondary association 
areas are richly interrelated with occipital, frontal, parietal, 
and insular cortices. Penfield and his associates suggested 
that these midtemporal areas participate in the recall of past 
events or so‐called remote memory. This appears to be the 
case especially with events that have visual and auditory 
components visualized and heard at some time in the past, 
and those events accompanied by some emotional stress or 
intellectual conflict. These areas have connections with the 
frontal lobe and limbic system, including the amygdaloid 
complex and hippocampal formation. A destructive injury 
to these midtemporal areas often interferes with the recall 
of past events. Slight irritation of these midtemporal areas 
often causes the vague feeling of familiarity that falls under 
the term déjà vu [French: already seen]. These visual associ
ation areas are likely to form visual hallucinations consist
ing of events that have already occurred in the past and 
have an emotional connotation to them. Irritation of audi
tory association areas in these midtemporal areas is likely 
to produce reminiscent speech or sounds, particularly a 
piece of music or a sound of someone’s voice from our pre
vious experience. The temporal lobe probably plays a vital 
role in processing olfactory and gustatory information. 
Irritations of midtemporal areas often cause olfactory and 
gustatory auras or hallucinations. The human temporal 
lobe is probably involved in odor detection and is involved 
in olfactory memory functions, particularly the right tem
poral lobe. Odor experiences often cause a retrieval of 
images, an unfolding of past memories, and the initiation of 
a complex feeling state. During his seizures, one patient 
experienced the sound of an airplane flying overhead, was 
able to look up and see the airplane, and then saw the air
plane crash, ultimately being able to smell the burning rubber 
of the tires. This particular patient obviously displayed 
auditory, visual, and olfactory hallucinations.

21.10.5 Anomia

In the posterior temporal lobe, including parts of the fusiform 
and probably the lingual gyrus, corresponding to Brodmann’s 
areas 37 and 29 (Fig. 21.8), is a cortical area connected by the 
inferior occipitofrontal fasciculus with the inferior and 

perhaps midtemporal areas and with other cortical areas 
along its course. This area connects with the inferolateral and 
part of the lateral area of the frontal lobe. Destruction of area 
37 may result in an anomia  –  difficulty remembering the 
names of familiar objects.

21.10.6 Prosopagnosia

In the posterior temporal and bordering part of the occipital 
lobe are complex association areas. A bilateral infarct of the 
posterior cerebral artery territory often causes failure to rec
ognize previously well‐known people and common objects. 
A severe deficit in discriminating and identifying faces with 
the inability to recognize one’s own pictures or mirror images 
is likely to occur with injury to both fusiform and lingual gyri. 
Brain imaging studies reveal the fusiform gyrus responds 
more readily to faces than to other objects and that activation 
of the middle fusiform gyrus (MFG) and the inferior occipital 
gyrus (IOG) occurs by both detection and identification of 
faces. The visual association properties of these gyri include 
the synthesis of specific faces, which requires the complex 
synthesis of visual input, memory, and other sensory phe
nomena. Such a failure to recognize faces is termed prosop-
agnosia or face blindness. Individuals with this condition 
can compensate fairly well. They may learn to recognize 
people by their clothes, mannerisms, gait, hairstyle, or voice. 
Although they cannot recognize a person by their face, they 
are able to recognize facially expressed emotions (e.g., happy, 
sad, and angry).

21.10.7 Psychomotor seizures

During temporal lobe seizures, the extrapyramidal motor 
area in the middle and inferior temporal gyri function is 
stimulated, causing movements of the face, arm, and leg. 
Hughlings Jackson first drew attention to the temporal lobe 
origin of epileptic dreamy states and used the term psycho-
motor epilepsy to designate seizure episodes with various 
degrees of impairment of consciousness. He noted that such 
seizure episodes include dreamy states, episodes of confu
sion, abrupt changes in mood, and automatic behavior with 
amnesia. He also noted an accompanying motor behavior, 
such as simple staring, incoherence of speech, repetitive 
licking or chewing, or other automatic movements. There is 
little doubt that the motor behavior accompanying temporal 
lobe or psychomotor epilepsy results from activation of 
the extrapyramidal motor areas of the middle and inferior 
temporal gyri. Personality or behavioral changes often 
provide a clue in the diagnosis of temporal lobe epilepsy. 
The observation of facial asymmetry in patients with tempo
ral lobe epilepsy is often a useful clinical sign enabling one 
to suspect the presence of a temporal focus on the contralateral 
side to the facial weakness. Weakness is not striking but 
does occur on the contralateral lower face in 73% of the 
patients with temporal lobe epilepsy.
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21.11 INSULA
During human development, the insula is identifiable late in 
the embryonic period as a flat area19–23 and then later23 as an 
indented area (eight postfertilization weeks).The appearance 
of the cortical plate21 is the most fundamental change in the 
embryonic differentiation of the cerebral hemispheres. This 
cortical plate is first identifiable in the region of the insula 
(Müller and O’Rahilly, 1990). (The superscript numbers refer to 
Carnegie embryonic stages, as described in Chapter 2.)

The insula (Fig. 21.17), hidden by the opercular parts of 
the frontal, parietal, and temporal lobes. The term operculum 
[Latin: lid or covering] refers to the fact that these parts of the 
respective lobes form a lid or cover the insula. The insula 
forms the floor of the lateral sulcus. On the surface of the 
insula, a central sulcus of the insula separates two groups of 
insular gyri. In front of the central sulcus are the short gyri of 
the insula and behind them is the long gyrus of the insula. 
The circular sulcus of the insula surrounds these sulci and 
gyri of the insula (Fig. 5.8).

In 1909, Brodmann published his earliest map of the 
human brain illustrating 43 histological areas, although his 
numbers ranged from one to 52. He provided two views of 
the cortex: one of the lateral cortical surface and the other of 
the medial cortical surface. Brodmann did not indicate on his 
1909 map the location of numbered areas 12–16 and 48–51. 
Area 12 did appear on the medial surface of his 1910 
(Kawamura et al., 2011) illustration between areas 10 and 11 
without comment (Fig. 21.6). Area 52 was also added to the 
lateral view in the 1910 paper between areas 43 and 41 (Šimić 
and Hof, 2015). Areas 13–16 and areas 48–51 never appeared 
on these early figures (Brodmann, 1909, 1910, 1914). However, 
in an earlier paper published in 1904, Brodmann gave a very 
detailed delineation and description of four insular areas: 13 
(insula posterior), 14 (insula anterior), 15 (insula ventralis), 
and 16 (insula olfactoria) (Markowitsch, 1993). There is no 
illustration of these insular areas 13–16 in the 1904 paper, nor 
were areas 13–16 included on Brodmann’s classical views of 
the medial and lateral surfaces of the hemisphere for obvious 
reasons (the insula is not visible on these surfaces; it is iden
tifiable by dissection of parts of the overlying frontal, pari
etal, and temporal lobes). According to Šimić and Hof (2015), 
in the legend to his chapter in a contemporary handbook 
(Brodmann, 1914), he again affirmed that the “human insular 
region contains areas 13–16.”

In the interest of completeness on this topic, Brodmann 
did identify areas 48–51 in the human brain but did not 
illustrate them on any of his maps, perhaps because of their 
small size. Šimić and Hof (2015) noted that careful reading of 
Brodmann’s 1909 work indicates that he mapped and num
bered areas 48–51 in the human brain as noted earlier by 
Markowitsch (1993). Brodmann’s map requires reading of 
his original papers published between 1904 and 1914.

The insula in humans has connections with the cerebral 
cortex of the frontal lobe (orbital cortex, frontal operculum, 
lateral premotor cortex, ventral granular cortex, and medial 
area 6) and the parietal lobe (second somatosensory area and 
retroinsular area of the parietal lobe). There are also insular 

connections with the temporal lobe (temporal pole and supe
rior temporal sulcus) and the insula (an abundance of local 
intrainsular connections). There are insular projections to 
subdivisions of the cingulate gyrus and to the lateral, lateral 
basal, central, cortical, and medial amygdaloid nuclei. There 
are also insular connections with nonamygdaloid areas such 
as the perirhinal cortex, entorhinal cortex, and periamygda
loid cortex. The thalamic taste area projects fibers to the ipsi
lateral insular–opercular cortex.

The insular lobe, its circuitry, and functional aspects, 
have been reviewed in primates including humans 
(Augustine, 1985, 1996). Functionally, the insula is a multi
faceted sensory and motor area. It has visceral sensory and 
somatic sensory roles and also visceral motor and somatic 
motor roles. The insula participates in the autonomic regu
lation of the gastrointestinal tract and the heart in addition 
to functioning as a motor association area. This motor func
tion includes a role in the recovery of motor function after 
stroke and in ocular movements. The insula also serves as a 
vestibular area and as a language area, including memory 
tasks related to language and auditory processing underly
ing speech. The insula is a limbic integration cortex with 
some involvement in Alzheimer disease. Other insular 
functions include a possible role in the verbal component of 
memory and its role in selective visual attention. Adequate 
stimulation of the insula demonstrates an extrapyramidal 
motor pattern. Seizures involving the insula in humans 
often yield circling or rotational movements. The insula is 
also involved in the correlation of olfactory–gustatory 
impulses. Irritative injuries to the anterior insula in humans 
often result in a gustatory aura preceding convulsions. Such 
gustatory auras characteristically include a bitter taste in 
the mouth. Irritation of the caudal end of the insula often 
causes gastric or abdominal discomfort or epigastric pain 
preceding seizures. It may be that visceral structures from 
the mouth to the end of the gastrointestinal tract have a 
representation along the insula.

Although these earlier observations on the cytoarchitec
tonic and connectivity data involving the insula indicate a set 
of anatomically different insular regions, several functional 
imaging studies in humans also suggest a functional differ
entiation of the insula. One approach to investigating this 
functional differentiation and also the mechanisms of the 
functional integration in the insula is that of Kurth et al. 
(2010), who studied this link between the systems by perform
ing activation‐likelihood–estimation (ALE) meta‐analyses 
of 1768 functional neuroimaging experiments. Using this 
methodology, they identified four functionally distinct regions 
on the human insula: sensorimotor tasks activated the mid‐
posterior and social–emotional tasks the anterior–ventral 
insula. In the central insula, activation by olfactory–gustatory 
stimuli was found, and cognitive tasks elicited activation in 
the anterior–dorsal region. A conjunction analysis across 
these domains revealed that aside from basic somatosensory 
and motor processes, all tested functions overlapped on the 
anterior–dorsal insula. This overlap might constitute a 
correlate for a functional integration between different 
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functional systems and thus reflect a link between them nec
essary to integrate different qualities into a coherent experi
ence of the world and setting the context for thoughts and 
actions. The results of Kurth et  al. (2010) are in agreement 
with connectivity studies in primates, and support the use 
of resting state functional analysis to investigate connectiv
ity in the living human brain.

Cauda et  al. (2011) also made use of resting state func
tional analysis to investigate in detail the connectivity of the 
insula, in terms of cortical and subcortical areas, and also 
lateralization of the insula in the living human brain. They 
found two major complementary networks involving the 
ventral–anterior and dorsal–posterior insula: one network 
links the anterior insula to the middle and inferior temporal 
cortex and anterior cingulate cortex, and is primarily related 
to limbic regions which play a role in emotional aspects; the 
second links the middle‐posterior insula to premotor, senso
rimotor, supplementary motor, and middle‐posterior cingu
late cortices, indicating a role for the insula in sensorimotor 
integration. The clear bipartition of the insula was confirmed 
by negative correlation analysis.

In light of the explosive range of brain imaging studies 
that have implicated the insula in multiple, often disparate, 
cognitive and affective processes, Menon and Uddin (2010) 
presented a new framework for the study of the insula: a 
network model of insular function. Their model suggests 
that the disparate functions ascribed to the insula can be 
conceptualized by a few basic mechanisms: (1) bottom‐up 
saliency detection, (2) switching between other large‐scale 
networks to facilitate access to attention and working mem
ory when a salient event occurs, (3) interaction of the anterior 
and posterior insula to modulate physiological reactivity 
to salient stimuli, and (4) access to the motor system via 
coupling with the anterior cingulate cortex (ACC). In this 
manner, with the insula as its integral hub, the salience 
network assists target brain regions in the generation of 
appropriate behavioral responses to salient stimuli. As these 
authors noted, conceptualizing the brain as comprised of 
multiple, distinct, and interacting networks provides a sys
tematic framework for understanding fundamental aspects 
of human brain function.

21.12 APHASIA
The majority of right‐handers (95%) have their left cerebral 
hemisphere dominant for language whereas a minority 
(5%) have their right cerebral hemisphere dominant for lan
guage (De‐Torres et al., 2013). Mixed language dominance 
(language production and reception represented in differ
ent hemispheres) is even more infrequent in normal right‐
handers (De‐Torres et  al., 2013). Studying such data, we 
may conclude that certain functions activate one cerebral 
hemisphere more than the other does. Thus, the left hemi
sphere is usually dominant for language processing and 
handedness. Hemi spheric language development may 
occur by about 8 years of age. The right cerebral hemisphere 
retains the potential to develop language up to that time. 

Children who sustain cortical injuries often make a good 
recovery and use the remaining undamaged hemisphere to 
develop language provided that the injuries occur before 
this early age. More than 50% of left‐handers are language 
left. For this reason, many authors suggest that the left cer
ebral hemisphere serves verbal activities, whereas the right 
cerebral hemisphere serves nonverbal activities and visuos
patial relations.

Aphasia is a disorder of previously intact language occur
ring secondary to unilateral brain injury independent of 
 disease of the vocal organs. Since 95% of humans have their 
left cerebral hemisphere dominant for language, an injury to 
the left cerebral hemisphere will produce a severe aphasia. 
However, a similar injury, if in a symmetric part of the right 
cerebral hemisphere, may produce no language disturbance 
or, in rare instances, some patients may develop a “crossed 
aphasia.”

The rarity of complete or incomplete lateralization of lan
guage to the right hemisphere explains why only a minority 
of right‐handed individuals develop language deficits after 
right hemisphere injury (crossed aphasia) (Bramwell, 1899; 
Alexander et al., 1989a; Mariën et al., 2001, 2004).

About 40% of vascular injuries to the cerebral hemisphere 
result in language disturbances. Added to this are cases of 
trauma, tumors, and degenerative disease, which will further 
increase the incidence of aphasia. Although the incidence of 
aphasia is frequent, its presence often escapes notice or is 
misinterpreted as confusion or psychoses. Individuals fluent 
in two or more languages usually show the same degree and 
type of impairment in all languages. Inadequate evidence 
exists to suggest that true aphasia follows nondominant 
cerebral hemisphere injury. Most aphasias are a remnant of 
cerebrovascular disease, especially involving the middle 
cerebral or internal carotid arteries.

21.12.1 Broca’s aphasia

The modern study of aphasia began with the observation by 
Broca that a patient who had lost the faculty of speech had 
incurred an injury involving the posterior part of the inferior 
frontal gyrus. Broca called attention to the fact that the left 
cerebral hemisphere was dominant for language. The area of 
the frontal lobe injured in his patient, termed the Broca’s 
area, corresponds to Brodmann’s areas 44 and 45 (Fig. 21.18). 
This particular patient had expressive or motor aphasia, a 
disorder of the expression of spoken language.

The loss of articulate speech due to a brain lesion in Broca’s 
area is commonly termed Broca’s aphasia, motor aphasia, 
or  expressive aphasia. The term aphasia [Greek: without 
speech] refers to a weakening or loss of the ability to transmit 
ideas using language in any of its forms independent of dis
ease of the vocal organs or their associated muscles. Although 
there is no paralysis of the muscles related to speech, there is a 
loss of coordination of those muscles leading to a difficulty in 
expressing oneself. In Broca’s aphasia, there is a low fluency 
associated with relatively well‐preserved comprehension. The 
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patient is likely to be unable to speak or continually repeats 
the last word said before the injury occurred. There may be 
difficulty with certain sounds or letters. The resulting deficit 
depends on the size, depth, severity, timing, and whether the 
cerebral hemisphere involved is the dominant cerebral hemi
sphere for language (the left cerebral hemisphere in approxi
mately 95% of humans). Most patients with Broca’s aphasia 
are able to sing, although they do not speak well. It is likely 
that the right cerebral hemisphere is dominant over the left for 
singing capacity. If injury leading to aphasia takes place at an 
early age, it is possible to build up speech patterns in the other 
cerebral hemisphere. This is an example of the plasticity of the 
nervous system and its ability to compensate when injured.

Imaging studies in humans with persistent developmen
tal stuttering suggest a primary dysfunction in the left cere
bral hemisphere with hyperactivation of the right cerebral 
hemisphere as a compensatory phenomenon. Underlying 
stuttering may be a timing problem reflecting an abnormality 
in complex coordination between brain areas (perhaps 
between prefrontal and Broca’s area) leading to a disruption 
in the fluency of verbal expression and the characteristic 
involuntary repetition or prolongation of sounds and sylla
bles. Most cases of acquired stuttering following a stroke 
result from left cortical or bilateral cortical lesions.

Broca’s aphasia, also referred to as motor aphasia, expres-
sive aphasia, verbal aphasia, efferent aphasia, or the loss 
of  articulate speech, was the first language deficit to be 
described with a specific anatomical localization. The injury 
usually involves the posterior part of the inferior frontal 
gyrus (Fig.  21.19). Such patients have a nonfluent output; 
their words are sparse and poorly articulated, with great 
effort. Their comprehension, however, is better than their 
speech and they readily comprehend written material. Such 
patients have the capacity to sing, because the right cerebral 
hemisphere is probably more responsible than the left for 
singing, but the degree of dominance is not as high for sing
ing as it is for speech.

21.12.2 Wernicke’s aphasia

Wernicke’s aphasia involves severe word and sentence com
prehension impairments (Mesulam et al., 2015). Thus, it is a 
disorder of comprehension, not of expression (as is Broca’s 
aphasia). Other terms for Wernicke’s aphasia are sensory 
aphasia, central aphasia, receptive aphasia, and auditory 
aphasia. Injury in Wernicke’s aphasia is usually limited to 
the posterior third of the superior temporal gyrus, in or near 
the secondary auditory cortex in the dominant cerebral 
hemisphere, corresponding to Brodmann’s area 22 
(Fig.  21.19). Wernicke’s aphasia is a type aphasia in which 
there is fluent speech output such that the expression of 
speech is satisfactory, as is articulation. The significant diffi
culty is in the comprehension of spoken language. Such 
patients understand nothing said to them and therefore they 
will repeat nothing. Reading is also disturbed, but the degree 
of disturbance parallels the disturbance of spoken compre
hension. The theory is that most language initially develops 
as auditory language. Visual language develops next and is 
associated with the already learned auditory language. 
Therefore, disturbances of auditory language because of cer
ebral injury will disturb this visual‐auditory interaction.

21.12.3 Conductive aphasia

Disconnection between the different language areas described 
by Broca and Wernicke often causes conductive aphasia. The 
injury usually involves the parietal lobe, especially in the 
white matter, deep to the supramarginal gyrus. The injury 
usually involves the superior longitudinal fasciculus or other 
association bundles that join Broca’s area with the language 
area of Wernicke. Radioactive uptake studies indicated that 
conduction aphasia usually involves the upper lip of the 
lateral sulcus, including the parietal operculum, the supra
marginal gyrus, and perhaps the precentral operculum, 
extending deeply to involve the insula and the underlying 
white matter. In conductive aphasia, the fluent output that 
exists is less than that in Wernicke’s aphasia. Speech is often 
broken into four‐ or five‐word phases such as “I don’t know 
if I can,” or “What did you say?” Comprehension is good, 
especially for normal conversation. However, such patients 
have great difficulty in repetition. They read silently for 
comprehension with ease but cannot read aloud.

21.12.4 Global aphasia

Global aphasia, also termed total aphasia, results from large, 
severe injuries of the brain. Such patients cannot speak, nor can 
they comprehend speech, read, write, repeat, or name. Recent 
radioactive uptake studies have indicated that injuries leading 
to global aphasia are anatomically limited to the inferior frontal 
and superior temporal gyri and the region of the lateral sulcus 
with extensive depth, involving the basal ganglia, large areas 
of insular cortex, and the subcortical white matter (Fig. 21.19).

Figure 21.19 ● Radionuclide localization of infarcts producing different 
types of aphasia. (Source: Kertesz et al., 1977. Reproduced with permission of 
the American Medical Association.)
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21.13 ALeXIA
Alexia is a cortical disorder of reception in which there is the 
loss of the ability to comprehend written material manifested 
as an impairment of reading. Those afflicted with alexia have 
at one time had the ability to read, but no longer comprehend 
written material. Thus, alexia differs from dyslexia, a term 
used to describe a specific developmental reading disability 
in children and adults.

Hemialexia is the loss of reading ability in the nondomi
nant visual field as the result of surgical section of the corpus 
callosum. Alexia, with agraphia, is acquired inability to read 
and write, probably localized to the left angular gyrus of the 
parietal lobe (the left cerebral hemisphere is dominant for 
language in 95% of humans), corresponding to Brodmann’s 
area 39 (Figs 21.7, 21.14, and 21.18). Such patients can com
prehend spoken words. Alexia without agraphia is a rare and 
uncommon disorder. Such patients write fluently, but cannot 
read what they have written. They cannot read words or let
ters, but can read numbers. The injury usually involves the 
dominant medial occipital lobe. The intact right primary 
visual cortex has probably lost its connection with the intact 
dominant visual language area, particularly the angular 
gyrus. Patients see words, but cannot make the associations 
necessary for their identification. Some patients are able to 
learn to trace letters with their fingers or use ocular move
ments to identify these letters and thus read, although slowly 
and inefficiently.

21.14 APrAXIA
Apraxia refers to the inability to carry out motor activities in 
the presence of intact motor and sensory systems, compre
hension, attention, and cooperation. Many types of apraxia 
exist, one of which is a difficulty in skilled movement 
sequences. This is termed ideomotor apraxia. In response to 
verbal commands, such patients are unable to carry out a 
motor activity that they would normally perform with ease 
spontaneously. When asked to stick out their tongue, such 
patients cannot do so, but they often do so spontaneously 
to lick their lips. Apraxia for dressing refers to the inability 
to dress oneself, because of a difficulty in performing the 
required skilled movements. Apraxia for walking obviously 
makes walking very difficult.

Constructional apraxia is a special form of apraxia mani
fested by a difficulty in figure copy or constructing. Such 
patients have the inability to carry out tasks involving draw
ing or constructing and arranging blocks and objects. Some 
patients with constructional apraxia show difficulty in the 
use of tools, or a difficulty in tying knots or building block 
designs into patterns. Such three‐dimensional constructional 
tasks are extremely difficult for the patient with apraxia. 
Patients are unable to analyze special relationships and to 
execute simple constructional tasks under visual control. 
An  excellent example of construction apraxia is a medical 
student with constructional apraxia who had a hard time 
finding his bearings in surgery. The patient said that he could 
not see how to manipulate the bones in order to restore their 
alignment.

21.15 GerStMANN’S SYNDrOMe
Gerstmann’s syndrome, first described in 1924, initially 
included only one component –  finger agnosia. Since that 
initial description, other observers have identified three 
additional components of this syndrome. A right–left diso
rientation exists in which the patient cannot point to the 
right and left sides of their own body on command. They 
cannot do the reverse on a person sitting opposite them. 
They cannot move in the direction ordered to tell whether 
objects are to their right or left. A third component of 
Gerstmann’s syndrome is acalculia, which is a distur
bance of the ability to calculate. The final component of 
Gerstmann’s syndrome is agraphia, or difficulty with spell
ing and  sentence construction. Agraphia is often so severe 
that the patient is unable to form letters or combine the let
ters into words. The injury yielding Gerstmann’s syndrome 
is usually in the dominant parietal lobe. Some have sug
gested that components of Gerstmann’s syndrome are in 
children with learning disorders, but without dyslexia or 
hyperkinesia. Such children usually are able to read, but 
have difficulty with math, spelling, and handwriting.

21.16 AGNOSIA
A tremendous confusion exists regarding the concept of 
agnosia. Simply stated, this is a difficulty in recognition 
with a variety of disturbances of recognition occurring. 
Color agnosia refers to loss of the ability to recognize colors 
confined to half of the visual field. Finger agnosia refers to 
the inability to recognize parts of the hand, including fingers 
themselves. Prosopagnosia refers to the loss of the ability to 
recognize familiar faces. Injuries yielding prosopagnosia 
are  in the posterior temporal and occipital lobes, espe
cially involving the fusiform and lingula corresponding to 
Brodmann’s areas 37 and 19 (Fig.  21.7). A visual agnosia 
refers to the inability to use visual information to appreciate 
the character or meaning of an object. Such persons cannot 
name an object, cannot demonstrate its use, or cannot 
remember seeing it before. If they are allowed to use a differ
ent sense, such as touch, they are likely able to find the name 
and employ the object appropriately. Agnosia often results 
from focal injury to the occipital or the parieto‐occipital 
region. They are likely to be disconnection syndromes in 
that they are disconnecting the somatosensory cortex from 
Broca’s area.

21.17 DYSLeXIA
Dyslexia, the most common neurobehavioral disorder that 
affects children, is a specific reading disability characterized by 
the inability to learn to comprehend the sounds related to the 
written language. Children with dyslexia may have difficulty in 
learning to read beyond that anticipated for their age and 
general intelligence. Dyslexia may be associated with cortical 
injury or abnormal cortical development of the temporo‐parieto‐
occipital region, striate or extrastriate cortex. There may be a 
problem with a specific component of the language system 
such that the sounds of speech are inappropriately processed.
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One thing about the cerebral circulation that has been agreed upon from the start 
is that it is unique in all essential aspects, beginning with the morphological.

Carl F. Schmidt, 1950
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Blood Supply to the Central 
Nervous System

22.1 CereBrAL CIrCULAtION
Blood flow through the human brain is relatively constant 
despite changes in cardiac output and arterial blood pressure. 
Even though the brain makes up only about 2% of the body 
weight, about 15% of the resting cardiac output is destined 
for the brain. Each minute about 750–900 ml of blood reaches 
the brain. Inasmuch as glucose is the main fuel for energy 
metabolism in the brain and since the brain does not have 
significant carbohydrate reserves, a steady supply of glucose 
must be available to the brain. This amount of glucose 
available to the brain is about 434 µmol min–1 or about 10% 

of the circulating blood glucose at resting levels. The adult 
brain also needs about 49 ml m–1 of oxygen or about 20% of 
the circulating oxygen at resting levels. Almost all of this 
oxygen plays a role in the metabolism of this much‐needed 
glucose. In addition to its requirement for oxygen and 
glucose, the brain also uses about 20 W min–1 of energy. 
During exercise, when cardiac output is often as high as 
15 000 ml min–1, the brain continues to receive a stable amount of 
blood. Intracranial contents by volume (total volume = 1700 ml, 
100%) include the brain = 1400 ml (80%), blood = 150 ml (10%), 
and cerebrospinal fluid = 150 ml (10%).
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22.2 AOrtIC ArCH, BrACHIOCePHALIC trUNK, AND SUBCLAVIAN VeSSeLS
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The term “stroke” refers to all types of cerebrovascular 
disease, resulting from either “leaks” or “plugs” of the blood 
vessels to the brain. Around 700 000 Americans suffer a 
stroke each year, with 162 672 stroke deaths in 2002. Stroke is 
the third leading cause of death and long‐term disability in 
the United States (2002). Of the 2.5 million living stroke vic
tims in the United States, one‐third are younger than 65 years 
of age and 10% require institutional care. The resulting emo
tional burden to family members is incalculable but the 
annual expense is about $1.2 billion for medical care and 
over $3 billion in lost earnings.

22.2 AOrtIC ArCH, BrACHIOCePHALIC trUNK, 
AND SUBCLAVIAN VeSSeLS
Blood from the left ventricle of the heart reaches the brain 
by way of the aortic arch (Fig. 22.1), which gives rise to the 
brachiocephalic trunk, left subclavian, and left common 

carotid arteries. Minor variations in the branches of the arch 
of the aorta are frequent. The aortic arch (Fig. 22.1) is a likely 
site of atherosclerotic degeneration. Atheromatous plaques 
often narrow or occlude the opening of the vessels supplying 
the brain, which impairs cerebral circulation and produces 
neurological deficits. The brachiocephalic trunk arises from 
behind the widest part of the sternum at the level of the third 
thoracic vertebra. As it ascends behind the right sternoclav
icular joint, it divides into a right subclavian and a right 
common carotid artery (Fig. 22.1). The trunk is at first in front 
of the trachea and then to the right of it. The right subclavian 
artery supplies the right upper limb. The left subclavian 
artery arises as a direct branch of the aortic arch behind the 
left common carotid artery and then ascends lateral to the 
trachea (Fig. 22.1) before it supplies the left upper limb. Each 
subclavian artery gives rise to a vertebral artery (Fig. 22.1). 
The origin of a vertebral vessel from the subclavian artery is 
another common site for the formation of atherosclerotic 
plaques that narrow or block the opening.

22.3 VerteBrAL–BASILAr ArterIAL SYSteM
Each subclavian artery gives rise to a vertebral artery 
(Figs 22.1 and 22.2). The left and right vertebral arteries ascend 
through the neck and enter the foramen magnum before 
reaching the cranial cavity. One vertebral artery is usually 
larger. In the neck, the vertebrals ascend in the osseous canals 
of the transverse processes of the cervical vertebrae. Trauma 
to the cervical spine producing transient dislocation of one 
vertebra on another (as might occur with a whiplash injury) 
often traumatizes the vertebrals in these canals. Chiropractic 
manipulation of the neck may cause vertebral trauma.

After entering the foramen magnum, the vertebrals 
ascend along the ventrolateral aspect of the medulla 
oblongata, giving off numerous perforating vessels to that 
part of the brain stem. The left vertebral artery is frequently 
larger in caliber than the right; rarely one vertebral is absent. 
The blood that the vertebrals carry is vital to nuclei and 
fiber paths of the brain stem that participate in cardiorespira
tory homeostasis and maintenance of consciousness, among 
other functions. The vertebrals travel along the ventral 
surface of the medulla oblongata in a groove between the 
pyramid and olive before uniting at the pontomedullary 
junction to form a single basilar artery (Fig. 22.2). The basilar 
artery, averaging about 32 mm in length, reaches the upper 
pons and opposite the interpeduncular perforated substance 
bifurcates into the posterior cerebral arteries (Fig. 22.2). The 
basilar artery in infants is straight but, with age, it lengthens 
and widens. If affected by atherosclerosis, the basilar artery 
may become tortuous and lose its anatomical relationship 
with the basilar sulcus. This combination of the vertebral 
arteries and the basilar artery is the vertebral–basilar system. 
About 15% of saccular aneurysms occur in the vertebral–
basilar system, and over 60% of these occur at the basilar 
bifurcation.

Branches of the intracranial part of the vertebral arteries 
and the basilar artery are of two types: extrinsic or superficial 
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Figure 22.1 ● The arteries given off by the aortic arch. Key: 1, brachiocephalic 
trunk; 2, left common carotid; 3, left subclavian; S.V.C., superior vena cava; 
R. subclavian a., right subclavian artery. (Source: Figure from the online text 
Basic Human Anatomy by Ronan O’Rahilly. Copyright © 2008 O’Rahilly. Used 
with permission of the site editor: Rand S. Swenson, DC, MD, PhD, Dartmouth 
Medical School.)
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arteries and intrinsic or penetrating arteries. Only the 
superficial arteries are visible as they encircle the brain stem. 
The penetrating arteries are small in caliber and branch in 
clusters from the concealed surfaces of all the superficial 
arteries. These branches enter the pons, midbrain, or inter
peduncular perforated substance. The upper centimeter of 
the basilar artery has an abundant number of these pene
trating arteries.

22.3.1 Branches of the vertebral arteries

The pattern of branching of the superficial or extrinsic 
branches from the vertebral and basilar arteries is unpre
dictable. The named branches from the vertebral arteries 
are the anterior and posterior spinal rami and the posterior 
inferior cerebellar arteries (PICA) (Figs  22.2 and 22.3). 
Distinct arteries that fit the classical description of these 
vessels are uncommon.

Anterior spinal rami

Before entering the intracranial dura, each vertebral gives 
off a descending anterior spinal ramus that originates from 
the medial aspects of its parent vessel, curves medially, and 
unites at the medullary or upper cervical level (Fig.  22.2). 
These spinal rami are rarely of equal diameter and may not 
unite to form a single median trunk. Their primary brain 
stem distribution is by tiny penetrating branches to struc
tures in the median plane of the medulla. These rami join on 
the surface of the cervical cord to form a single vessel, the 
anterior spinal artery that descends to about the fourth 
cervical segment. Below the level of the fourth cervical seg
ment, the anterior spinal artery receives contributions from 
various spinal medullary vessels along the length of the cord.

Posterior spinal rami

The posterior spinal rami (Fig. 22.3) arise as distinct branches 
of the vertebral arteries, but may branch from the posterior 
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inferior cerebellar artery. Although difficult to identify, the 
posterior rami supply the posterior medulla oblongata.

Posterior inferior cerebellar artery (PICA)

The largest and most variable branch of each vertebral artery 
is a posterior inferior cerebellar artery (PICA) (Figs 22.2 and 
22.3) that supplies parts of the cerebellum and a wedge‐
shaped area in the lateral medulla.

22.4 BLOOD SUPPLY tO tHe SPINAL COrD

22.4.1 Extramedullary vessels

Early descriptions (before 1750) of the arterial blood supply 
of the spinal cord suggested that along all 62 spinal roots, 
segmental arteries contributed to the vascularization of the 
cord. This “segmental” concept lingered on until the end 
of the World War II. Some authors continue to describe a 
segmental blood supply to the cord. Advances in imaging 
technology have led to our current understanding that the 
human cord receives a nonsegmental blood supply with only 
9–12 arteries participating in the vascularization of the entire 
spinal cord.

Those segmentally arranged vessels that enter the inter
vertebral foramen and do not reach the spinal cord proper 
but end in the distal parts of the spinal roots or the spinal 
dura mater are termed spinal radicular arteries. Those non
segmental vessels that enter the intervertebral foramen and 
contribute to the substance of the spinal cord by augmenting 
the anterior and posterior spinal arteries, as they lie on the 
surface of the cord and run parallel to the longitudinal extent 
of the cord, are known as spinal medullary arteries. These 
vessels course along the internal aspects of their respective 
roots but give no branches to these roots in course. As they 

enter the spinal dura mater, however, they often supply the 
distal parts of the spinal roots.

Based on the arrangement of vessels to the cord, it is 
possible to divide the entire cord into three arterial zones: 
(1) cervicothoracic, (2) midthoracic, and (3) thoracolumbar 
(Fig.  22.4). The cervicothoracic zone consists of the entire 
cervical cord and the first two or three thoracic segments 
while the midthoracic zone includes the fourth to eighth 
thoracic segments and the thoracolumbar zone corresponds 
to the last few thoracic levels and the lumbar enlargement 
(Fig. 22.4). The caudal end of the cord, the conus medullaris, 
receives by a rich anastomosis of vessels that collectively 
form the anastomotic loop of the conus.

The spinal cord blood supply arises from a few parent 
vessels. These include a system of three vertical channels. 
These three channels include a single anterior spinal artery 
and the paired posterior spinal arteries all three of which lie 
on the respective surfaces of the cord (Figs 22.2, 22.3, 22.4, 
and 22.5). The anterior spinal artery lies in the spinal pia 
mater and the pia thickens over it. The anterior spinal artery 
proper supplies the upper four cervical segments as a single 
trunk formed by spinal rami from each vertebral (Figs 22.4 
and 22.6). From this point on, it becomes an anastomotic 
channel as terminal branches of several nonsegmental spinal 
medullary arteries augment the anterior spinal artery. These 
nonsegmental spinal medullary arteries enter the vertebral 
canal in the intervertebral foramina.

The spinal medullary arteries vary in size and supply ter
ritories corresponding to several cord segments. The anterior 
spinal artery is an anastomotic channel consisting of a series 
of spinal medullary vessels that augment the anterior spinal 
artery. This channel is a continuous structure originating 
from the medial aspects of the vertebral vessels and extend
ing to the fourth cervical segment. From that point, it contin
ues along the anterior surface of the cord as an anastomotic 
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Figure 22.3 ● The superficial arteries of the human brain stem. Abbreviations: a., artery; aa., arteries; Ant., anterior; com., communicating; III, oculomotor nerve; 
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channel formed by terminal branches of successive nonseg
mental spinal medullary arteries.

Fewer, but larger, nonsegmental spinal medullary arter-
ies supply the anterior spinal artery. The posterior spinal 
arteries, on the other hand, receive more numerous but 
smaller nutritive contributions from various levels. Although 
certain regional tendencies exist, the origin of the nonseg
mental spinal medullary arteries may be at any vertebral 

level. Although only a few of these vessels persist to feed 
the anterior spinal artery, a slightly greater number of 
vessels of smaller caliber supply both posterior spinal arter
ies. The nonsegmental spinal medullary arteries are more 
frequently on the left side than on the right in the thoracic 
and lumbar regions (because the aorta is on the left). A single 
nonsegmental spinal medullary artery may contribute to 
the anterior or to the posterior spinals or divide and con
tribute to both.

The anterior spinal artery proper, along with its continua
tion as an anastomotic channel, distributes blood to the cord 
forming three well‐defined vascular zones with minimal 
collateral exchange at the contiguous boundaries between 
these zones. These three zones are a cervicothoracic zone, a 
midthoracic zone, and a thoracolumbar zone.

Cervicothoracic zone

The anterior spinal artery proper supplies the upper four 
cervical segments as a single trunk formed by spinal rami 
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Figure 22.4 ● Arterial vascularization and zones of the human spinal cord. 
Key: I, cervicothoracic zone; II, midthoracic Zone; III, thoracolumbar zone; 1, 
anterior spinal artery; 2, artery of the cervical enlargement; 3, posterior spinal 
artery; 4, artery of the lumbar enlargement; 5, anastomotic loop of the conus 
medullaris. (Source: Lazorthes et al., 1971. Reproduced with permission of the 
American Association of Neurological Surgeons.)
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Figure 22.5 ● The central and peripheral arterial systems of the human 
spinal cord. Key: 1, anterior spinal artery; 2, central arteries; 3, peripheral 
arteries; 4, posterior spinal arteries. (Source: Lazorthes et al., 1971. Reproduced 
with permission of the American Association of Neurological Surgeons.)
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from each vertebral (Figs  22.4 and 22.6). These upper four 
segments have no other source of vessels. The lower four 
cervical segments and the first two thoracic segments 
(including the cervical enlargement) possess an independent 
blood supply. This includes two or three nonsegmental spinal 
medullary vessels from the intratransverse part of the verte
bral arteries, and a single vessel arriving with C7 or C8 root. 
This lowest vessel, designated the artery of the cervical 
enlargement (Figs 22.4, 22.6, and 22.7), arises from the deep 
cervical branch of the costocervical trunk.

Included among vessels providing collateral circulation 
to the cervicothoracic zone are the occipital artery, ascending 
cervical artery, and other branches of the costocervical trunk. 
The absence of spinal medullary vessels in the upper cervical 
cord is of considerable importance in cervical trauma. A zone 
of poor collateral circulation occurs near the fourth thoracic 
segment, the boundary between the cervicothoracic and 
midthoracic zones (Figs 22.4 and 22.6).

Midthoracic zone

This region, from the fourth to eighth thoracic segments, 
receives its blood (Fig. 22.4) by way of a single vessel derived 
from the thoracic aorta. This vessel, named the spinal branch 
of the posterior intercostal artery (Figs 22.4 and 22.6), enters 
the intervertebral foramen about the level of T7. Since the 
thoracic aorta is often the principal source of blood to the 
thoracic cord, disease of the aorta often secondarily causes 
injury to the spinal cord. Although at first glance it appears 
that there are few collateral channels in this region, selective 
aortic angiography has shown numerous communicating 
vessels in the thoracic cord. The functional significance of 
these collateral systems is impossible to assess. The posterior 
spinal artery in this region is smaller than at inferior levels 
and is often discontinuous.
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Figure 22.6 ● The anastomotic anterior spinal artery supplying the human 
spinal cord at different cord levels (C1, D1, L1, and S1). The hatched area 
represents the critical midthoracic zone. (Source: Lazorthes, 1972. Reproduced 
with permission of Elsevier.)

Figure 22.7 ● The anastomotic loop of the conus medullaris formed by the 
union of the anterior spinal and two posterior spinal arteries in the shape of a 
triangle with an artery at each point of the triangle. (Source: Lazorthes et al., 
1971. Reproduced with permission of the American Association of Neurological 
Surgeons.)
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Thoracolumbar zone

The thoracolumbar zone, including the last few thoracic seg
ments and the lumbosacral enlargement, depends on a single 
vessel from the abdominal aorta, the artery of the lumbar 
enlargement (artery of Adamkiewicz) (Figs  22.4 and 22.6). 
This vessel enters the vertebral canal with one of the lowest 
four thoracic nerves (T9 to T12). The anterior spinal artery in 
this region displays a greater caliber. Although the lumbar 
enlargement receives its blood supply from only one vessel, 
this zone can receive blood from other vessels that under 
normal circumstances are not a source of blood to this zone.

The posterior spinal arteries become larger at the level of 
the 12th thoracic vertebra although there may be only a sin
gle posterior spinal vessel in this region. The posterior spinal 
medullary arteries are frequently on roots that supply the 
caudal half of the cord. In the thoracic and lumbar regions, 
they are more often on the left than on the right. The artery of 
the lumbar enlargement always divides into an anterior and 
a posterior spinal medullary branch. The artery is on the left 
side in 80% of those examined. When it reaches the cord, it 
becomes the anterior spinal artery by branching into a small 
ascending and a large descending branch. When the artery 
of the lumbar enlargement enters the vertebral canal more 
rostrally (T7 or T8), a second spinal medullary vessel is usu
ally found caudally.

Anastomotic loop of the conus

The caudal end of the spinal cord, the conus medullaris, 
receives its blood from a rich anastomosis of vessels. This 
anastomotic loop of the conus results from the union of the 
caudal end of the anterior spinal channel with the caudal 
ends of both posterior spinal arteries (Figs 22.4 and 22.7). On 
each root of the cauda equina, inferior to the artery of the 
lumbar enlargement, one or more thin arteries converge on 
the anterior and posterior spinal arteries, respectively.

22.4.2 Intramedullary vessels

In addition to the arteries on the spinal cord, there is also a 
system of vessels in the cord that supply the spinal cord gray 
and white matter. This system is often termed the intramed-
ullary arterial system. The two types of intramedullary 
arteries throughout the entire extent of the cord include a 
system of central arteries and a peripheral arterial system 
(Fig. 22.5).

Central arteries to the spinal cord

As implied by their name, the central arteries supply the 
central part of the spinal gray matter and the adjacent parts 
of the white matter (Fig.  22.5). These central arteries are 
branches of the anterior spinal artery. From their origin, they 
penetrate the ventral median fissure and, on reaching the 
ventral white commissure, they pass to one side of the cord. 
The adjacent central artery then continues to the other side of 

the cord. Arteries to the right side of the cord alternate with 
arteries to the left throughout the length of the anterior 
spinal artery. The number of these central arteries varies with 
the different regions of the spinal cord. They are larger in 
diameter and more numerous in the cervicothoracic and 
thoracolumbar zones. Each central artery supplies several 
neuronal groups and several arteries irrigate each neuronal 
group. The central arteries anastomose and overlap with one 
another as they supply blood to the central part of the spinal 
gray matter.

As the anterior and posterior spinal arteries extend along 
the length of the cord, they give off branches that ramify on 
the cord surface and interconnect with one another, forming 
a pial arterial plexus (pial mesh or vasa corona) (Fig. 22.5). 
No distinction exists between the part of the pial mesh 
supplied by the anterior and that supplied by the posterior 
spinal artery. The proximal third of each emerging ventral 
root receives its blood supply from branches emanating from 
the pial arterial plexus. Branches of the posterior spinal arter
ies supply the proximal part of each dorsal root. The spinal 
radicular vessels supply the distal aspects of the roots. The 
region between these areas of differing blood supply (near 
the middle of each root) is an area of hypovascularity.

Peripheral arteries to the spinal cord

The peripheral arterial system of the cord includes penetrat
ing branches of this pial mesh that supply the bulk of the 
white matter and the greater part of the dorsal horns (Fig. 22.5). 
The terminal arterioles of the central and peripheral intramed
ullary vessels form an extensive capillary network. Because 
of the greater metabolic needs of the somata, the capillaries 
are more numerous in the gray matter than in the white mat
ter. Hence the gray matter in the freshly cut spinal cord is 
pink to reddish in color due to its vascularity.

22.4.3 Spinal veins

Spinal veins run parallel to arteries in the substance of the 
cord, on its surface, and along the dorsal and ventral roots. 
An intrinsic group of veins drain the intramedullary part of 
the spinal cord into a system of extrinsic veins that lie outside 
the substance of the cord. A single anterior spinal vein and 
one or two posterior spinal veins drain the intrinsic veins of 
the cord and the coronal veins or plexus (that correspond to 
the pial mesh) (Fig. 22.8). These anterior and posterior spinal 
veins drain into epidural veins and into intervertebral veins. 
The latter accompany the spinal nerves in the intervertebral 
foramina. They receive blood from the spinal cord and drain 
the internal and external vertebral venous plexuses. The 
intervertebral veins flow into the vertebral, posterior inter
costal, lumbar, and lateral sacral veins.

The veins of the vertebral column include the internal 
and external (in or outside the vertebral canal) vertebral 
plexuses (of Batson). These vertebral plexuses are extradural 
but communicate with the veins that drain the neural tissue 
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of the spinal cord on the one hand, and the systemic veins of 
the thorax, abdomen, and pelvis, and the dural sinuses of the 
skull, on the other.

22.5 BLOOD SUPPLY tO tHe BrAIN SteM 
AND CereBeLLUM

22.5.1 Extrinsic or superficial branches

The vertebral arteries enter the foramen magnum, converge 
on the ventral surface of the medulla oblongata in a groove 
between the pyramid and the inferior olive, and unite at 
the lower pons forming a single basilar artery (Figs  22.2 
and 22.9). In addition to the anterior and posterior spinal 
rami (described in Section 22.4), the largest and most variable 
branch of each vertebral artery is a posterior inferior cere-
bellar artery (PICA) that supplies parts of the cerebellum 
and a wedge‐shaped area in the lateral medulla oblongata 
(Figs  22.2, 22.3, 22.10, and 22.11). The posterior inferior 
cerebellar arteries are asymmetric in origin and caliber as 
they take a tortuous course over the brain stem, coursing 
transversely, then downwards along the lateral aspect of the 
medulla oblongata making a caudal loop before ascending 
in a sulcus that separates the cerebellar tonsil from the 
medulla oblongata. The posterior inferior cerebellar artery 
then makes a large, cranially directed loop near the lateral 
aperture (a poorly defined gap between the cerebellum and 
medulla), and bends inferiorly and medially where it gives 

rise to a medial and a lateral branch somewhere between the 
two loops (Fig.  22.3). The territory supplied by the medial 
PICA on the posterior inferior aspects of the cerebellum 
includes a wedge‐shaped or triangular area with a dorsal 
base and a ventral apex directed towards the fourth ventricle. 
This involves parts of the cerebellar tonsil and cerebellar 
vermis. Substantial communication exists across the median 
plane between the posterior inferior cerebellar arteries sup
plying the cerebellum. In the ascending part of the loop, as 
the vessel is parallel to the emerging glossopharyngeal and 
vagal roots, many penetrating vessels arise that enter the 
lateral aspect of the medulla oblongata (Fig. 22.3) in company 
with the cranial nerves. Of all cerebellar arteries, infarction 
most frequently involves the posterior inferior cerebellar 
artery. The resulting signs and symptoms make up the poste-
rior inferior cerebellar artery syndrome (lateral medullary 
or Wallenberg syndrome) (Figs 22.10 and 22.11). If the poste
rior inferior cerebellar artery does not supply the lateral 
medulla oblongata, obstruction of this vessel leads to a pure 
vertigo, with or without signs of cerebellar involvement.

22.5.2 Branches of the basilar arteries

Labyrinthine artery

The labyrinthine artery (internal auditory or internal acous
tic) originates from the basilar artery (Figs 22.2 and 22.3) or 
one of its branches (such as the anterior inferior cerebellar 
artery) but does not give off any branches until it enters the 
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internal meatus with the facial [VII] and vestibulocochlear 
[VIII] nerves. Thereafter, its branches supply the roots of the 
vestibulocochlear and facial nerves and also the inner ear. 
Since it is an end artery, reduction of blood flow in it often 
yields disturbances of equilibrium, causing nausea, vomiting, 
and vertigo. Occlusion of the branch to the cochlea will result 
in a sudden loss of hearing. These symptoms often provide 
important clues to disease of the vertebral–basilar system. The 
labyrinthine artery does not contribute blood to the brain stem.

Anterior inferior cerebellar artery (AICA)

The anterior inferior cerebellar artery, a branch of the lower 
third of the basilar artery (or from the vertebral artery or a 
stem common to the basilar and the posterior inferior 
cerebellar artery) (Figs 22.2, 22.3, and 22.9), passes laterally 
and posteriorly, inferior to the abducent and then the 
trigeminal nerve [V] before reaching the cerebellopontine 
angle. This vessel supplies the lateral parts of the medullary 
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and pontine tegmentum, part of the middle cerebellar 
peduncle, flocculus, and the anterior inferior part of the 
cerebellar hemisphere. The anterior inferior cerebellar artery, 
the posterior inferior cerebellar artery, or both, supply the 
inferior cerebellar surface. The artery to the choroid plexus 
originates from either of these sources, from the vertebral, or 
from the basilar artery.

If the anterior inferior cerebellar artery is small, the 
posterior inferior cerebellar artery on the same side is 
large. Penetrating branches arise from the undersurface of 
the anterior inferior cerebellar artery enter the pons with 
rootlets of the facial nerve and distribute to the lateral part 
of the inferior pontine tegmentum. Because of its pontocer
ebellar territory of supply, infarction of the anterior inferior 
cerebellar artery often leads to rotational dizziness, vomiting, 
tinnitus, dysarthria with ipsilateral dysmetria, facial palsy, 
trigeminal sensory involvement, Horner syndrome (which 
includes miosis, mild ptosis, and anhidrosis), and perhaps 
a lateral gaze palsy. Contralateral signs include pain and 
temperature sensory loss.

Superior cerebellar artery (SCA)

This is the last large branch of the basilar artery (Fig. 22.3) 
before its bifurcation into the posterior cerebral arteries. 
The superior cerebellar artery (Figs  22.2, 22.3, and 22.9) 
has an anterior pontine segment (between the pons and 
clivus), an ambient segment (lateral to the brain stem 
along the upper border of the pons), and a quadrigeminal 
segment (in the quadrigeminal cistern). The superior cere
bellar artery divides into two main vessels: a lateral or 
marginal branch and a medial branch that course superior 
to the lateral. This vessel supplies perforating branches 
to the dorsolateral part of the upper brain stem, superior 
cerebellar peduncle, nuclei beneath the fourth ventricle, 
and some of the superior cerebellar surface. Cortical 

branches of all three cerebellar vessels (anterior, posterior, 
and superior) anastomose freely on the cerebellar surface. 
The oculomotor nerve [III] emerges between the superior 
cerebellar artery and the posterior cerebral artery (Figs 22.2, 
22.3, and 22.9) near their origin while the trochlear nerve [IV] 
passes between these vessels on the lateral aspect of the brain 
stem. Small, concealed rami pass from the undersurface of 
the superior cerebellar artery into the upper pons. One or 
more of its branches enter between the middle cerebellar 
peduncle and the superior cerebellar peduncle. Usually the 
inferior colliculus receives its arterial supply from this vessel 
through one or several small rami. The superior cerebellar 
artery may give branches that descend along the middle of 
the vermis and a larger branch that ends in the cerebellar 
dentate nucleus.

Posterior cerebral artery (PCA)

The terminal branches of the basilar artery are the posterior 
cerebral arteries (Figs  22.2, 22.3, and 22.9). The posterior 
cerebrals encircle the brain stem at the level of the tentorial 
notch, passing superior to the oculomotor nerve and around 
the lateral aspect of the midbrain to reach the inferior and 
medial aspects of the temporal lobes before ending at the 
occipital poles. Small twigs in course supply rostral parts of 
the underlying midbrain (cerebral crus and superior colliculi). 
That segment of the posterior cerebral artery from the basilar 
bifurcation to the point at which the posterior communicating 
artery joins the posterior cerebral is the P1 (midbrain) segment. 
Four relatively constant branches leave this segment of the 
posterior cerebral artery. That segment of the posterior cer
ebral artery after the posterior communicating artery and to 
the posterior aspect of the thalamus is the P2 segment. This 
segment is divisible into anterior and posterior halves, each 
about 25 mm long, with the anterior half designated P2A and 
the posterior half P2B. P2B begins at the posterior margin of 
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the cerebral peduncle and follows along parallel and infe
rior to the optic tract to the posterior aspect of the thalamus. 
The P3 segment, which is about 20 mm in length, begins at 
the pulvinar and proceeds posteriorly to end in the anterior 
limit of the calcarine sulcus (Fig.  22.9). Because it supplies 
so many structures related to the visual system (extraocular 
nerves and nuclei, superior colliculi, lateral geniculate 
bodies, optic tracts, optic radiations, striate and extrastriate 
cortex), the posterior cerebral artery is termed the “artery of 
the visual system.”

The posterior cerebral arteries approach one another pos
terior to the colliculi. The oculomotor nerve leaves the brain 
stem between the P1 segment and the superior cerebellar 
artery, making it vulnerable at this point to aneurysms (bal
looning of the vessel wall) that may impinge on the nerve.

Brain stem branches of the posterior cerebral artery

Branches of the P1 segment include the thalamoperforating 
arteries, posterior choroidal artery (Fig. 22.9), quadrigeminal 
artery, and various rami to the base (cerebral crus) and teg
mentum of the midbrain. One or more thalamoperforating 
branches enter the interpeduncular perforated substance. 
The posterior choroidal artery supplies parts of the thalamus, 
tela choroidea of the third ventricle, and the choroid plexus 
of the lateral ventricle. This vessel is most identifiable on 
the medial surface of the brain. The quadrigeminal artery 
supplies the superior and inferior colliculi. Thalamogeniculate 
arteries, originating from the P2 segment, reach the pulvinar, 
posterior thalamus, and lateral geniculate nucleus. The major 
part of the posterior cerebral artery distributes to the poster
omedial cerebral cortex.

22.5.3 Intrinsic or penetrating branches

The intrinsic brain stem arterial patterns are constant and 
predictable. They are small in caliber and supply nuclei. 
The caliber of a penetrating artery is directly proportional to 
its length. The intrinsic vessels arise from all named and 
unnamed superficial arteries. After careful study of the course 
and distribution of these penetrating arteries at all levels of 
the medulla oblongata, pons, and midbrain, it was apparent 
that these vessels fall into four major zones and that definable 
maps could be made of these zones.

Median zone

The median zone (Figs  22.10, 22.11, 22.12, 22.13, 22.14, and 
22.15) receives its blood through intrinsic vessels from medial 
arteries on the ventral surface of the brain stem (Fig.  22.3). 
The most central arteries of this group tend to be the longest, 
supplying structures in the median plane such as the hypo
glossal, abducent, trochlear, and oculomotor nuclei, and those 
roots that emerge near the median plane (but not the trochlear 
roots). The medullary pyramids, medial corticospinal fibers 
in the pons, medial bundles in the cerebral crus at the base of 
the midbrain, medial longitudinal fasciculus, medial lemnis
cus, and the medial part of the inferior olive are among the 
structures supplied by arteries of the median zone.

Paramedian zone

Vessels to the paramedian zone (Figs 22.10, 22.11, 22.12, 22.13, 
22.14, and 22.15) are branches of the vertebrals at medullary 
levels but they arise from the basilar and posterior cerebral 
arteries in the pons and midbrain. Included in the paramedian 
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zone are such structures as most of the inferior olive, motor 
paths in the basilar pons, and sensory paths dorsolaterally. In 
the midbrain, paramedian arteries supply the outer two‐thirds 
of the cerebral crus and most of the red nucleus.

Lateral zone

The lateral zone is throughout the brain stem (Figs 22.10, 22.11, 
22.12, 22.13, 22.14, and 22.15). These arteries never extend to the 

median plane or to the floor of the fourth ventricle except in the 
upper pons. Structures in this zone are roots of the glos
sopharyngeal and vagal nerves, the dorsal vagal nucleus, soli
tary tract and its associated solitary nucleus, inferior and 
superior salivatory nuclei, nucleus ambiguus, trigeminal spinal 
tract and nucleus, spinothalamic tracts, vestibular nuclei, ven
tral trigeminothalamic tract, facial nucleus, and much of the 
inferior cerebellar peduncle. (The trigeminal motor and trigemi
nal pontine nuclei receive their blood from a single artery, 
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branches of which enter with the roots of this nerve.) Also in the 
lateral zone are the upper pontine tegmentum, superior cere
bellar peduncle, lateral lemniscus, and long ascending tracts. 
Most vascular injuries in the brain stem involve arteries of the 
lateral zone.

Dorsal zone

Arteries of the dorsal zone make up the fourth and last 
group (Figs 22.10, 22.11, and 22.13, 22.14, and 22.15). They go 
to brain stem structures that form the roof of the ventricular 
system including the tectum, gracile nucleus, cuneate 
nucleus, lateral cuneate nucleus, and dorsal part of the 
inferior cerebellar peduncle. The dorsal vagal nucleus and 
solitary nucleus receive some arteries from the dorsal zone. 
No pial arteriolar plexus exists on the brain stem surface. In 
contrast to the variability of the patterns of the superficial 
brain stem arteries, the intrinsic arterial patterns are remarka
bly constant. Areas affected by the occlusion of a particular 
vessel correspond to the intrinsic arterial pattern.

22.5.4 Classical brain stem syndromes

In describing classical brain stem syndromes, terminology 
based on the zone and segment of the brain stem involved is 
more descriptive and accurate than using the name of the 
suspected extrinsic artery. Although the anterior spinal artery 
syndrome involves the area of the lower medulla oblongata 
supplied by the median group of penetrating vessels, the 
actual extrinsic arteries involved are the anterior spinal rami 
or even the segment of the vertebral arteries from which the 
anterior spinal rami arise. The following account correlates 
the involved anatomical structures underlying clinically rec
ognized syndromes with the resultant signs and syndromes.

Median medullary syndrome

This syndrome, termed the anterior spinal artery syndrome, 
alternating hypoglossal hemiplegia, crossed hypoglossal 

paralysis or the syndrome of the pyramid and the hypo-
glossal nerve, involves structures in the median zone at 
medullary levels. The structures involved might include 
roots of the hypoglossal nerve [XII], fibers in the medullary 
pyramid, and perhaps the medial lemniscus (Fig.  22.10). If 
the long penetrating vessels are involved, the lesion will 
extend to the floor of the ventricle and likely involve the 
hypoglossal nucleus. Damage to the structures in this zone 
would lead to a contralateral hemiplegia, a loss of discrimi
native touch, pressure and proprioception on the contralat
eral side of the body (trunk and limbs), and an ipsilateral 
flaccid paralysis of the tongue.

Median pontine syndrome

This syndrome, termed Raymond syndrome, the Millard–
Gubler syndrome, or middle alternating hemiplegia, involves 
structures in the median zone at pontine levels. The struc
tures involved include roots of the abducent nerve [VI] and 
also the corticospinal and corticobulbar tracts, and perhaps 
the abducent nucleus (Fig.  22.12). Damage to the struc
tures in this zone would lead to a contralateral hemiplegia 
and paralysis of the lower face and perhaps the tongue 
in addition to an ipsilateral paralysis of the lateral rectus 
muscle.

Median midbrain syndrome

This syndrome, termed Weber syndrome, superior alternating 
hemiplegia, or the syndrome of the interpeduncular fossa, 
involves structures in the median zone of the midbrain at 
the level of the superior colliculus. The structures involved 
include the roots of the oculomotor nerve [III] as they travel 
through the cerebral crus, the corticobulbar and perhaps the 
corticospinal tracts. The oculomotor nuclei may be involved 
bilaterally (Fig. 22.15). Damage to the structures in this zone 
would lead to a contralateral hemiplegia and paralysis of 
the lower half of the face and also the tongue along with an 
ipsilateral paralysis of the oculomotor nerve.
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Paramedian midbrain syndrome

This syndrome, termed Benedikt syndrome, involves struc
tures in the paramedian zone of the midbrain at the level of 
the superior colliculus. The structures involved include the 
roots of the oculomotor nerve [III] and the red nucleus 
(Fig.22.15). Damage to the structures in this zone would lead 
to an ipsilateral paralysis of the oculomotor nerve and a 
contralateral cerebellar tremor of the upper limb and a cere
bellar ataxia.

Lateral medullary syndrome

This syndrome, termed the posterior inferior cerebellar 
artery syndrome or Wallenberg syndrome, involves struc
tures in the lateral zone at the level of the upper medulla. 
Structures involved include the intramedullary fibers and 
nuclei of the vagal nerve [X] and the glossopharyngeal 
nerve [IX], the trigeminal spinal tract and nucleus, the lateral 
tectotegmentospinal tract, the lateral spinothalamic tract, 
the ventral trigeminothalamic tract, the inferior cerebellar 
peduncle, and the inferior and medial vestibular nuclei 
(Fig. 22.11). Damage to this zone involves numerous struc
tures. Signs and symptoms might include an ipsilateral 
laryngeal and pharyngeal paralysis, ipsilateral paralysis of 
the soft palate, ipsilateral loss of pain and temperature on the 
face, and an ipsilateral Horner syndrome (which includes 
miosis, mild ptosis, and anhidrosis). There might also be a 
loss of pain and temperature on the contralateral limbs and 
trunk, contralateral loss of pain and diminution of tempera
ture on the face, ipsilateral cerebellar signs, and a nystagmus.

Inferolateral pontine syndrome

This syndrome, termed the anterior inferior cerebellar 
artery syndrome, involves structures in the inferior and 
lateral zone of the pons. The structures involved in damage to 
this zone include the roots and nucleus of the facial nerve 
[VII], the roots and nucleus of the cochlear nerve, the trigem
inal spinal nucleus and tract, the lateral spinothalamic tract, 
and the lateral tectotegmentospinal tract (Fig. 22.12). Damage 
to these structures would lead to an ipsilateral facial paralysis, 
including loss of taste on the anterior two‐thirds of the tongue, 
an ipsilateral loss of hearing, loss of pain and temperature on 
that side of the face and on the opposite side of the body and 
limbs, and an ipsilateral Horner syndrome (which includes 
miosis, mild ptosis, and anhidrosis).

Superolateral pontine syndrome

This syndrome, termed the superior cerebellar artery syn-
drome, involves the superior cerebellar peduncle, the lateral 
spinothalamic tract, the ventral trigeminothalamic tract, 
and lateral tectotegmentospinal tract (Fig. 22.13). Damage to 
these structures would lead to an ipsilateral hypotonicity 
and cerebellar tremor of the arm and leg, contralateral loss 
of pain and temperature on the face and a contralateral loss of 
pain and temperature on the body and limbs. There would 
also be an ipsilateral Horner syndrome.

Dorsal midbrain syndrome

This syndrome, also termed Parinaud syndrome or the 
tegmental syndrome of the midbrain, involves the superior 
colliculus (Fig. 22.15). The resulting deficit would be a paralysis 
of upward gaze. In late stages, there may also be paralysis of 
downward gaze.

Basilar artery syndrome

Structures involved in the basilar artery syndrome include 
nuclei or tracts in the pons, midbrain, and visual areas in 
the occipital cortex. The manifestations of this syndrome 
include vertigo, nausea, vomiting, headache, clouding or loss 
of consciousness, confusion, diplopia, ptosis, dorsal midbrain 
syndrome, nystagmus, mono‐ or hemiparesis, facial palsy, 
dysarthria, dysphagia, and loss of some sensory modalities 
on one limb or side of the body. Various combinations of 
these signs and symptoms occur in transient episodes, often 
causing a progressively severe neurological deficit.

Vertebral artery syndrome

Structures involved in the vertebral artery syndrome include 
nuclei and fibers in the medulla oblongata. This may be 
evident as a median medullary syndrome, a lateral medul
lary syndrome, or both, or as spotty, focal manifestations 
involving all zones.

Vertebral–basilar artery syndrome

Structures involved in the vertebral–basilar artery syndrome 
include nuclei and fibers in the medulla oblongata, pons, 
midbrain, or the occipital cortex. The signs and symptoms 
are similar to those of a basilar artery syndrome, plus the 
vertebral artery syndrome.

22.6 COMMON CArOtID ArterY
The right common carotid artery is a branch of the brachioce
phalic trunk whereas the left common carotid artery is a 
direct branch of the aortic arch arising slightly to the left of 
the brachiocephalic trunk (Fig.  22.1). The right common 
carotid ascends initially in front of the trachea and then to its 
left, where it enters the neck behind the left sternoclavicular 
joint. The common carotid arteries, with their adventitial 
sympathetic nerves, ascend to the upper border of the thyroid 
cartilage immediately inferior to the angle of the mandible, 
where each divides into external and internal carotid arteries.

22.6.1 External carotid artery

The external carotid artery gives off numerous branches in 
its ascent before it ends as the maxillary and superficial tem
poral arteries. A notable branch of the external carotid artery 
is the middle meningeal artery that arises from the maxillary 
artery and provides the bulk of the meningeal circulation. 
The middle meningeal artery enters the base of the skull 
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through the foramen spinosum in the sphenoid bone and 
passes anteriorly to give branches to the cranial dura over 
the convexity of the brain. Fractures of the skull, particularly 
those near the pterion, where four bones of the skull meet, 
may tear the middle meningeal artery in that this point over
lies the anterior branch of the middle meningeal artery. 
Branches of the external carotid artery are capable of provid
ing an alternative route for blood to reach the brain should 
there be blockage of the internal carotid artery.

22.6.2 Internal carotid artery: cervical, 
petrous, and cavernous parts

Just distal to the carotid bifurcation, each internal carotid 
artery has a bulbous expansion, the carotid sinus innervated 
by the glossopharyngeal nerve [IX]. Next to the carotid sinus 
and similarly innervated is the carotid body – the largest col
lection of chemoreceptors in the body. In humans, the bodies 
are small, flat, ovoid, pale pink structures weighing nearly 
4 mg. They measure from 1.1 to 3.9 mm on CT angiography, 
which is consistent with the reported values from anatomic 
dissections (Nguyen et al., 2011). Chemoreceptors respond to 
changes in composition of their extracellular fluid. Alterations 
in pH, oxygen tension, and, to a lesser extent, carbon dioxide 
tension in arterial blood will stimulate them, which increases 
the rate and depth of respiration. A prolonged decrease in 
oxygen to the carotid body, often present in pulmonary 
emphysema or at high altitudes, causes enlargement of the 
carotid bodies, or carotid body hyperplasia. Blood flow in a 
carotid body per unit of tissue exceeds that in any other body 
organ. The region near the carotid bifurcation and sinus is a 
common site for the deposition of atherosclerotic plaques, 
presumably because of the currents that often develop in the 
blood stream at orifices and angulations of arteries. By 
involving sympathetic fibers in the wall of the internal carotid 
artery, diseases such as atherosclerosis and also trauma from 
angiography or ligation may result in a case of Horner syn-
drome (which includes miosis, mild ptosis, and anhidrosis).

As the internal carotid artery ascends from its origin to its 
termination, it is divisible into four parts: C1 or cervical part, 
C2 or petrous part, C3 or cavernous part, and C4 or cerebral 
part. After branching from the common carotid artery, the 
cervical part of the internal carotid artery ascends through 
the neck before entering the base of the skull through the 
external opening of the carotid canal. That part of the inter
nal carotid that courses in the periosteal‐lined carotid canal 
in the petrous temporal bone is the petrous part of the inter
nal carotid artery. Before entering the cranial dura, the inter
nal carotid artery changes direction and makes four loops in 
course (posterior, lateral, medial, and anterior loops). The 
petrous part of the internal carotid artery has two segments: 
a vertical or ascending segment separated at a bend or genu 
from a horizontal segment that then enters the cranium as it 
runs anteromedially beneath the trigeminal ganglion (which 
it supplies with small branches). As it crosses the foramen 
lacerum, it forms a lateral loop and ascends along the 

posterolateral aspect of the sella and medial aspect of the 
anterior clinoid to enter the cavernous sinus as the cavernous 
part of the internal carotid, being the only artery in the body 
within a venous plexus. Rupture here often produces an arte
riovenous fistula. A segment of the abducent nerve [VI] is 
also in the sinus adherent to the lateral aspect of the internal 
carotid. A medial loop of the internal carotid artery is often 
lateral to the posterior clinoid process as the vessel continues 
anteriorly. The meningohypophyseal trunk, the artery of the 
inferior cavernous sinus, and perhaps certain capsular arter
ies arise from the cavernous part of the internal carotid artery. 
Closely related on the lateral side of the internal carotid and 
between both dural leaves of the lateral wall of the cavernous 
sinus are the oculomotor and trochlear [IV] and the ophthal
mic [V1] and maxillary [V2] branches of the trigeminal nerve 
[V]. A fourth loop, which is nearly horizontal, the anterior 
loop, is in the anterior part of the cavernous sinus.

22.7 BLOOD SUPPLY tO tHe CereBrAL 
HeMISPHereS

22.7.1 Internal carotid artery: cerebral part

After the internal carotid enters the cranial dura medial to the 
anterior clinoid, it passes superior to the oculomotor nerve 
[III] but inferior to the optic nerve [II]. The internal carotid 
then becomes the C4 or cerebral part of the internal carotid 
artery that ranges from 14 to 25 mm in length (average 19 mm). 
More than one‐third of all intracranial aneurysms occur on 
the cerebral part of the internal carotid. The cavernous and 
cerebral parts of the internal carotid are collectively termed 
the carotid siphon in that these two parts form an “S.” The 
cerebral part of the internal carotid artery enters the subarach
noid space and terminates at its bifurcation into the anterior 
and middle cerebral arteries. Significant branches arise from 
this part of the internal carotid artery, including the ophthal
mic, posterior communicating, and anterior choroidal arteries 
(Fig. 22.2), along with small perforating branches such as the 
superior hypophyseal arteries these distribute to the infun
dibulum and body of the hypophysis (pituitary gland). Other 
perforating vessels from the cerebral part reach the optic chi
asm, optic nerve, and perhaps the optic tract and also the floor 
of the third ventricle, anterior perforated substance, and 
uncus. Terminal branches of the cerebral part of the internal 
carotid artery are the anterior and middle cerebral arteries 
(Fig. 22.2). Branches of the external carotid artery are capable 
of providing an alternative route for blood to reach the brain 
should there be blockage of the internal carotid artery.

22.7.2 Branches of the internal carotid artery

Ophthalmic artery

The ophthalmic artery (Fig.  22.2) arises from the medial 
aspect of the cerebral part of the internal carotid artery, below 
the optic nerve, and at a point where the internal carotid 
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leaves the cavernous sinus. This vessel then passes into the 
optic canal and orbit. There are three identifiable groups of 
ophthalmic vessels: (1) an ocular group, (2) an orbital group, 
and (3) an extra‐orbital group. The ocular group includes the 
central retinal (a most important vessel of the optic nerve and 
of the eye whose branches are observable with an ophthalmo
scope) and ciliary arteries, whereas the orbital group includes 
the lacrimal and ocular muscle branches. The extra‐orbital 
group consists of the anterior and posterior ethmoidal arter
ies, dorsal nasal, supraorbital, and supratrochlear arteries.

Posterior communicating artery

Arising from the middle part of the cerebral segment and 
passing horizontally to join the posterior cerebral artery is 
the posterior communicating artery (PCA) (Figs 22.2, 22.3, 
and 22.9). The PCA passes posterior and medially above the 
oculomotor nerve [III] towards the interpeduncular fossa to 
join the posterior cerebral artery (the termination of the basi
lar artery). Embryologically, the posterior communicating 
persists as the posterior cerebral artery, but in the adult, the 
basilar artery connects with the posterior cerebral as the basi
lar artery terminates. The posterior communicating artery 
varies greatly in caliber from person to person. Often one is 
smaller than the other. Sometimes both are thread‐like.

Around 4–12 perforating branches arise from the poste
rior communicating artery. An anterior group supplies the 
hypothalamus, subthalamus, anterior third of the optic tract, 
and posterior limb of the internal capsule. A posterior group 
of perforating vessels enters the interpeduncular perforated 
space to supply the subthalamic nucleus. Occlusion of the 
latter vessel often leads to a contralateral hemiballismus. 
Since these perforating vessels do not anastomose, their 
occlusion leads to infarction.

When of sufficient size, these posterior communicating 
arteries act as channels that equilibrate pressure between the 
carotid and the vertebral–basilar systems. Blood in these two 
systems does not normally mix. A reduction in pressure in 
one system results in large amounts of blood flow to the 
other system. Anatomical relations between the posterior 
communicating artery and the oculomotor nerve are impor
tant (aneurysms).

Anterior choroidal artery

Arising from the cerebral part of the internal carotid about 
2–4 mm distal to the posterior communicating artery and 
passing posteriorly with the optic tract along its inferior sur
face, around the cerebral peduncle and into the temporal 
horn, is the anterior choroidal artery (Fig. 22.2). The anterior 
choroidal artery gives numerous small branches to supply 
the base of the midbrain (middle third of cerebral crus, sub
stantia nigra), parts of the visual system (optic tract, lateral 
geniculate body, optic radiations), basal ganglia (medial glo
bus pallidus, tail of the caudate), thalamus, and the internal 
capsule (posterior limb and retrolenticular parts which 
include the auditory and optic radiations). The anterior cho
roidal also supplies the medial aspect of the temporal lobe, 

especially the uncus, piriform cortex, and part of the amyg
daloid complex, before joining the choroid plexus of the 
temporal horn and atrium.

Occlusion of the anterior choroidal artery often leads to a 
contralateral hemianopia, hemiplegia, and hemianesthesia, 
although these signs are inconsistent, depending on the pres
ence of anastomoses between the anterior choroidal, poste
rior choroidal, and posterior communicating arteries.

Anterior cerebral artery (ACA)

The anterior cerebral artery, the smaller of the two terminal 
branches of the internal carotid artery (Fig.  22.9), passes 
medially and then superior to the optic chiasm or nerves 
before entering the longitudinal cerebral fissure. Immediately 
superior to the chiasm, both anterior cerebral arteries join by 
way of the anterior communicating artery (ACoA) (Fig. 22.2). 
This communication between both carotid circulations aver
ages 2.6 mm in length (range 0.3–7.0 mm) and is likely to be 
single, double, triple, or absent. The anterior communicating 
artery may have up to four branches that reach the dorsal 
surface of the optic chiasm, suprachiasmatic area, and ante
rior perforated substance, and perhaps the frontal lobe. 
These perforating vessels are likely to supply the fornix, cor
pus callosum, subcallosal area, and anterior part of the cin
gulum. Occlusion of these perforating vessels is likely to lead 
to hypothalamic sign symptoms and loss of memory for 
recent events (“recent memory”).

That segment of the anterior cerebral artery from the 
carotid to the anterior communicating artery is the A1 seg-
ment. Around 2–15 perforating vessels leave this segment of 
the anterior cerebral artery. Occlusion of the hypothalamic 
branches from A1 may result in psychiatric symptoms with
out a motor deficit. The former often include feelings of anxi
ety and fear, disordered mentation, dizziness, and agitation.

The segment of the anterior cerebral artery after the anterior 
communication artery is the A2 segment, which has up to four 
perforating vessels including the recurrent branch of the ante
rior cerebral artery (medial striate artery or recurrent artery of 
Heubner). This recurrent branch doubles back on the anterior 
cerebral artery and accompanies it for a short distance before 
branching and entering the lateral sulcus or penetrating the 
anterior perforated substance (an area behind the olfactory 
trigone perforated by numerous blood vessels) at a point above 
the carotid bifurcation. The recurrent branch supplies the 
anterior parts of the caudate nucleus, putamen, globus palli
dus, and internal capsule, in addition to the uncinate fasciculus 
and olfactory trigone. Occlusion of the recurrent artery often 
causes a contralateral hemiparesis, especially of the arm, face, 
palate, and tongue, and perhaps aphasia if the injury is in the 
hemisphere dominant for language (the left cerebral hemi
sphere in 95% of humans). The other perforating branches of A2 
enter the gyrus rectus, inferior frontal area, anterior perforated 
substance, and dorsal optic chiasm and suprachiasmatic area. 
An accessory middle cerebral artery, when present, originates 
from the anterior cerebral artery. Since it supplies similar deeply 
located structures, it may be a variant of the recurrent artery.
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The anterior cerebrals run parallel to one another and 
successively forwards, upwards, and backwards around the 
genu of the corpus callosum and onto its upper aspect to 
reach the back end or splenium of the corpus callosum. Along 
its course, the anterior cerebral gives off named branches 
such as the fronto‐polar artery (Fig.  22.9) that supply the 
anterior part of the frontal lobe on its medial side.

The callosomarginal artery (Fig. 22.9) runs into the cingu
late sulcus to the paracentral lobule. Some of these branches 
curve over the superior margin of the cerebral hemisphere 
onto its lateral surface. Obstruction of the callosomarginal 
branch often leads to infarction of the paracentral lobule, 
causing paralysis of the contralateral leg with associated 
cortical sensory loss and perhaps urinary incontinence (if the 
cortical injury is bilateral to the bladder area on the medial 
surface of the brain). In such cases, there is sparing of the 
face, arm, and hand. The anterior cerebral artery is easily 
visible on arteriograms. Displacement from its normal posi
tion suggests pressure or traction on one cerebral hemisphere. 
This may be evidence of a tumor in the frontal lobe.

Middle cerebral artery (MCA)

The middle cerebral artery is the larger of two terminal 
branches of the internal carotid artery. In course, it has four seg
ments: sphenoidal, insular, opercular, and cortical (Fig. 22.16). 
The M1 or sphenoidal segment of the middle cerebral origi
nates near the anterior aspect of the deep part of the lateral 
sulcus, lateral to the optic chiasm, below the anterior perfo
rated substance, and posterior to the point at which the olfac
tory tract divides into medial and lateral striae.

From its origin, the middle cerebral artery turns laterally 
into the depths of the medial aspect of the lateral sulcus, 
crosses over the limen insulae, and then enters the insular 
area, where it divides into many branches that spread out on 
(and supply) the surface of the insula. This is the M2 or insular 
segment of the middle cerebral artery (Figs 22.16 and 22.17). 
Collateral branches over 50 µm in diameter are a feature 
along the course of the insular segment of the middle cerebral 
artery that penetrates the surface of the insula. From the 
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Figure 22.16 ● The course of the middle cerebral artery seen in a coronal section of the human brain. (Source: DeArmond et al., 1989. Reproduced with 
permission of Oxford University Press.)

Figure 22.17 ● Branches of the middle cerebral artery on the surface of the 
insula. (Source: DeArmond et al., 1989. Reproduced with permission of Oxford 
University Press.)
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periphery of the insula, near its circular fissure, branches 
forming the M3 or opercular segment of the middle cerebral 
artery (Fig.  22.16) continue over the medial surface of the 
opercula, and emerge from the lateral sulcus by passing 
between the opposing lips of the frontoparietal and temporal 
opercula. These branches then pass around the opercular 
parts of the frontal, parietal, and temporal lobes. At this 
point, branches forming the M4 or cortical segment of the 
middle cerebral artery begin, become superficial, and extend 
over the lateral and inferior surfaces of the brain (Figs 22.16 
and 22.18).

Branches of the middle cerebral artery

The middle cerebral artery proper, which averages about 
15.8 mm in length, divides into two or more trunks by bifur
cation (superior and inferior trunks), trifurcation (superior, 
middle, and inferior trunks), or division into multiple trunks. 
Around 6–8 (range 6–11) stem arteries arise from the trunks 
and give rise to cortical branches that supply about a dozen 
cortical areas supplied by one or two (range 1–5) cortical 
branches. These 12 cortical areas include the orbitofrontal, 
prefrontal, precentral, central, anterior and posterior parietal, 
angular, anterior, middle and posterior temporal, temporo
polar, and temporo‐occipital vessels (Fig. 22.18). Each stem 
artery yields 1–5 cortical branches that supply these cortical 
areas. The middle cerebral artery supplies a larger territory 
than either the anterior or posterior cerebral. Indeed, this 

vessel is twice the size of the anterior cerebral and carries 
about 80% of the blood received by each cerebral hemisphere.

Perforating branches of the middle cerebral artery

The large and complex middle cerebral artery (MCA) has 
as many as 2–15 perforating vessels that arise directly from 
it or from one of its main trunks before entering the ante
rior perforated substance. These perforating vessels, often 
divided into medial and lateral groups, are collectively 
termed the lenticulostriate arteries (Fig. 22.16). In general, 
these vessels most commonly originate from the M1 segment 
of the MCA and supply the caudate nucleus, putamen, 
globus pallidus, and internal capsule. The medial branches 
supply part of the head of the caudate nucleus, part of the 
putamen, and the external segment of the globus pallidus. 
The lateral branches may supply the nucleus basalis of 
Meynert, the lateral part of the anterior commissure, and the 
superior part of the head of the caudate and of the anterior 
limb. The lateral branches also supply most of the putamen, 
part of the external segment of the globus pallidus, and the 
superior part of the genu and the posterior limb of the 
internal capsule (Marinkovic ́ et al., 2001; Djulejic ́ et al., 2012). 
A prominent perforating artery from the lateral group 
courses along the base of the lentiform nucleus, crosses the 
upper part of the internal capsule, and then supplies the 
caudate nucleus. This long and unbranched vessel is often 
termed the “artery of cerebral hemorrhage.”

Sylvian point
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branches of middle &
anterior cerebral arteries

Figure 22.18 ● The cortical branches of the middle cerebral artery as they emerge from the lateral sulcus. (Source: DeArmond et al., 1989. Reproduced with 
permission of Oxford University Press.)
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Cortical branches of the middle cerebral artery (MCA)

In general, the middle cerebral artery and its branches sup
ply parts of all five lobes of the brain. This includes most of 
the lateral surface of the frontal, parietal, and occipital lobes 
and also all insular surfaces and opercular surfaces of the 
frontal, parietal, and temporal lobes. The MCA also supplies 
the superior and lateral aspect of the temporal lobe, lateral 
parts of the inferior surface of the temporal lobe, and the 
orbital surface of the frontal lobe. The MCA supplies the 
temporal pole, uncus, and adjacent part of the parahippocam
pal gyrus. Branches of the middle cerebral artery do not 
reach the occipital or frontal poles or that part of the cerebral 
hemisphere near the longitudinal cerebral fissure.

Angular artery

The most constant branch of the middle cerebral artery is the 
angular artery (parieto‐occipital artery). Considered the ter
minal branch of the middle cerebral artery, it divides on the 
cortical surface at the level of the angular gyrus into two 
branches to supply the inferior parietal lobule (supramar
ginal and angular gyri), part of the superior parietal lobule, 
the posterior part of the superior and middle temporal con
volutions, and the superior occipital convolution.

Involvement of the MCA in disease states

The middle cerebral artery and its branches are the most 
commonly occluded of any intracranial vessel by a thrombus 
or an embolus. The MCA is also one of the most common 
sites of saccular aneurysms, usually on the distal part of its 
sphenoidal segment (Fig.  22.16). Most intracranial arterio
venous malformations receive part of their blood supply from 
the middle cerebral artery.

Because of the number of branches and the broad area 
supplied by the middle cerebral artery, the manifestations of 
occlusion of this vessel or one of its cortical branches vary 
widely depending on the affected cortical area. With involve
ment of the precentral gyrus, there may be a contralateral 
hemiplegia, especially severe in the arm. With involvement of 
the premotor cortex, there is likely to be a grasp reflex, motor 
apraxia, and contralateral weakness of the shoulder and hip 
muscles. With involvement of the Broca’s area, there is 
likely to be an expressive or motor aphasia. With involvement 
of the prefrontal cortex, there are likely to be personality 
changes and, if there is involvement of the visual radiations, 
there is likely to be a homonymous hemianopia. Involvement 
of the postcentral gyrus may lead to an absence of proprio
ception and discriminative tactile sensation on the con
tralateral side and perhaps a loss of the ability to use tactile 
information in order to identify objects placed in the hand. 
With involvement of the superior temporal gyrus, there is 
likely to result an auditory receptive aphasia. Perhaps other 
signs such as apraxias (sensory, dressing, or constructional) or 
Gerstmann syndrome (acalculia, agraphia, finger agnosia, 
and right–left disorientation) would follow damage to the 
parietal lobe.

22.7.3 Posterior cerebral artery

As noted earlier, the vertebrals unite at the pontomedullary 
junction to form a single basilar artery. At the upper pons, 
the basilar artery bifurcates, giving rise to the posterior 
cerebral arteries (Fig.  22.9). The subclavian, vertebral, and 
basilar arteries act as a unit to supply the posterior cerebral 
circulation. This is unique because nowhere else in the body 
do two major arteries (vertebrals) join to form a single ves
sel (the basilar), which then splits to form two major vessels 
(the posterior cerebrals). Thus, the terminal branches of 
the basilar artery are the posterior cerebral arteries. The pos
terior cerebrals encircle the brain stem at the level of the 
tentorial notch. They then pass superior to the oculomotor 
nerve [III] and laterally around the brain to reach the infe
rior and medial aspects of the temporal lobes before ending 
at the occipital poles. About one‐third of the time one poste
rior cerebral artery (the left more commonly) retains its 
embryological relationship as a major branch of the ipsilat
eral internal carotid artery. The narrow posterior communi
cating artery in these instances is between the posterior 
cerebral artery and the basilar artery, and the flow of blood 
from the basilar artery is into the larger posterior cerebral 
branch. Herniation of the temporal lobe often compresses 
the posterior cerebral artery with infarction of the occipital 
lobe. Such displacement is usually visible on arteriograms. 
The major part of the posterior cerebral artery supplies the 
posteromedial cerebral cortex.

Cerebral branches of the posterior cerebral artery

That segment of the posterior cerebral artery from the basi
lar bifurcation to the posterior communicating artery is the 
P1 (midbrain) segment (Fig. 22.9). Four perforating vessels 
leave this segment of the posterior cerebral artery. That seg
ment of the posterior cerebral artery after the posterior 
communication artery is the P2 segment (Fig. 22.9) whereas 
that segment of the posterior cerebral that runs in the cal
carine fissure is the P3 segment (Fig.  22.9). The posterior 
cerebral artery supplies the splenium of the corpus callo
sum, anterior and posterior parts of the temporal lobes, the 
parieto‐occipital region, and the posterior part of the cere
bral hemispheres.

22.8 CereBrAL ArterIAL CIrCLe
At the base of the brain is a polygon formed by the paired 
anterior cerebral, internal carotid, posterior cerebrals, and 
posterior communicating arteries along with a single anterior 
communicating artery. This cerebral arterial circle (the circle 
of Willis) has a “normal” configuration in only 50% of exam
ined brains, with variations primarily in the relative size of 
vessels (Fig.  22.2). This polygon provides an avenue for 
collateral circulation between vessels on both sides of the 
brain and between the carotid and vertebral–basilar circula
tion. The rate of flow is dependent upon pressure gradients 
and patency of the vessels. The efficiency of this system 
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determines the degree of neurological deficit occurring with 
stenosis or occlusion of one or more arteries in the neck.

22.8.1 Types of arteries supplying the brain

The pattern of arterial supply to the cerebral hemispheres is 
the same for the entire brain and is dependent on three types 
of vessels. (1) Long circumferential branches of parent arter
ies course around the ventral and lateral aspects of the brain 
before reaching the dorsal surface. Here they anastomose 
with distal branches of other long circumferential vessels. 
They carry blood for long distances on the surfaces of the 
cerebral hemispheres or brain stem, while giving off numer
ous unnamed perforating branches that enter the substance 
of the brain. (2) Short circumferential or lateral perforating 
branches arise from a parent artery and travel for shorter 
distances before plunging into the surface of the brain to 
supply underlying gray and white matter. (3) Paramedian 
or medial perforating arteries arise from parent vessels 
and enter the brain on either side of the median plane. The 
paramedian branches supply central nuclear groups close to 
the median plane. Short circumferential vessels supply a 
zone between the area nourished by the long circumferential 
and the area nourished by the paramedian arteries. Unlike 
the long circumferentials, the short circumferential and para
median vessels have limited anastomosis.

22.9 eMBrYOLOGICAL CONSIDerAtIONS
The development of the cerebral vasculature often determines 
the outcome of many cerebrovascular diseases in adult life. 
Unusual configurations of the cerebral arterial circle at the 
base of the brain, arteriovenous malformations, congenital 
saccular aneurysms, and string‐like or absent vessels are 
abnormalities that result from defective development of the 
cerebral vessels.

In the eighth week of development, nearly all intracranial 
arteries that remain throughout life are present. There is 
also an increase in venous anastomoses and in the prolifera
tion of capillaries in the neocortex. Variations in the cerebral 
arterial circle, including a string‐like anterior or posterior 
cerebral artery, is likely to jeopardize the role of these vessels 
as potential collateral channels and lead to an increase in the 
incidence of brain infarction. Although the posterior cerebral 
arteries arise embryologically from the carotids, blood flow 
through the posterior cerebrals comes from the vertebrals in 
90% of patients.

22.10 VASCULAr INJUrIeS
Many everyday activities (including childbirth, overhead 
work, turning the head while driving, and beauty parlor 
events), sports activities (such as gymnastics, calisthenics, 
yoga, archery, driving, and swimming), and chiropractic 
manipulation of the cervical spine reportedly disrupt the 
cerebral circulation and are associated with vascular 

accidents of the brain or spinal cord. In vivo and autopsy 
evidence indicates that the vertebral arteries are vulnerable 
to injury at the atlanto‐axial articulation by head motion, 
particularly rotation (rotation and flexion, rotation and 
extension) but not tilt and extension of the head. During rota
tion of the head, the atlanto‐axial joint on the side to which 
the head is turned remains fixed, while on the opposite side 
the atlas moves forward on the axis. Symptoms occur if the 
vertebral artery between the atlas and axis becomes narrow 
or stretches sufficiently to obstruct blood flow and if flow in 
the contralateral vertebral artery is in some way already 
compromised.

22.10.1 Brain stem vascular injuries

Vascular disease here leads to an array of signs and symptoms. 
Chief among them are dysarthria, dysphagia, motor and 
sensory deficits, disturbances of consciousness, drop attacks, 
attacks of vertigo, nausea, and vomiting, temporary loss of 
vision, and ocular abnormalities (such as double vision).

22.10.2 Visualization of brain vessels

The vascular system of the brain is evident on radiographs 
with the introduction of radiopaque substances into the cere
bral vessels. With this procedure, called cerebral angiography 
or arteriography, only the long circumferential conducting 
arteries are evident. Occasionally, the largest of the short 
circumferential branches are visible but the unnamed, perfo
rating vessels are not visible so that only 10% of intracranial 
arteries are visible using conventional angiography.
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It has long been known that there is an active formation of cerebrospinal fluid as 
evidenced by the rapidity with which the fluid reforms after it has been withdrawn 
either by lumbar or ventricular puncture. The endowment of the choroidal plexus 
with an elaborate blood‐supply indicates that it is a structure with a special func-
tion. Since the work of Faivre (1854) and Luschka (1855) showing the secretory 
character of the cells, the choroid plexuses have been regarded as glands from which 
at least part of the cerebrospinal fluid is formed.

Walter E. Dandy, 1913
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C H A P t e r  2 3

The Meninges, Ventricular 
System, and Cerebrospinal Fluid

23.1 tHe CrANIAL MeNINGeS 
AND reLAteD SPACeS

23.1.1 Cranial dura mater

Three membranes or meninges surround and protect the cer-
ebral hemispheres, brain stem, and spinal cord. A description 
of the spinal meninges and related spaces is provided in 
Chapter 3, The Spinal Cord. The dense fibrous tissue of the 
cranial dura mater (Figs  23.1, 23.2, and 23.3) supports the 
brain and acts as the lining layer of the cranial bones. The 
cranial dura is thick and includes an internal meningeal 
layer and an external endosteal layer that lies on the internal 
aspect of the skull (Fig. 23.3). These two layers are indistin-
guishable except where the dural venous sinuses intervene 
between them (Fig. 23.4). The meningeal and endosteal layers 
serve both meningeal and periosteal functions. The endosteal 
layer of the cranial dura adheres firmly to the inner aspect of 
the cranial bones, especially at the sutures and along the base 
of the skull. Thus the space external to the cranial dura, the 
epidural space, is a potential space. Following trauma to the 
skull, blood may enter this potential space and accumulate 
there, forming an epidural hematoma. At foramina at the 
base of the skull, the meningeal layer provides sheaths for the 

cranial nerves. The meningeal layer of the cranial dura is 
continuous at the foramen magnum with the spinal dura 
mater. Thus, the spinal dura mater consists of only one 
layer – the continuation of the meningeal layer of the cranial 
dura. Whereas there is a definable subdural space between 
the spinal dura mater and the spinal arachnoid mater, the 
subdural space in the cranial region is absent. Studies of the 
fine structure of the dura–arachnoid interface layer in humans 
reveal that the innermost part of the cranial dura and outer-
most part of the arachnoid are intimately fused.

23.1.2 Cranial arachnoid

The cranial arachnoid (Figs 23.2, 23.3, and 23.4) consists of 
an outer part, the arachnoid barrier layer, and in inner part, 
the arachnoid trabeculae. The arachnoid barrier layer fuses 
with the inner or meningeal layer of the cranial dura. 
Structurally and functionally, this arachnoid barrier layer 
prevents cerebrospinal fluid in the subarachnoid space from 
reaching the dura. Delicate strands of the arachnoid trabecu-
lae (extensions of fibroblasts) bridge the subarachnoid space 
and give it a spider’s web‐like appearance. These trabeculae 
surround vessels in the subarachnoid space and attach to 
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the pia on the surface of the brain. In the meshes of the 
arachnoid trabeculae (subarachnoid space), cerebrospinal 
fluid circulates. Although the arachnoid dips into the longitu-
dinal cerebral fissure, it does not dip into the individual sulci 
of each cerebral hemisphere.

23.1.3 Cranial pia mater

The cranial pia mater (Figs 23.3 and 23.4) is the most delicate 
layer of the cranial meninges. It closely follows every convo-
lution on the brain surface and enters every cerebral sulcus. 
The cranial pia also lines the basal cisterns. The cranial 

arachnoid trabeculae join the pia to the arachnoid mater. 
Although very thin and apparently fragile, the cranial pia 
nonetheless exhibits a high level of stiffness, thus influencing 
the mechanical properties of the brain. The cerebral vessels 
that are in the subarachnoid space have a superficial cover-
ing of the cranial pia. Smaller vessels ramify on the pia before 
penetrating the brain.

23.1.4 Dural projections

A freely moving brain encased in an immovable skull would 
result in serious injury to the brain following trauma to the 
head. To provide protection against this, the meningeal layer 
of the cranial dura sends four projections or folds into the 
cranial cavity: the falx cerebri, tentorium cerebelli, falx cere-
belli, and diaphragma sellae (Fig. 23.5). The falx cerebri and 
tentorium cerebelli divide the cranial cavity into two hemi-
spheric compartments occupying the anterior and middle 
cranial fossa and a cerebellar compartment occupying the 
posterior cranial fossa. The frontal lobe occupies the anterior 
cranial fossa whereas the lateral parts of the middle cranial 
fossa contain the temporal lobes. The tentorium cerebelli 
forms the roof of the cerebellar compartment.

The longitudinal cerebral fissure separating the two cere-
bral hemispheres contains the crescent‐shaped falx cerebri 
(Fig.  23.5). The falx is a single median structure that is 
narrow anteriorly where it attaches to the crista galli of the 
ethmoid bone but much broader posteriorly where it fuses 
with the tentorium cerebelli (Fig. 23.5) in the median plane. 
The falx cerebri has a superior border that is convex in shape 
and is attached to the overlying skull and an inferior border 
that is free but concave in shape and follows the shape of the 
corpus callosum. The layers of the falx along the convex 
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Arachnoid granulations

Superior sagittal
sinus

Dura mater

Figure 23.1 ● The cerebral dura mater covering the left cerebral hemisphere 
of the human brain. (Source: Netter illustration used with permission of 
Elsevier, Inc. All rights reserved. www.netterimages.com.)
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Figure 23.2 ● The cerebral dura mater of the left 
cerebral hemisphere cut and elevated to reveal the 
underlying cerebral arachnoid. (Source: Netter illustration 
used with permission of Elsevier, Inc. All rights reserved. 
www.netterimages.com.)
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border divide to accommodate the superior sagittal sinus 
whereas those along the concave border divide to accommo-
date the inferior sagittal sinus.

The tentorium cerebelli supports the occipital lobe while 
at the same time forming a dural roof for the cerebellum 
(Fig. 23.5). It too is crescent shaped but lies in a horizontal 
plane with its convex border laterally or externally and its 
concave border medially or internally. The layers of the ten-
torium along the convex border divide to accommodate 
the transverse sinus. The concave borders do not meet in the 
median plane but bound an opening, the tentorial notch 
(Fig.  23.5). The midbrain occupies the tentorial notch. The 
tentorium cerebelli attaches to the posterior clinoid processes 

of the sphenoid bone. The compartment inferior to the tento-
rium contains not only the cerebellum but also the pons and 
medulla oblongata.

The falx cerebelli (Fig. 23.5) lies below the tentorium and 
attaches to the inferior aspect of the tentorium in the median 
plane and to the internal occipital crest. The posterior margin 
of the falx cerebelli contains the occipital sinus whereas 
the free anterior margin of the falx cerebelli projects between 
the two cerebellar hemispheres. The sella turcica lies on the 
upper surface of the body of the sphenoid bone. It normally 
contains the hypophysis.

The fourth dural projection, the diaphragma sellae 
(Fig. 23.5), is circular in shape, forming a roof over the sella 
turcica and covering its contents. A centrally placed opening 
in the diaphragma sellae transmits the infundibular stalk of 
the hypophysis.

23.1.5 Intracranial herniations

Space‐occupying intracranial mass lesions such as tumors or 
blood clots and also disorders of cerebrospinal fluid (CSF) 
circulation may greatly increase intracranial pressure (ICP). 
The cranial cavity is divisible into compartments by the falx 
cerebri and tentorium cerebelli. In such cases, brain swelling 
occurs and part of the brain may herniate from one dural 
compartment to another. Three types of intracranial hernia-
tion are generally recognized: cingulate, uncal, and tonsillar. 
Cingulate gyrus herniation may occur as the result of pressure 
from a subdural hematoma. In this case, one cingulate gyrus 
may slip under the falx cerebri and press on the opposite 
cingulate gyrus (Fig. 23.6). This can happen with no serious 
neurological complication. In the temporal lobe, the brain 
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Figure 23.3 ● The layers of the human cranial meninges 
including two layers of the dura, the arachnoid mater and 
the cerebral pia mater. (Source: Netter illustration used 
with permission of Elsevier, Inc. All rights reserved. 
www.netterimages.com.)
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Figure 23.4 ● Coronal section through the superior sagittal sinus within the 
cerebral dura of the human brain. (Source: Netter illustration used with 
permission of Elsevier, Inc. All rights reserved. www.netterimages.com.)
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may herniate through the tentorial notch and compress the 
midbrain, pushing it against the opposite tentorial edge. This 
may cause herniation of the uncus (Fig. 23.7) from one dural 
compartment to another by way of the tentorial notch. As 

the uncus herniates through the tentorial notch, it compresses 
the midbrain pushing it against the opposite tentorial edge. 
The oculomotor nerve [III] and posterior cerebral artery 
on the side of the expanding lesion are vulnerable to 
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Figure 23.5 ● The dural folds and related sinuses of the human brain. (A) As seen from the right lateral aspect and also from above and behind. (B) Coronal 
section through the foramen magnum. (C) Coronal section about 1.5 cm behind that shown in (B). (Source: Figures from the online text Basic Human Anatomy by 
Ronan O’Rahilly. Copyright © 2008 O’Rahilly. Used with permission of the site editor: Rand S. Swenson, DC, MD, PhD, Dartmouth Medical School.)

Figure 23.6 ● Because of increased intracranial pressure from a subdural 
hematoma, there is herniation of the cingulate gyrus under the falx cerebri 
with pressure on the contralateral cingulate gyrus. (Source: Nolte, 2009. 
Reproduced with permission of Elsevier.)

Figure 23.7 ● As a result of an expanding tumor in the one temporal lobe, 
the most medial part of that temporal lobe, the uncus, has herniated (uncal 
herniation) through the tentorial notch and is pressing against the midbrain. 
(Source: Nolte, 2009. Reproduced with permission of Elsevier.)
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compression between the uncus and the free edge of the 
tentorium. Uncal herniation may produce alterations in 
consciousness including coma, often followed by death. 
Finally, pressure from a cerebellar lesion may cause one 
tonsil of the cerebellum to herniate through the foramen 
magnum (Fig. 23.8), a condition termed cerebellar tonsillar 
herniation. The result is compression of the medulla against 
the margin of the foramen. This may lead to cardiovascular 
and respiratory depression with rapid death.

23.2 VeNtrICULAr SYSteM

23.2.1 Introduction

There are four ventricles from rostral to caudal. Each lateral 
ventricle (numbered ventricle 1 and ventricle 2) communi-
cates with the third ventricle by an interventricular foramen 
on either side of the median plane. The third ventricle com-
municates with the fourth ventricle by way of the aqueduct. 
The fourth ventricle becomes continuous with the central 
canal of the medulla oblongata and spinal cord and opens by 
means of apertures into the subarachnoid space.

The neuroglial cells that line the ventricles of the brain 
and the central canal of the spinal cord are termed ependymal 
cells. The ependyma is nonciliated in adults. In the ventricles, 
vascular fringes of pia mater, known as the tela choroidea, 
invaginate their covering of modified ependyma and project 
into the ventricular cavities. The combination of vascular 
tela and cuboidal ependyma protruding into the ventricular 
cavities is termed the choroid plexus. The plexuses are 

invaginated into the cavities of both lateral and also the third 
and fourth ventricles; they are concerned with the formation 
of cerebrospinal fluid.

The term “blood–cerebrospinal fluid barrier” refers to 
the tissues that intervene between the blood and the cerebro-
spinal fluid, including the capillary endothelium, several 
homogeneous and fibrillary layers (identified by electron 
microscopy), and the ependyma of the choroid plexus. The 
chief elements in the barrier are tight junctions between the 
ependymal cells.

23.2.2 Lateral ventricles

Each lateral ventricle is a cavity in the interior of a cerebral 
hemisphere and each communicates with the third ventricle 
by means of an interventricular foramen (Fig.  19.1). Each 
lateral ventricle includes six parts. The first part is in front of 
the interventricular foramen and is the frontal (anterior) 
horn (Fig. 23.9). Behind this is the central part of the ventricle 
(Fig. 23.9) that includes the second, third, and fourth parts, 
respectively. The fourth part of the ventricle termed the 
atrium divides into a fifth part, or occipital (posterior) horn, 
and a sixth part, or temporal (inferior) horn (Fig. 23.9). The 
frontal, occipital, and temporal horns are in the frontal, 
occipital, and temporal lobes of the cerebral hemispheres, 
respectively.

The frontal horn, central part, and temporal horn are 
C‐shaped, a characteristic of the fetal and the adult lateral 
ventricle. The occipital horn develops about half way through 
fetal life as a backward extension and is variable in size in 
adults. Because of this unusual embryological development, 

Figure 23.8 ● Because of an expanding cerebellar tumor, one cerebellar 
tonsil has herniated (cerebellar tonsilar herniation) through the foramen 
magnum, compressing the medulla oblongata. (Source: Nolte, 2009. 
Reproduced with permission of Elsevier.)
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Figure 23.9 ● Three‐dimensional rendering of an automatically segmented 
ventricular system. The left and right lateral ventricles are evident. 
(Source: Courtesy of Martin Styner.)
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the posterior horn may be separate from the other parts of 
the ventricular system.

Frontal (anterior) horn

The frontal horn of the lateral ventricle (Fig. 23.9) has as its 
inferior boundary the rostrum, its rostral boundary the genu, 
and its superior boundary the trunk, of the corpus callosum. 
Laterally, the head of the caudate nucleus bulges into the 
frontal horn of the lateral ventricle. A thin vertical partition, 
the septum pellucidum (Fig. 19.1), separates the frontal horn 
of one hemisphere from the frontal horn in the other hemi-
sphere. Occasionally, the septum has a space (cavity of the 
septum pellucidum) between its two layers.

Central part

The central part of the lateral ventricle (Fig. 23.9) is inferior 
to the trunk of the corpus callosum. The central part is also 
on the medial aspect of the dorsal thalamus and body of the 
caudate nucleus. In the central part of the lateral ventricle is 
the choroid plexus.

Occipital (posterior) horn

The variable occipital horn of the lateral ventricle (Fig. 23.9) 
tapers into the occipital lobe of each cerebral hemisphere. 
The occipital horns are usually asymmetric – the back part of 
one horn may appear as a separate entity.

Temporal (inferior) horn

The temporal horn of the lateral ventricle (Fig. 23.9) extends 
into the temporal lobe from the fourth part of the central part 
of the lateral ventricle. Fibers derived from the corpus callo-
sum form its lateral boundary. Inferiorly is an elevation, the 
hippocampus covered by part of the choroid plexus. 
Superiorly, the tail of the caudate nucleus runs forwards to 
end in the amygdaloid complex.

Choroid plexus of the lateral ventricle

The choroid plexus of each lateral ventricle is invaginated 
along a curved line known as the choroid fissure. The fissure 
extends from the interventricular foramen in front and arches 
over the posterior end of the dorsal thalamus, as far as the 
end of the temporal horn (Fig. 19.1). The choroid plexus of the 
lateral ventricle is only in the central part of the lateral ventri-
cle and the temporal horn. At the junction of the central part 
with the temporal horn, it is best developed and is there 
known as the glomus choroideum. In one recent study, involv-
ing 518 patients subjected to brain computed tomography, the 
overall incidence of normal pineal gland calcification was 
72% and that of the choroid plexus was 43.3%. The vessels of 
the plexus originate from the internal carotid (anterior cho-
roidal artery) and from the posterior cerebral (posterior cho-
roidal arteries). At the interventricular foramina, the choroid 
plexuses of both lateral ventricles become continuous and 
then join that of the third ventricle (Fig. 19.1).

23.2.3 Third ventricle

The third ventricle is a narrow cleft between both thalami 
(Fig. 23.9). In the median plane and over a variable area, the 
thalami often interconnect with each other at the interthalamic 
adhesion (Fig. 19.1) or the massa intermedia. The hypothal-
amus forms the floor of the third ventricle. In the anterior 
part of the third ventricle, the optic chiasm crosses its floor. 
The lamina terminalis, a delicate sheet that connects the optic 
chiasm with the corpus callosum (Figs 5.1 and 19.1), forms 
the anterior wall of the third ventricle.

A thin layer of ependyma covered by pia mater forms the 
thin roof of the third ventricle. In the ventricles, vascular 
fringes of pia mater, known as the tela choroidea, invaginate 
their covering of modified ependyma and project into the 
ventricular cavities. From the inferior surface of this roof, 
the choroid plexuses of the third ventricle project downwards 
into the ventricular cavity. On either side of the median plane 
is a collection of choroid plexus invaginating the ependymal 
roof and protruding into the ventricular cavity. Pia mater 
and connective tissue occupy the space between the corpus 
callosum dorsally, and the dorsal thalamus, choroid plexus, 
and pineal ventrally. The internal cerebral veins pass through 
this area.

Interventricular foramina

The third ventricle communicates with the lateral ventricles by 
means of the interventricular foramina (Figs  19.1 and 23.9). 
Each interventricular foramen is at the superior and anterior 
part of the third ventricle, at the rostral limit of the dorsal thala-
mus, and at the site of the outgrowth of the cerebral hemisphere 
in the embryo. From it, a shallow groove, the hypothalamic 
sulcus, runs posteriorly towards the aqueduct (Fig. 19.1). The 
sulcus marks the boundary between the dorsal thalamus 
(superior to the sulcus) and the subthalamus and hypothalamus 
(inferior to the sulcus).

Recesses of the third ventricle

The third ventricle presents several recesses: (1) the optic 
recess superior to the optic chiasm; (2) the infundibular 
recess in the infundibulum of the neurohypophysis (poste-
rior lobe of the pituitary gland); (3) a less well‐defined 
recess rostral to the mamillary bodies; (4) the pineal recess 
in the stalk of the pineal body; and (5) the suprapineal 
recess. Indentations occur in the outline of the third ventri-
cle by the anterior and posterior commissures and by the 
optic chiasm.

Choroid plexuses of the third ventricle

The choroid plexus of the third ventricle invaginates into 
the roof of the ventricle on either side of the median plane. 
At the interventricular foramina, they become continuous 
with those of the lateral ventricles. The posterior choroidal 
arteries supplying the lateral ventricles arise from the poste-
rior cerebral artery.
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23.2.4 Aqueduct

The aqueduct (of Sylvius) is a narrow channel in the midbrain 
about 1 cm in length. The aqueduct is widest in its central 
part and connects the third and fourth ventricles.

23.2.5 Fourth ventricle

The fourth ventricle (Fig. 23.9) is a rhomboidal cavity in the 
posterior part of the pons and medulla. Superiorly, it is nar-
row, becoming continuous with the aqueduct. Inferiorly, it 
narrows into the central canal of the medulla oblongata, 
which, in turn, is continuous with the central canal of the spinal 
cord. In the widest part of the ventricle, on either side, is a 
lateral recess that permits cerebrospinal fluid to leave the 
ventricular system and enter the subarachnoid space. The 
superior and inferior cerebellar peduncles form the lateral 
boundaries of the ventricle.

Floor of the fourth ventricle

The anterior boundary or floor of the fourth ventricle is the 
pons superiorly and the medulla oblongata inferiorly. The 
nuclei of origin of the last eight cranial nerves directly or 
indirectly contribute to the floor of the fourth ventricle. 
A dorsal median sulcus divides the floor into right and left 
halves. A longitudinal groove (the sulcus limitans) subdi-
vides each half of the floor of the fourth ventricle into medial 
(basal) and lateral (alar) parts. The medial eminence, an ele-
vation on the floor of the fourth ventricle, extends the length 
of the pons and into the open medulla. In the caudal part of 
the pons, the medial eminence presents a swelling called the 
facial colliculus. The hypoglossal and vagal trigones are cau-
dal to the facial colliculus and form the caudal part of the 
medial eminence at medullary levels. The area lateral to the 
sulcus limitans overlies the vestibular nuclei associated with 
the vestibular nerve. The lowermost part of the floor of the 
fourth ventricle has the shape of the point of a pen (calamus 
scriptorius). Here are nuclei related to respiration, cardiovas-
cular activity, and the act of swallowing (deglutition).

Roof of the fourth ventricle

The extremely thin posterior boundary or roof of the fourth 
ventricle is under cover of the cerebellum. Sheets of white 
matter (the superior and inferior medullary vela), which are 
lined by ependyma and which stretch between both superior 
and inferior cerebellar peduncles, form the roof of the fourth 
ventricle. The lower part of the roof of the fourth ventricle 
presents a deficiency, the median aperture of the fourth ven-
tricle. By means of this aperture, the ventricular cavity is in 
direct communication with the subarachnoid space. The 
median aperture lies inferior to the nodule of the cerebellum 
in the median plane. The extent of the median aperture var-
ies considerably. The ends of the lateral recesses have similar 
openings, the lateral apertures. The lateral apertures are not 

well‐defined openings but rather gaps between the cerebel-
lum and medulla oblongata with choroid plexus protruding 
through them. By turning the fila of the glossopharyngeal 
and vagal nerves medially, one is able to see the choroid 
plexus projecting through the lateral apertures immediately 
inferior to the flocculus.

Clinical correlation

Cerebrospinal fluid formed in the ventricles enters the 
subarachnoid space by means of the median and lateral 
apertures. With occlusion of the apertures, the ventricles 
become distended, a condition called hydrocephaly (the 
term hydrocephalus refers to a person afflicted with 
hydrocephaly).

Choroid plexuses of the fourth ventricle

The choroid plexus of the fourth ventricle invaginates into 
the roof of the ventricle on either side of the median plane. A 
prolongation of each plexus protrudes through the corre-
sponding lateral apertures. The vessels to the plexus arise 
from cerebellar branches of the vertebral and basilar arteries.

23.3 CereBrOSPINAL FLUID
A lumbar puncture is useful for obtaining specimens of cer-
ebrospinal fluid (CSF) for testing. The total volume of the 
fluid is about 100–140 ml and its pressure is about 150 mm of 
saline (normal range: 70–180 mm) in the lateral recumbent 
position. The pressure is several times higher in the lumbar 
region when sitting, but is about atmospheric at the foramen 
magnum and is negative in the ventricles.

The choroid plexuses produce about 500 ml of CSF each 
day. The total volume of the ventricular system is about 
100–140 ml. Complete turnover of this volume of CSF occurs 
every 6–8 h. CSF formed in the ventricles enters the suba-
rachnoid space by means of the median and lateral apertures. 
Once in the subarachnoid space, CSF circulates over the 
surface of the hemispheres to reach the sinuses of the cranial 
dura (Fig. 23.10). The arachnoid villi and arachnoid granula-
tions are responsible for the bulk outflow of CSF from the 
subarachnoid space into the venous sinuses of the cranial 
dura or into the spinal veins. Cranial arachnoid villi are fin-
ger‐like protrusions of arachnoid tissue into the dural venous 
sinuses. This close association of the arachnoid villi with the 
dural venous plexuses allows CSF to leave the subarachnoid 
space through the arachnoid villi and enter the venous 
system. This CSF–blood interface consists of the arachnoid 
cell layer on one side and the endothelial cells of the dural 
venous sinuses on the other. Through this interface, the excess 
CSF produced each day is absorbed into the venous system. 
Intracranial contents by volume (total volume = 1700 ml; 
100%) include the brain = 1400 ml (80%), blood = 150 ml (10%), 
and CSF = 150 ml (10%).

The CSF acts as a fluid buffer for the protection of the 
central nervous system. It also compensates for changes in 
blood volume in the cranium, allowing the cranial contents 
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to remain at a constant volume. No one element of the cranial 
contents (brain, blood, or CSF) can increase except at the 
expense of the others (Monroe–Kellie doctrine).
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aberrant 255
bilateral distribution 253–4
contralateral distribution 254
cortical origin 252–3
internal capsule 253
ipsilateral distribution 254
medulla oblongata 253
midbrain 253
pons 253

corticonigral fibers 266
corticorubral fibers 266
corticospinal fibers 247–52, 247, 250

ascending fibers 251
cortical origin 247–8
internal capsule 248–9
lateral corticospinal tract 249–50
medulla oblongata 249
midbrain 249
pons 249
postcentral gyrus 251
ventral corticospinal tract 249

corticostriate fibers 265, 266
corticotegmental fibers 266
cranial meninges 389

arachnoid 387–8
dura mater 387, 388–90
pia mater 388

cranial nerves 48
functional components 52, 52, 53, 55
nuclei 53
see also specific nerves

cristae 173
crossed hypoglossal paralysis 377
crossed monoplegia 249
cruciate paralysis 249
cuneate tubercle 49, 49
cuneiform nucleus 145–6
cuneus 73
cupula 173
cutaneous mechanoreceptors 82
cyclic limbic path 306
cytoarchitectonics 338–40, 339, 340

dazzle reflex 210
decerebrate rigidity 278
declarative memory 308
decorticate rigidity 278
deep brain stimulation 265
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deep cerebellar nuclei 270, 270
dendrites 2, 3–4
dentate ligaments 43, 43
dentate nuclei 273
diabetes insipidus 322
diaphragma sellae 389
diencephalic periventricular system 321
diencephalon 23, 25, 48, 68, 77–8
dilator pupillae muscles 223
diplopia 211, 213

horizontal 211
vertical 211

dopamine 56, 77, 265
dopaminergic retinal neurons 189
dorsal cochlear nucleus 159–60
dorsal column stimulation (DCS) 129
dorsal cordotomy 129
dorsal longitudinal fasciculus 307, 321–2
dorsal midbrain syndrome 378
dorsal paragigantocellular nucleus 143
dorsal reticular nucleus 142
dorsal rhizotomy 98
dorsal spinocerebellar tract 271
dorsal striatum 261, 262, 263–4
dorsal thalamus 67, 78

see also thalamus
dorsal trigeminothalamic tract 130, 134, 238
dorsal vagal nucleus 2, 55
dorsolateral tract (of Lissauer) 98
dorsomedial nucleus 319–20
double representation hypothesis 248, 343–4
double vision 211
Down syndrome 2
dura mater

cranial 387, 388–90
spinal 42, 43

dyslexia 360
dysmetria 277
dysosmia 288–9
dystonia 275–6
dystonia musculorums deformans 276

ear 155–8, 156, 171–3, 172
eating regulation 322–3
Edinger–Westphal nucleus see accessory oculomotor  

(Edinger–Westphal) nucleus
emboliform nucleus 283
embryonic disc 20, 20, 21
embryonic ectoderm 20
embryonic mesoblast 20
embryonic period 17

blastocyst formation 19, 19
brain development 21–6, 25
Carnegie embryonic stages 17, 18
cerebral vasculature development 384
developmental vulnerability 26
implantation 20

notochordal process 20–1, 21
primitive node 20–1
primitive streak 20
spinal cord development 31–4, 32, 33, 34

emotion 307–8
emotional expression 323
encapsulated nerve endings 85
endocrine system control 324
endolymph 157
entorhinal cortex 286–7, 302–3
ependymal cells 8, 391
ependymal fluid 24
epiblast 20
epidural space 42, 387
epilepsy 8

psychomotor 356
surgical treatment 309–10

epinephrine 56
epithalamus 67, 77–8, 314
external acoustic meatus 155
external ear 155, 156
external medullary lamina 76, 228
external vertebral plexus 371
exteroceptors 84
extraocular muscles 209–10, 210

innervation 210–14
extrapyramidal movements 260
extrapyramidal system 259–67

basal ganglia 260–5, 261, 261, 262
cortical stimulation 260
cortical–striatal–pallidal–thalamo–cortical  

circuits 266
motor areas 260, 260
multisynaptic descending paths 266–7

extreme capsule 77
eye fields 345–6, 345
eyes

abduction of 214
movements see ocular movements
primary position 207, 208

face blindness 356
facial colliculus 50
facial nerve (VII) 50, 54, 113, 245, 330

fibers 50
geniculate ganglion 292
genu 59
injury 255, 255
nerve root 49

facial nucleus 61, 212, 245–6
injury 255, 255

falx cerebelli 389
falx cerebri 388
fasciculations 246–7
fasciculus cuneatus 120, 121, 123, 123
fasciculus gracilis 49, 120, 121, 123, 123
fast axonal transport 9
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fastigial nuclei 273
injury 278

fertilization 19
fetal alcohol syndrome 6, 26
fetal period 17
fibroblast growth factors (FGFs) 14
filiform papillae 291
filopodia 12–13
flocculo‐oculomotor path 278
flower‐like endings 88
focal seizures 8
food intake regulation 322–3
forebrain 67, 68

see also diencephalon; prosencephalon; telencephalon
fornix 321
fourth ventricle 50–2, 393

floor of 49
fovea 190
fovea centralis 189
foveal sparing 203
foveola 189
free nerve endings 84, 85
frontal aversive field 345
frontal forceps 73
frontal horn 392
frontal lobe 69, 69, 343–7

Brocca’s area 346
cingulate motor areas 345
eye fields 345–6, 345
prefrontal cortex 346–7, 347
premotor cortex 180, 248, 344–5

injury 275
primary motor cortex 343–4
supplementary motor area 345

frontal operculum 70
frontoparietal operculum 71
fundus 189
funiculi 32, 37, 40

dorsal, injuries 124

gag reflex 152
gamma motor neurons 244
ganglion 2
geniculate tract 253
genital corpuscles 87
Gerstmann syndrome 360
giant pyramidal neurons of Betz 248
gigantocellular reticular nucleus 143

alpha part 143
caudal part 147
ventral part 143

glial cell line‐derived neurotrophic factor (GDNF) 14
glial fibrillary acidic protein (GFAP) 6
gliomas 9
global aphasia 359
globose nucleus 273
globus pallidus 76, 262, 263, 263

glossopharyngeal nerve (IX) 54, 58, 113, 246, 330
inferior ganglion 292
nerve root 49

glossopharyngeal neuralgia 114
glossopharyngeal nucleus 58
Golgi neurons 270
Golgi‐Mazzoni corpuscles 87
gracile tubercle 49
granule cells 270, 338, 338
graphesthesia 124
grasp reflex 275
gray matter

cerebellum 269–70
cerebral hemispheres 337

see also cerebral cortex
spinal cord 34, 37–9

growth cones 12, 13
gustatory cortex, primary 293–4
gustatory system 290–5, 292

injuries 294–5
gymnemic acid 295

habenula 77, 78
habenulopeduncular tract 307
hair cells

cochlear 158–9
spiral organ 157, 158
vestibular 173, 175, 175

hair follicles, nerve endings in 85, 85, 117
hallucinations, olfactory 289
hearing 158

aging and hearing loss 166
congenital loss of 165
cortical deafness 355
noise‐induced loss 166
sound conduction 159
unilateral loss 166
see also auditory path; auditory system

hemianopia 202
hemiballismus 277
hindbrain see rhombencephalon
hippocampal formation 287, 301–3, 301–5

injury 309
hippocampus 301, 302, 306, 308
homeostatic regulation 151–2
homonymous hemianopia 202
homunculus 125

motor 248, 344, 344
sensory 100–1, 126, 127–8, 348–9, 349
thalamic 238

hook bundle 273
horizontal cells of Cajal 338, 338
Horner syndrome 223, 374, 378
human immunodeficiency virus (HIV) 9
hydroxyapatite 174
hyperhidrosis 334
hypertonicity 275
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hypesthesia 91
hypocretin 320
hypogeusia 294
hypoglossal nerve (XII) 56, 246
hypoglossal nucleus 54, 246
hypoglossal trigone 49, 56
hypokinesia 276
hyposmia 288–9
hypothalamohypophyseal portal system 322
hypothalamus 67, 78, 313, 314

fiber connections 321–2
functions 322–4
mamillary bodies 301
nuclei 315–21, 316
regions 314, 315, 316

chiasmal region 314, 315–19, 317
mamillary region 314, 317, 320–1
tuberal region 314, 317, 319–20

zones 313–14, 315

implantation 20
indoleamines 56
inferior cerebellar peduncle 58, 269, 271–2

injury 278
inferior colliculi 50, 63, 64

injury to 166
nuclei 64, 161

inferior frontal gyrus 70
inferior olive 48–9, 56
inferior parietal lobule 352
inferior reticular nucleus 143
inferior salivatory nucleus 54
inferior temporal gyrus 288
inferior vestibular nucleus 178
inferolateral pontine syndrome 378
infundibular nucleus 320
innervation ratio 243
insula 72, 354, 357–8
insular gyri 72
insular sulcus 72
interfascicular hypoglossal nucleus 142
intermediate nucleus 318–20, 319
intermediate reticular zone 142
intermediolateral nucleus 331
intermediomedial nucleus 331
internal capsule 248

corticobulbar fibers 253
corticospinal fibers 248–9

internal carotid artery 379
branches 379–83

internal ear 156–8, 156, 171–3, 172
internal medullary lamina 76, 227, 231
internal vertebral plexus 371
interneurons 244
interoceptors 84
interstitial nuclei of the anterior hypothalamus 318–19
interthalamic adhesion 227, 233, 234, 392

interventricular foramina 391, 392
intracranial herniations 389–91, 390, 391
intralaminar nuclei 120, 228, 228, 231, 231–2, 231
intramedullary arterial system 371
intraparietal sulcus 71
iris 221

sphincter pupillae 222
itch 106–7

jaw‐closing reflex 136, 137
joint receptors 121–2
juxtarestiform body 181, 272, 273

Klüver‐Bucy syndrome 308
knee jerk reflex 41, 41
Korsakoff syndrome 308

labyrinth
bony 171, 172, 220
injuries 182
membranous 171–2, 172

labyrinthine artery 372–3
lacrimal nucleus 60
lamellar corpuscles 86, 87, 122–3
lamina terminalis 67–8
lateral corticospinal tract 249

functional aspects 251
termination 249–50

lateral dorsal nucleus of the thalamus 230, 230, 231
lateral geniculate body and nucleus 197–8, 202, 231, 234

dorsal part 197
injury 203
retinal fiber termination 234

lateral lemniscus 148, 160, 161, 164, 178
nuclei 161

lateral medullary syndrome 372, 378
lateral paragigantocellular nucleus 143
lateral posterior nucleus of the thalamus 235
lateral prefrontal cortex 346
lateral reticular nucleus 58, 142

epiolivary division 142
subtrigeminal division 142, 143

lateral reticulospinal tract 322
lateral spinothalamic tract 40, 95, 96, 99

influences of endogenous substances 102
modality‐topic organization 99
position in the brain stem 99
pruriception and 106–7
somatotopic organization 99
transection 106

lateral stria 285–7
lateral sulcus 69
lateral superior olive 161
lateral tectotegmentospinal tract 223, 224, 332
lateral tuberal nuclei 320
lateral ventricles 69, 391–2
lateral vestibular nucleus 178
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lateral vestibulospinal tract 181–2
lateralization 343
lens accommodation 222
lenticular fasciculus 267
lenticulostriate arteries 382
lentiform nucleus 76, 263
leptomeninges 33
light reflex 221–2, 222
limbic system

anatomy 300–6, 301
cyclic paths 306
descending paths 307
disorders 308–9

anterograde transneuronal degeneration 306–7, 307
functional aspects 307–9
historical aspects 299–300
injuries 309
psychosurgical procedures 309–10
seizures and 309
synaptic organization 306–7

lingual gyrus 73
lipofuscin 2
locked‐in syndrome 255
locus coeruleus 63
longitudinal cerebral fissure 69
loss of body scheme 352
lower motor neurons see motor neurons
lumbosacral nucleus 39, 244

macula 189, 189, 195
mamillary bodies 301, 320–1
mamillotegmental path 307
mamillothalamic tract 322
mandibular reflex 136
Marcus Gunn pupillary sign 225
massa intermedia 392
masseter reflex 136
mechanoreceptors 82
medial forebrain bundle 321
medial frontal gyrus 73
medial geniculate body and nucleus 126–7, 161, 231, 234–5

injury to 166
magnocellular part 179

medial lemniscus 56, 124–5, 125, 126, 237
position in the brain stem 125

medial longitudinal fasciculus 63, 64, 216
injury 218

medial nuclei of the thalamus 231, 233, 287
medial prefrontal cortex 346
medial preoptic nucleus 318
medial reticular nucleus 142
medial stria 285
medial vestibular nucleus 178, 181
medial vestibulospinal tract 181
median medullary syndrome 377
median midbrain syndrome 377
median nuclei of the thalamus 233–4

median pontine syndrome 377
medulla oblongata 47–9, 56–9, 57

corticobulbar fibers 253
corticospinal fibers 249
dorsal surface 49–50
reticular nuclei 142–3, 145, 146, 147
ventral surface 47–9

medullary tractotomy 114
medulloblastoma 278
melatonin 77, 192
membranous ampullae 172
membranous labyrinth 171–2, 172
memory 308, 356
menace reflex 210
meningocele 27, 28
Merkel cell carcinoma 86
mesencephalic flexure 21, 22, 23
mesencephalic reticular field 146
mesencephalon 21, 22

see also midbrain
metatarsalgia of Morton 13
metencephalon 25, 25
microcephaly 28–9
microglia 6, 7, 8

function 8–9
identification of 7

microtubules 2
midbrain 50, 63–5, 62

caudal 64
corticobulbar fibers 253
corticospinal fibers 249
dorsal surface 50
internal organization 63
reticular nuclei 145–6, 150
ventral surface 50
see also mesencephalon

middle alternating hemiplegia 377
middle cerebellar peduncle 50, 59, 269, 272

injury 278
middle cerebral artery 381–2, 379, 382

branches 382–3
middle ear 155–6, 156
middle frontal gyrus 70
middle superior olive 161
midline myelotomy 129
Millard–Gubler syndrome 377
miniature ocular movements 208
miosis 221
miotic pupil 221
mirror neuron network 353
mirror representation 353
modality‐topic organization 123

lateral spinothalamic tract 99
monosynaptic reflex 88–89, 89
Monte Cristo syndrome 255
morula 19
mossy fibers 272
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motion sickness 182, 183
in space 183

motor activity 243
motor apraxia 275, 360
motor cortex, primary 248, 343–4
motor homunculus 248, 344, 344
motor neurons 4

activation 245
lower motor neurons 243–7

brain stem 245–6
injury 246–7, 252
spinal cord 244–5

upper motor neurons 248
injury 251–2, 252

motor system 244
injury 275–8

motor unit 243
movement derangement 276
multiform neurons 338
multiple representation hypothesis 101, 128, 350
multiple sclerosis (MS) 3
multipolar neurons 4, 4, 5
muscle tone 274
musculoskeletal mechanoreceptors 82
mydriasis 221
myelencephalon 25
myelin 3

remyelination 14
myeloarchitectonics 339–41, 342
myelocele 28
myelomeningocele 27, 28
myeloschisis 28
myoclonus 276

narcolepsy 320
near reflex 222–3
nerve growth factor (NGF) 13
neural canal 24
neural crest cells 23–4, 33
neural crest syndrome 24
neural folds 21
neural groove 21
neural plate 21
neural transplantation 14
neural tube 32

divisions 26
formation 21–2, 22, 23

neurilemmal cells 3
neuritic plaques 2–3
neuroblasts 32
neurofibrillary degenerations 2–3
neurofibrillary tangles 2–3
neurofibrils 2
neurofilaments 2
neuroglial cells 3, 6–9, 7

aging and 9
brain tumors 9

distinction from neurons 6
function 8–9
identification of 6–8
see also astrocytes; microglia; oligodendrocytes

neuromas 13
acoustic 177, 221

neuromelanin 2, 63–4, 77, 265
neuromeres 21
neuromodulators 5–6
neuromuscular spindles 87–88, 88, 121–2
neuromuscular unit 243
neuronal cytoskeleton 2
neuronal plasticity 6
neurons 1–4, 2

axon hillock 2, 3
axons 2, 3
cell body (soma) 2–3
classification 4, 4
cortical 91
degeneration 10–11, 12

anterograde degeneration 11, 12
retrograde degeneration 11

dendrites 2, 3–4
primary 89–91
regeneration 11–14, 12
secondary 91
spinal cord 39–40
thalamic 91

neuropil 6
neuropil threads 2–3
neuropores

caudal 22
closure 24
rostral 22

neurotendinous spindles 87, 87, 121–2
neurotransmitters 1, 5–6

alterations 6
neurotrophic factors 13
neurotrophin-3 13
neurulation

primary 22
secondary 24

nigrostriate fibers 265
nociceptors 83, 96–7

visceral 102
nodes of Ranvier 3
nonencapsulated tactile disks 85–6
nonspecific of diffuse thalamocortical activating system 232
norepinephrine 56
notochordal process 20–1
nuclei of the perizonal fields 76, 78, 265
nucleus 2
nucleus accumbens 264
nucleus ambiguus 58, 246
nucleus of Onuf 39
nucleus proprius 118
numeral‐tracing test 124
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nystagmus 184, 353
caloric 219–21, 221
cerebellar 278
congenital 219
horizontal 218
optomotor 353
physiological 353
vertical 218
vestibular 218

occipital forceps 73
occipital horn 392
occipital lobe 71, 354
occipitotemporal gyri 74
ocular fixation 207
ocular intorsion 212
ocular movements 207–9

compensatory movements 216–17
conjugate movements 207

anatomical basis 215–16, 215
following movements 353
miniature movements 208
ocular bobbing 219
ocular convergence 222–3
reticular formation role 219
saccades 208–9
smooth pursuit movements 209
vestibular connections involved 216–18, 217
vestibular movements 209
see also extraocular muscles

oculomotor nerve (III) 50, 52, 211, 213, 245, 330
injury 213–14

oculomotor nuclei 50, 56, 64, 213, 216, 245
olfaction 283
olfactory attention tests 288
olfactory bulb 74, 284, 285, 285, 286
olfactory cilia 284
olfactory cortex, primary 288
olfactory epithelium 284, 284
olfactory fila 284–5
olfactory groove meningiomas 289
olfactory knob 284
olfactory nerve (I) 54, 284–5
olfactory pigment 284
olfactory receptor neurons 284
olfactory striae 285, 285, 286
olfactory system 283–90, 300

efferent connections 288
injuries 288–90

olfactory tract 74, 285, 286
olfactory trigone 74, 285
olfactory tubercle 285, 286, 288
oligodendrocytes 3, 6–8, 7

function 8
identification of 6–7

oligodendroglial microtubular masses 7
olivocerebellar tract 272

olivocochlear bundle 164
onion‐skin pattern of Déjerine 108, 109
ophthalmic artery 379–80
ophthalmoplegia 218
opponent surround 194
optic chiasm 196, 196, 197

injuries 201–2, 201
optic disc 189, 190
optic nerve (II) 194–6, 196

axonal transport defect 10
injuries 201
intracanalicular part 195
intracranial part 195
intraoptic part 195
intraorbital part 194–5
retinoptic organization 195–6

optic neuropathy 201
optic radiations 198

injuries 202–3
termination 198

optic tract 197
injuries 202

optomotor nystagmus 353
orbital prefrontal cortex 346
orbitofrontal cortex 288
osmoreceptors 84
oval window 156

pain
aura 102, 350
chronic 105
congenital insensitivity to pain with anhidrosis 98
referred 102, 106
somatic 102
suffering accompanying 105
surgical treatment 310
visceral 102, 106

pain management
spinal cord stimulation 129–30
thalamic treatment targets 100

pain paths 112
modulation 102
superficial pain 95–102, 101, 108–11, 109
visceral pain 102–7

pallidohypothalamic tract 322
pallidum 263
pallium 69
papilledema 201
papillomacular bundle 195
paracentral lobule 73
paradoxical reaction 225
parageusia 294
parahippocampal gyrus 74, 301–2, 301–5
paralytic mydriasis 214
paramacular fibers 195
paramedian midbrain syndrome 378
parapeduncular nucleus 146
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parastriate area 354
paraventricular nucleus 315–18, 319
paresthesias 13
parietal lobe 71, 71, 347–53, 347

inferior parietal lobule 352
parietal vestibular cortex 352–3
primary somatosensory cortex (SI) 348–50

injury 350
secondary somatosensory cortex (SII) 350

injury 350
superior parietal lobule 350–2

injury 352
parietal operculum 162
parietal vestibular cortex 179, 179–80, 352–3
parieto‐occipital sulcus 71, 73
Parinaud syndrome 378
Parkinson disease 63
parvicellular reticular nucleus 143

alpha part 143
pedunculopontine tegmental nucleus 145

compact part 145
diffuse part 145

periaqueductal gray 63, 104
stimulation 105

perifornical nucleus 320
perilymph 157
peripheral nervous system (PNS) 1

regeneration 11–13
periventricular gray 63

stimulation 105
phantom limb 352
pharyngeal efferent 52
pharyngeal reflex 152
pheromones 289–90
phosphenes 162
photopic vision 192
photoreceptors 84, 187, 191–3
phototransduction 192
phrenic nucleus 39, 244
physiological nystagmus 353
pia mater

cranial 388
spinal 43, 43

pial arterial plexus 371
Piltz–Westphal syndrome 222
pineal gland 77
piriform cortex 286
pleomorph neurons 338
poliomyelitis 247
polymorph neurons 338
pons 50, 59–63, 60

caudal 59, 60–1
corticobulbar fibers 253
corticospinal fibers 249
dorsal surface 50
middle 60, 61–2
reticular nuclei 145–6, 147, 148, 149

rostral 61, 62–63
ventral surface 50

pontine fibers 59
pontine isthmus 63
pontine nuclei 59

pontine reticular nucleus 145
caudal part 143, 147
oral part 145

pontine tegmentum 59–61
pontocerebellar fibers 59
pontocerebellar tract 272
positional vertigo 184
post‐convulsive depression 252
postcentral gyrus of the parietal lobe 71, 127, 135

corticospinal fibers 251
postcentral sulcus 71
posterior cerebral artery 374–5, 383

brain stem branches 375
posterior communicating artery 380
posterior hypothalamic area 321
posterior hypothalamotegmental tract 322
posterior inferior cerebellar artery 368, 372

syndrome of 372, 378
posterior nuclear complex of the thalamus 235
posterior parietal cortex 352
posterior perforated substance 50
posterior spinal arteries 368, 369
posterior spinal rami 367
postural instability 277
precentral operculum 105
precentral sulcus 69–70
precuneus 73
prefrontal cortex 346–7, 347
premotor cortex 180, 248, 344–5

injury 275
preoptic area 67–8
preoptic pulmonary edema 322
prepiriform cortex 286
pressure path

from the body 120–30, 120
from the head 133–5, 134
see also tactile sensation path

presubiculum 287
pretectal nuclear complex 222
pretecto‐oculomotor fibers 222
primary endoderm 20, 20
primary fibers 88
primary neurons 89–91

auditory paths 159
central processes 90–1
gustatory path 292–3
olfactory system 284–5
pain paths 97–8, 104, 108
peripheral processes 90
proprioception, pressure, and vibration paths  

123–4, 133–4
tactile discrimination paths 123–4, 130
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tactile sensation paths 118, 131–2
temperature paths 97–8, 108

thermal discrimination 111
vestibular paths 175–7
visual path 193–4

primary neurulation 22
primary vestibulocerebellar fibers 181
primitive node 20–1
primitive streak 20
projection fibers 78
proprioception path

from the body 120–30, 120
from the head 133–5, 134
see also tactile sensation path

proprioceptors 84, 121–2
propriospinal fibers 98
proprius bundles 104
prosencephalon 21, 25, 67

see also forebrain
prosopagnosia 356, 360
pruriception 106–7
pseudounipolar neurons 4, 4
psychomotor seizures 356
ptosis 213
pulvinar nuclei 232, 233, 235
pupil 221

constriction 222
dilatation 214, 223
Marcus Gunn pupillary sign 225
miotic 221

pupillary pain reflex 223–4
pupillary unrest 221
Purkinje cells 270
putamen 76, 261, 262–3, 262, 263

fundus 262
pyramidal neurons 338, 338, 339
pyramidal system 247–56

corticobulbar component 252–5, 253, 254
corticospinal component 247–52, 247, 250
injury 251–2

pyramidal tract 56, 247
pyramids 47–8, 249

decussation 249, 251

radial gliocytes 189
rapidly adapting (RA) units 122
Raymond syndrome 377
rebound phenomenon 278
receptors 81, 89

auditory 158–9
classification by distribution and function 84
classification by modality 81–4
gustatory 290
olfactory 283–4
pain 83, 96
structural classification 84–8

temperature 83, 96–7
vestibular 173
visual 187, 191–3

red nucleus 65
referred pain 102

visceral pain as 106
reflex circuits 88–89
remote memory 356
remyelination 14
reproduction 324
respiration 151–2
restless behavior 310
reticular formation (RF) 54, 56, 141–53, 142, 143

ascending reticular system 146–9
descending reticular system 149
functional aspects 149–53

consciousness 150–1
homeostatic regulation 151–2
motor function 153
visceral reflexes 152–3

nuclear groups 143
ocular movements and 219
paramedian pontine 216
structural aspects 141–7

medulla oblongata 142–3, 145, 146, 147
midbrain 145–6, 151
pons 143, 145, 148, 149, 150

reticular nucleus 232, 233, 235–6
reticulocerebellar tract 271
reticulotegmental nucleus of the pons 145
retina 187–91, 188

amacrine neurons 188–9
areas 190
detachment 201
developmental aspects 190
dopaminergic neurons 189
horizontal neurons 188
injuries 201
neural layer 187–8
pigmented layer 187
radial gliocytes 189
special regions 189–90

retinal bipolar neurons 193, 222
retinal ganglionic neurons 194, 222

receptive fields of 194
retrograde degeneration 11
retrograde reaction 10–11
rhinal sulcus 74
rhinencephalon 77
rhodopsin 192
rhombencephalon 21, 22, 25
rigidity 275

decerebrate 278
decorticate 278

rods 191–3
rotational vertigo 184
rubrospinal fibers 273

primary neurons (cont’d)
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saccades 208–9
saccular aneurysm 383
saccular macula 173
saccule 172–3
sacral parasympathetic nucleus 331
scala tympani 156
scala vestibuli 156
schizophrenia 310
Schwann cells 3
scotopic vision 192
secondary ascending visceral tract 104
secondary neurons 91

auditory paths 159–60
gustatory system 293
olfactory system 285
pain paths 98–9, 104, 110–11
proprioception, pressure, and vibration paths  

124–5, 134
tactile discrimination paths 124–5, 130
tactile sensation paths 118–20, 132
temperature paths 98–9, 110–11

thermal discrimination 111–12
vestibular paths 177–9
visual pathway 193

secondary neurulation 24
seizures

auditory 167
focal 8
Jacksonian 102, 350
limbic system and 309
psychomotor 356

selective dorsal rhizotomy 98
semantic memory 308
semicircular canals 156, 220
sensory apraxia 352
sensory ataxia 124
sensory decussation 124
sensory extinction 352
sensory homunculus 100–1, 126, 127–8,  

348–9, 349
sensory Jacksonian seizures 102, 350
sensory neurons 4
sensory paths 89

classification 89
modulation 91
organization 89–91, 90

septal area 300
septum pellucidum 73
serosal mechanoreceptors 82
serotonin 56
sleep 323–4
smell 283

loss of 288–9
smoking, maternal 26
solitary nucleus 54, 58, 61, 293

interstitial 293
solitary tract 58

somatic afferent columns
brain stem 52, 54
spinal cord 39–40

somatic efferent columns
brain stem 52, 54
spinal cord 39–40

somatic pain 102
see also pain paths

somatosensory cortex
organization 349
primary (SI) 100, 127, 130, 132–3, 248, 348–50

injury 350
secondary (SII) 128, 132–3, 350

injury 350
”what” and “where” processing 128–9, 128

somatotopic organization 99
sound conduction 159
spastic paralysis 252
spina bifida 27–8, 27
spinal arteries 367, 368
spinal cord

anatomy 34–7, 35–8
blood supply 368–72, 369

extramedullary vessels 368–71
intramedullary vessels 371

cauda equina 35
cervical enlargement 34, 37
cervical region 34
coccygeal region 34
conus medullaris 35, 36
dorsal horn 32–3, 37–8, 37
embryology 31–4, 32–4

dorsal gray column formation 32, 33
layers of the developing cord 31, 32
neural crest cells 32, 33
ventral gray column formation 32, 33

filum terminale 35
gray matter 34, 37–9

spinal laminae 38
growth 36
injury 43–4

syringomyelia 44, 44
transverse hemisection 43, 44

intermediate zone 38–9
lateral horn 37, 37, 38–9, 330, 330
lower motor neurons 244–5
lumbar region 34
lumbosacral enlargement 34, 37
sacral region 34
somatic afferent columns 39–40
somatic efferent columns 39–40
spinal segments 34–5, 35

vertebral relationship 37
stimulation for pain relief 129–30
thoracic region 34
ventral horn 32, 33, 37, 37, 39

divisions 39
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visceral afferent columns 39–40
visceral efferent columns 39–40
white matter 32, 34, 37, 40–1

fasciculi 40–1
funiculi 32, 37, 40

spinal dysraphism 27–8
spinal ganglia 2

formation 33, 36
spinal medullary arteries 368–9
spinal meninges 42–3, 43

arachnoid 43, 43
dura mater 42, 43
pia mater 43, 43

spinal nerves 33
spinal radicular arteries 368
spinal reflexes 40–1, 41, 42
spinal veins 371, 372
spinocerebellum 268
spinocortical fibers 251
spinoreticulothalamic tract (SRT) 40, 102, 103, 104, 332, 333

position in the brain stem 104
somatotopic organization 104

spinotectal tract 223–4
spiral ganglia 158, 159
spiral membrane 156
spiral organ 157, 158

hair cells 157, 158
stapedius 156
statoconia 173–5, 174
stellate cells 270, 338, 338
stereocilia 157

decoupling of 165
stereotactic trigeminal nucleotomy 114
strabismus

external 214
unilateral internal 211

stria terminalis 262, 287, 321
striate cortex 199, 354
striatum 263
stroke 366
subarachnoid space 43
subcallosal area 77, 300
subclavian arteries 366
subdural space 42
substance P 102
substantia nigra 50, 63, 77, 265, 265

pars compacta 56
subthalamic nucleus 76–7, 78, 265

deep brain stimulation 276–7
injury 276–7

subthalamostriate fibers 265
subthalamus 67, 76, 78, 265
superior alternating hemiplegia 377
superior cerebellar artery 374

syndrome of 378

superior cerebellar peduncle 269, 272
decussation 62, 64
injury 278

superior colliculus 50, 62, 64
superior frontal gyrus 70
superior medullary velum 63
superior olivary nucleus 61, 161
superior parietal lobule 350, 352

injury 352
superior salivatory nucleus 54, 60
superior vestibular nucleus 177–8
superolateral pontine syndrome 378
supplementary motor area 345
suprachiasmatic nucleus 315
suprageniculate nucleus 127
supramarginal gyrus 71, 352
supraoptic nucleus 315–18
swinging flashlight test 225
synapse 1, 5–6, 5

components of 5
neuronal plasticity 6

synaptic stripping 8
syringobulbia 123
syringomyelia 44, 44

tactile corpuscles 86, 86, 122, 130
tactile discrimination path

from the body 120–30
from the head 130, 131

tactile disks 85–6, 117
tactile sensation path

from the body 117–20
from the head 131–3, 132

tarsal muscle 213–14
taste 290

flavor 294–5
loss of 289
qualities of 290–1

taste buds 290, 290
structure 291–2

taste pore 291–2
tectocerebellar tract 272
tectorial membrane 158
tegmental syndrome of the midbrain 378
tegmentospinal path 307
tela choroidea 8, 52
telencephalon 23, 25, 25, 67–77

telencephalon medium 67–8, 68
see also cerebral hemispheres

temperature paths 112
modulation 102
superficial temperature 95–102
thermal discrimination 111–13, 111
thermal extremes from the head 108–11, 109

temperature regulation 323
temporal gyrus 71–2, 75, 288, 354, 354, 355

spinal cord (cont’d)
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temporal horn 390
temporal lobe 71, 354–6

midtemporal areas 356
primary auditory cortex 354

temporal sulci 71, 75
temporal vestibular cortex 180, 355–6
temporo‐parietal junction 180
tensor tympani 156
tentorial notch 387
tentorium cerebelli 387
teratoma 20
tertiary neurons, auditory paths 161
tethered cord 27
thalamic fasciculus 267, 267
thalamic hand 238
thalamic homunculus 238
thalamic neurons 91, 288

auditory paths 161
gustatory system 293
pain paths 100, 105, 111
proprioception, pressure, and vibration paths 126–7, 134–5
tactile discrimination paths 126–7, 130
tactile sensation paths 120, 132
temperature paths 100, 111

thermal discrimination 112
vestibular paths 179
visual path 197

thalamoparietal fibers 127
thalamostriate fibers 265
thalamus 67, 78, 227–8, 228, 314

as a neurosurgical target 239–40
injuries 238
mapping 238–9
nuclear groups 228–38, 229

anterior nuclei 229–30, 229, 230, 301
intralaminar nuclei 230, 231–2, 231
lateral dorsal nucleus 230, 230, 231
lateral posterior nucleus 235
medial nuclei 230, 231, 233, 287
median nuclei 233–4
metathalamic body and nuclei 234–5
posterior nuclear complex 235
pulvinar nuclei 232, 233, 235
reticular nucleus 232, 233, 235–6
ventral nuclei 236–8

pain treatment targets 100
stimulation 100, 179, 239

thermal discrimination path 111–13, 111
thermoreceptors 83, 96–7
third ventricle 389, 390–1
tics 276
tinnitus 166
Todd paralysis 252
torsion spasm 276
touch path see tactile discrimination path; tactile 

sensation path

trace amine‐associated receptors (TAARs) 289
transience 308
trapezoid body 160

nuclei 161
tremors 276

cerebellar 277
trigeminal ganglion 108

thermocoagulation 113
trigeminal mesencephalic tract 62, 64
trigeminal motor nucleus 245
trigeminal motor root 135
trigeminal nerve (V) 61, 113, 245

nerve root 49
trigeminal neuralgia 113–14

causes 113
treatment 113–14

trigeminal nuclear complex 54, 107–8, 107, 135
trigeminal mesencephalic nucleus 62–4, 133
trigeminal motor nucleus 61, 135, 136
trigeminal pontine nucleus 61, 134
trigeminal spinal nucleus 107, 108–10

trigeminal reflexes 136–8
trigeminal sensory root 108

alcohol injection 113
partial section 113

trigeminal spinal tract 58
somatotopic organization 108

trigeminal tubercle 49, 58
trochlear fibers 64
trochlear nerve (IV) 25, 50, 52, 211, 245

decussation 211, 213
injury 211–12

trochlear nucleus 25, 52, 54, 64, 211, 216, 245
tuberomamillary nuclei 320
two‐point discrimination 86
tympanic cavity 155–6
tympanic membrane 155

uncinate nucleus 319
uncus 74

herniation 388, 388
unipolar neurons 4
upper motor neurons 248

injury 251–2, 252
urticle 172–3
urticular macula 173

vagal trigone 49, 56
vagus nerve (X) 54, 58, 113, 246, 330–1

inferior ganglion 292
nerve root 49

vascular injuries 384
vena terminalis 262
ventral anterior nucleus 236
ventral cochlear nucleus 159–60
ventral corticospinal tract 249
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ventral lateral nucleus 236
caudal part 179

ventral medial nucleus 236
basal 293

ventral posterior nucleus 236–8
ventral posterior inferior nucleus 238

dorsal part 179
ventral posterior lateral nucleus 100, 120, 126, 237

oral part 179
ventral posterior medial nucleus 110, 111, 112, 

126, 130, 237–8
ventral reticular nucleus 142
ventral spinocerebellar tract 272
ventral spinothalamic tract 117, 118, 119, 119

position in the brain stem 119–20
ventral striatum 261, 262, 263–4
ventral trigeminothalamic tract 108, 110–12, 110, 130, 131, 

133, 237
ventricular system 389–91
ventromedial nucleus 319
vermis 50, 51, 267, 268
vertebral arteries 366, 372

branches 367–8
vertebral artery syndrome 378
vertebral column 35

growth 36
spinal segment relationships 37

vertebral–basilar arterial system 366–8, 367
vertebral–basilar artery syndrome 378
vertigo 183–4

pathological 183–4
physiological 183
visual 183

vestibular area 177
vestibular cortex

parietal 179–80
temporal 180

vestibular epithelium 173, 174
efferent fibers to 176

vestibular ganglion 175
vestibular hair cells 173, 175

age‐related changes 173
functional polarization 175
positional polarization 175

vestibular membrane 156
vestibular nerve 177
vestibular neuritis 184
vestibular nuclear complex 58, 177–8

afferent projections to 182–3
injury 218

vestibular nystagmus 218
vestibular paths 180–2

ascending 173–80, 176
ocular movements and 216–18
projections to the spinal cord 181–2, 181

vestibular system
anatomy 171–3

efferent component 182
examination 219–21

vestibular vertigo 183–4
vestibular window 156
vestibule 156
vestibulo‐ocular reflex 209
vestibulocerebellar fibers 272
vestibulocerebellum 268
vestibulocochlear column 54
vestibulocochlear nerve (VIII) 52, 58

nerve root 49
vestibulocochlear nucleus 58–59
vestibulothalamic path 178–9, 237
vibration path

from the body 120–30, 120
from the head 133–5, 134
see also tactile sensation path

violent behavior 310
visceral afferent columns

brain stem 52, 54
spinal cord 39–40

visceral efferent columns
brain stem 52, 54
spinal cord 39–40

visceral mechanoreceptors 82
visceral pain 102

as referred pain 106
see also pain paths

visual agnosia 354, 360
visual axis 190, 190
visual cortex

association area 356
developmental aspects 200
extrastriate areas (V2) 199, 200
injuries 203
primary (VI) 198, 199, 198, 354

layers pf 199
retinotopic organization 199
secondary 354
”what” and “where” processing 200

visual fields 190–1, 191
binocular 191
defects 201, 201
examination of 191, 192
quadrants 191
uniocular 191

visual path 191–200
magno and parvo paths 200

visual pigments 192
visual reflexes 221–5

light reflex 221–2, 222
near reflex 222–3
pupillary dilatation 223
pupillary pain reflex 223–4

visual system
injuries 200–3
retina 187–91
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visual vertigo 183
vomiting 152–3

wakefulness 323–4
Wallenberg syndrome 372, 378
water balance 322
Weber syndrome 377
Wernicke’s aphasia 359
Wernicke’s area 355, 355

white matter
cerebellum 269, 270–1, 271
cerebral 68, 69, 78–9
spinal cord 32, 34, 37, 40–1

funiculi 32, 37, 40

Zika virus 29
zona incerta 76, 78, 265
zygote 19



WILEY END USER LICENSE AGREEMENT
Go to www.wiley.com/go/eula to access Wiley’s ebook EULA.

http://www.wiley.com/go/eula

	Title Page
	Copyright Page
	Contents
	Preface
	About the companion website
	Chapter 1 Introduction to the Nervous System
	1.1 NEURONS
	1.1.1 Neuronal cell body (soma)
	1.1.2 Axon hillock
	1.1.3 Neuronal processes – axons and dendrites

	1.2 CLASSIFICATION OF NEURONS
	1.2.1 Neuronal classification by function
	1.2.2 Neuronal classification by number of processes

	1.3 THE SYNAPSE
	1.3.1 Components of a synapse
	1.3.2 Neurotransmitters and neuromodulators
	1.3.3 Neuronal plasticity
	1.3.4 The neuropil

	1.4 NEUROGLIAL CELLS
	1.4.1 Neuroglial cells differ from neurons
	1.4.2 Identification of neuroglia
	1.4.3 Neuroglial function
	1.4.4 Neuroglial cells and aging
	1.4.5 Neuroglial cells and brain tumors

	1.5 AXONAL TRANSPORT
	1.5.1 Functions of axonal transport
	1.5.2 Defective axonal transport

	1.6 DEGENERATION AND REGENERATION
	1.6.1 Axon or retrograde reaction
	1.6.2 Anterograde degeneration
	1.6.3 Retrograde degeneration
	1.6.4 Regeneration of peripheral nerves
	1.6.5 Regeneration and neurotrophic factors
	1.6.6 Regeneration in the central nervous system

	1.7 NEURAL TRANSPLANTATION
	FURTHER READING

	Chapter 2 Development of the Nervous System
	2.1 FIRST WEEK
	2.1.1 Fertilization
	2.1.2 From two cells to the free blastocyst

	2.2 SECOND WEEK
	2.2.1 Implantation and two distinct layers of cells
	2.2.2 Primitive streak and a third layer of cells

	2.3 THIRD WEEK
	2.3.1 Primitive node and notochordal process
	2.3.2 Neural plate, groove, folds, and neuromeres
	2.3.3 Three main divisions of the brain
	2.3.4 Mesencephalic flexure appears

	2.4 FOURTH WEEK
	2.4.1 Formation of the neural tube
	2.4.2 Rostral and caudal neuropores open
	2.4.3 Neural crest cells emerge
	2.4.4 Neural canal – the future ventricular system
	2.4.5 Neuropores close and neural tube forms
	2.4.6 Cervical flexure present

	2.5 FIFTH WEEK
	2.5.1 Simple tube, complex transformation
	2.5.2 Five subdivisions of the brain appear
	2.5.3 Brain vesicles versus brain regions

	2.6 VULNERABILITY OF THE DEVELOPING NERVOUS SYSTEM
	2.7 CONGENITAL MALFORMATIONS OF THE NERVOUS SYSTEM
	2.7.1 Spinal dysraphism
	2.7.2 Anencephaly
	2.7.3 Microcephaly

	FURTHER READING

	Chapter 3 The Spinal Cord
	3.1 EMBRYOLOGICAL CONSIDERATIONS
	3.1.1 Layers of the developing spinal cord
	3.1.2 Formation of ventral gray columns and ventral roots
	3.1.3 Formation of dorsal gray columns
	3.1.4 Dorsal and ventral horns versus dorsal and ventral gray columns
	3.1.5 Development of neural crest cells
	3.1.6 Framework of the adult cord is present at birth

	3.2 GROSS ANATOMY
	3.2.1 Spinal cord weight and length
	3.2.2 Spinal segments, regions, and enlargements
	3.2.3 Spinal segments in each region are of unequal length
	3.2.4 Conus medullaris, filum terminale, and cauda equina
	3.2.5 Termination of the adult spinal cord
	3.2.6 Differential rate of growth: vertebral column versus the spinal cord
	3.2.7 Relationship between spinal segments and vertebrae

	3.3 NUCLEAR GROUPS – GRAY MATTER
	3.3.1 General arrangement of spinal cord gray matter
	3.3.2 Gray matter at enlargement levels
	3.3.3 Spinal laminae
	3.3.4 Dorsal horn
	3.3.5 Intermediate zone
	3.3.6 Ventral horn

	3.4 FUNCTIONAL CLASSES OF NEURONS
	3.4.1 Four classes of neurons in the spinal cord
	3.4.2 Somatic afferent versus visceral afferent neurons
	3.4.3 Somatic efferent versus visceral efferent neurons
	3.4.4 Some ventral root axons are sensory

	3.5 FUNICULI/FASCICULI/TRACTS – WHITE MATTER
	3.6 SPINAL REFLEXES
	3.7 SPINAL MENINGES AND RELATED SPACES
	3.7.1 Spinal dura mater
	3.7.2 Spinal arachnoid
	3.7.3 Spinal pia mater

	3.8 SPINAL CORD INJURY
	3.8.1 Hemisection of the spinal cord
	3.8.2 Syringomyelia

	3.9 BLOOD SUPPLY TO THE SPINAL CORD
	FURTHER READING

	Chapter 4 The Brain Stem
	4.1 EXTERNAL FEATURES
	4.1.1 Medulla oblongata
	4.1.2 Pons
	4.1.3 Midbrain

	4.2 CEREBELLUM AND FOURTH VENTRICLE
	4.2.1 Cerebellum
	4.2.2 Fourth ventricle

	4.3 ORGANIZATION OF BRAIN STEM NEURONAL COLUMNS
	4.3.1 Functional components of the cranial nerves
	4.3.2 Efferent columns
	4.3.3 Afferent columns

	4.4 INTERNAL FEATURES
	4.4.1 Endogenous substances
	4.4.2 Medulla oblongata
	4.4.3 Pons
	4.4.4 Midbrain

	FURTHER READING

	Chapter 5 The Forebrain
	5.1 TELENCEPHALON
	5.1.1 Telencephalon medium
	5.1.2 Cerebral hemispheres
	5.1.3 Basal ganglia (basal nuclei)
	5.1.4 Rhinencephalon

	5.2 DIENCEPHALON
	5.2.1 Epithalamus
	5.2.2 Thalamus
	5.2.3 Subthalamus
	5.2.4 Hypothalamus

	5.3 CEREBRAL WHITE MATTER
	FURTHER READING

	Chapter 6 Introduction to Ascending Sensory Paths
	6.1 RECEPTORS
	6.2 CLASSIFICATION OF RECEPTORS BY MODALITY
	6.2.1 Mechanoreceptors
	6.2.2 Thermoreceptors
	6.2.3 Nociceptors
	6.2.4 Chemoreceptors
	6.2.5 Photoreceptors
	6.2.6 Osmoreceptors

	6.3 CLASSIFICATION OF RECEPTORS BY DISTRIBUTION AND FUNCTION
	6.3.1 Exteroceptors
	6.3.2 Interoceptors
	6.3.3 Proprioceptors

	6.4 STRUCTURAL CLASSIFICATION OF RECEPTORS
	6.4.1 Free nerve endings
	6.4.2 Endings in hair follicles
	6.4.3 Terminal endings of nerves
	6.4.4 Neurotendinous spindles
	6.4.5 Neuromuscular spindles

	6.5 REFLEX CIRCUITS
	6.5.1 The monosynaptic reflex
	6.5.2 Complex reflexes

	6.6 GENERAL SENSORY PATHS
	6.6.1 Classification of sensory paths by function

	6.7 ORGANIZATION OF GENERAL SENSORY PATHS
	6.7.1 Receptors
	6.7.2 Primary neurons
	6.7.3 Secondary neurons
	6.7.4 Thalamic neurons
	6.7.5 Cortical neurons
	6.7.6 Modulation of sensory paths

	FURTHER READING

	Chapter 7 Paths for Pain and Temperature
	7.1 PATH FOR SUPERFICIAL PAIN AND TEMPERATURE FROM THE BODY
	7.1.1 Modalities
	7.1.2 Receptors
	7.1.3 Primary neurons
	7.1.4 Secondary neurons
	7.1.5 Position of the LST in the brain stem
	7.1.6 Thalamic neurons
	7.1.7 Cortical neurons
	7.1.8 Modulation of painful and thermal impulses

	7.2 PATH FOR VISCERAL PAIN FROM THE BODY
	7.2.1 Modalities and receptors
	7.2.2 Primary neurons
	7.2.3 Secondary neurons
	7.2.4 Thalamic neurons
	7.2.5 Cortical neurons
	7.2.6 Suffering accompanying pain
	7.2.7 Visceral pain as referred pain
	7.2.8 Transection of fiber bundles to relieve intractable pain

	7.3 THE TRIGEMINAL NUCLEAR COMPLEX
	7.3.1 Organization of the trigeminal nuclear complex
	7.3.2 Organization of entering trigeminal sensory fibers

	7.4 PATH FOR SUPERFICIAL PAIN AND THERMAL EXTREMES FROM THE HEAD
	7.4.1 Modalities and receptors
	7.4.2 Primary neurons
	7.4.3 Secondary neurons
	7.4.4 Thalamic neurons

	7.5 PATH FOR THERMAL DISCRIMINATION FROM THE HEAD
	7.5.1 Modality and receptors
	7.5.2 Primary neurons
	7.5.3 Secondary neurons
	7.5.4 Thalamic neurons
	7.5.5 Cortical neurons

	7.6 SOMATIC AFFERENT COMPONENTS OF VII, IX, AND X
	7.7 TRIGEMINAL NEURALGIA
	7.7.1 Causes of trigeminal neuralgia
	7.7.2 Methods of treatment for trigeminal neuralgia

	7.8 GLOSSOPHARYNGEAL NEURALGIA
	FURTHER READING

	Chapter 8 Paths for Touch, Pressure, Proprioception, and Vibration
	8.1 PATH FOR GENERAL TACTILE SENSATION FROM THE BODY
	8.1.1 Modalities and receptors
	8.1.2 Primary neurons
	8.1.3 Secondary neurons
	8.1.4 Thalamic neurons

	8.2 PATH FOR TACTILE DISCRIMINATION, PRESSURE, PROPRIOCEPTION, AND VIBRATION FROM THE BODY
	8.2.1 Modalities and receptors
	8.2.2 Primary neurons
	8.2.3 Secondary neurons
	8.2.4 Thalamic neurons
	8.2.5 Cortical neurons
	8.2.6 Spinal cord stimulation for the relief of pain

	8.3 PATH FOR TACTILE DISCRIMINATION FROM THE HEAD
	8.3.1 Modalities and receptors
	8.3.2 Primary neurons
	8.3.3 Secondary neurons
	8.3.4 Thalamic neurons
	8.3.5 Cortical neurons

	8.4 PATH FOR GENERAL TACTILE SENSATION FROM THE HEAD
	8.4.1 Modalities and receptors
	8.4.2 Primary neurons
	8.4.3 Secondary neurons
	8.4.4 Thalamic neurons
	8.4.5 Cortical neurons

	8.5 PATH FOR PROPRIOCEPTION, PRESSURE, AND VIBRATION FROM THE HEAD
	8.5.1 Modalities and receptors
	8.5.2 Primary neurons
	8.5.3 Secondary neurons
	8.5.4 Thalamic neurons
	8.5.5 Cortical neurons

	8.6 TRIGEMINAL MOTOR COMPONENT
	8.7 CERTAIN TRIGEMINAL REFLEXES
	8.7.1 “Jaw-closing” reflex
	8.7.2 Corneal reflex

	FURTHER READING

	Chapter 9 The Reticular Formation
	9.1 STRUCTURAL ASPECTS
	9.1.1 Reticular nuclei in the medulla
	9.1.2 Reticular nuclei in the pons
	9.1.3 Reticular nuclei in the midbrain

	9.2 ASCENDING RETICULAR SYSTEM
	9.3 DESCENDING RETICULAR SYSTEM
	9.4 FUNCTIONAL ASPECTS OF THE RETICULAR FORMATION
	9.4.1 Consciousness
	9.4.2 Homeostatic regulation
	9.4.3 Visceral reflexes
	9.4.4 Motor function

	FURTHER READING

	Chapter 10 The Auditory System
	10.1 GROSS ANATOMY
	10.1.1 External ear
	10.1.2 Middle ear
	10.1.3 Internal ear

	10.2 THE ASCENDING AUDITORY PATH
	10.2.1 Modality and receptors
	10.2.2 Primary neurons
	10.2.3 Secondary neurons
	10.2.4 Tertiary neurons
	10.2.5 Inferior collicular neurons
	10.2.6 Thalamic neurons
	10.2.7 Cortical neurons
	10.2.8 Comments

	10.3 DESCENDING AUDITORY CONNECTIONS
	10.3.1 Electrical stimulation of cochlear efferents
	10.3.2 Autonomic fibers to the cochlea

	10.4 INJURY TO THE AUDITORY PATH
	10.4.1 Congenital loss of hearing
	10.4.2 Decoupling of stereocilia
	10.4.3 Tinnitus
	10.4.4 Noise-induced loss of hearing
	10.4.5 Aging and the loss of hearing
	10.4.6 Unilateral loss of hearing
	10.4.7 Injury to the inferior colliculi
	10.4.8 Unilateral injury to the medial geniculate body or auditory cortex
	10.4.9 Bilateral injury to the primary auditory cortex
	10.4.10 Auditory seizures – audenes

	10.5 COCHLEAR IMPLANTS
	10.6 AUDITORY BRAIN STEM IMPLANTS
	FURTHER READING

	Chapter 11 The Vestibular System
	11.1 GROSS ANATOMY
	11.1.1 Internal ear

	11.2 THE ASCENDING VESTIBULAR PATH
	11.2.1 Modalities and receptors
	11.2.2 Primary neurons
	11.2.3 Secondary neurons
	11.2.4 Thalamic neurons
	11.2.5 Cortical neurons

	11.3 OTHER VESTIBULAR CONNECTIONS
	11.3.1 Primary vestibulocerebellar fibers
	11.3.2 Vestibular nuclear projections to the spinal cord
	11.3.3 Vestibular nuclear projections to nuclei of the extraocular muscles
	11.3.4 Vestibular nuclear projections to the reticular formation
	11.3.5 Vestibular projections to the contralateral vestibular nuclei

	11.4 THE EFFERENT COMPONENT OF THE VESTIBULAR SYSTEM
	11.5 AFFERENT PROJECTIONS TO THE VESTIBULAR NUCLEI
	11.6 VERTIGO
	11.6.1 Physiological vertigo
	11.6.2 Pathological vertigo

	FURTHER READING

	Chapter 12 The Visual System
	12.1 RETINA
	12.1.1 Pigmented layer1
	12.1.2 Neural layer
	12.1.3 Other retinal elements
	12.1.4 Special retinal regions
	12.1.5 Retinal areas
	12.1.6 Visual fields

	12.2 VISUAL PATH
	12.2.1 Receptors
	12.2.2 Primary retinal neurons
	12.2.3 Secondary retinal neurons
	12.2.4 Optic nerve [II]
	12.2.5 Optic chiasm
	12.2.6 Optic tract
	12.2.7 Thalamic neurons
	12.2.8 Optic radiations
	12.2.9 Cortical neurons

	12.3 INJURIES TO THE VISUAL SYSTEM
	12.3.1 Retinal injuries
	12.3.2 Injury to the optic nerve
	12.3.3 Injuries to the optic chiasm
	12.3.4 Injuries to the optic tract
	12.3.5 Injury to the lateral geniculate body
	12.3.6 Injuries to the optic radiations
	12.3.7 Injuries to the visual cortex

	FURTHER READING

	Chapter 13 Ocular Movements and Visual Reflexes
	13.1 OCULAR MOVEMENTS
	13.1.1 Primary position of the eyes

	13.2 CONJUGATE OCULAR MOVEMENTS
	13.2.1 Miniature ocular movements
	13.2.2 Saccades
	13.2.3 Smooth pursuit movements
	13.2.4 Vestibular movements

	13.3 EXTRAOCULAR MUSCLES
	13.4 INNERVATION OF THE EXTRAOCULAR MUSCLES
	13.4.1 Abducent nucleus and nerve
	13.4.2 Trochlear nucleus and nerve
	13.4.3 Oculomotor nucleus and nerve

	13.5 ANATOMICAL BASIS OF CONJUGATE OCULAR MOVEMENTS
	13.6 MEDIAL LONGITUDINAL FASCICULUS
	13.7 VESTIBULAR CONNECTIONS and OCULAR MOVEMENTS
	13.7.1 Horizontal ocular movements
	13.7.2 Doll’s ocular movements
	13.7.3 Vertical ocular movements

	13.8 INJURY TO THE MEDIAL LONGITUDINAL FASCICULUS
	13.9 VESTIBULAR NYSTAGMUS
	13.10 THE RETICULAR FORMATION AND OCULAR MOVEMENTS
	13.11 CONGENITAL NYSTAGMUS
	13.12 OCULAR BOBBING
	13.13 EXAMINATION OF THE VESTIBULAR SYSTEM
	13.14 VISUAL REFLEXES
	13.14.1 The light reflex
	13.14.2 The near reflex
	13.14.3 Pupillary dilatation
	13.14.4 The lateral tectotegmentospinal tract
	13.14.5 The spinotectal tract
	13.14.6 The afferent pupillary defect

	FURTHER READING

	Chapter 14 The Thalamus
	14.1 INTRODUCTION
	14.2 NUCLEAR GROUPS OF THE THALAMUS
	14.2.1 Anterior nuclei and the lateral dorsal nucleus
	14.2.2 Intralaminar nuclei
	14.2.3 Medial nuclei
	14.2.4 Median nuclei
	14.2.5 Metathalamic body and nuclei
	14.2.6 Posterior nuclear complex
	14.2.7 Pulvinar nuclei and lateral posterior nucleus
	14.2.8 Reticular nucleus
	14.2.9 Ventral nuclei

	14.3 INJURIES TO THE THALAMUS
	14.4 MAPPING THE HUMAN THALAMUS
	14.5 STIMULATION OF THE HUMAN THALAMUS
	14.6 THE THALAMUS AS A NEUROSURGICAL TARGET
	FURTHER READING

	Chapter 15 Lower Motor Neurons and the Pyramidal System
	15.1 REGIONS INVOLVED IN MOTOR ACTIVITY
	15.2 LOWER MOTOR NEURONS
	15.2.1 Terms related to motor activity
	15.2.2 Lower motor neurons in the spinal cord
	15.2.3 Activation of motor neurons
	15.2.4 Lower motor neurons in the brain stem
	15.2.5 Injury to lower motor neurons
	15.2.6 Example of a lower motor neuron disorder

	15.3 PYRAMIDAL SYSTEM
	15.3.1 Corticospinal component
	15.3.2 Corticobulbar component
	15.3.3 Clinical neuroanatomical correlation

	FURTHER READING

	Chapter 16 The Extrapyramidal System and Cerebellum
	16.1 EXTRAPYRAMIDAL SYSTEM
	16.1.1 Extrapyramidal motor areas
	16.1.2 Basal ganglia (basal nuclei)
	16.1.3 Afferents to the basal ganglia
	16.1.4 Cortical–striatal–pallidal–thalamo–cortical circuits
	16.1.5 Multisynaptic descending paths
	16.1.6 Common discharge paths
	16.1.7 Somatotopic organization of the basal ganglia

	16.2 CEREBELLUM
	16.2.1 External features of the cerebellum
	16.2.2 Cerebellar cortex
	16.2.3 Deep cerebellar nuclei
	16.2.4 Cerebellar white matter

	16.3 INPUT TO THE CEREBELLUM THROUGH THE PEDUNCLES
	16.3.1 Inferior cerebellar peduncle (ICP)
	16.3.2 Middle cerebellar peduncle (MCP)
	16.3.3 Superior cerebellar peduncle (SCP)

	16.4 INPUT TO THE CEREBELLUM
	16.4.1 Incoming Fibers to the Cerebellum

	16.5 CEREBELLAR OUTPUT
	16.5.1 From the fastigial nuclei
	16.5.2 From the globose and emboliform nuclei
	16.5.3 From the dentate nuclei

	16.6 CEREBELLAR CIRCUITRY
	16.7 COMMON DISCHARGE PATHS
	16.8 CEREBELLAR FUNCTIONS
	16.8.1 Motor functions
	16.8.2 Nonmotor functions
	16.8.3 Studies involving the human cerebellum
	16.8.4 Localization in the cerebellum

	16.9 MANIFESTATIONS OF INJURIES TO THE MOTOR SYSTEM
	16.9.1 Injury to the premotor cortex
	16.9.2 Injury to the basal ganglia
	16.9.3 Injury to, or deep brain stimulation of, the subthalamic nucleus
	16.9.4 Injury to the cerebellum
	16.9.5 Localization of cerebellar damage

	16.10 DECORTICATE VERSUS DECEREBRATE RIGIDITY
	16.10.1 Decerebrate rigidity
	16.10.2 Decorticate rigidity

	16.11 EPILOGUE
	FURTHER READING

	Chapter 17 The Olfactory and Gustatory Systems
	17.1 THE OLFACTORY SYSTEM
	17.1.1 Receptors
	17.1.2 Primary neurons
	17.1.3 Olfactory fila and the olfactory nerve
	17.1.4 Olfactory bulb – secondary neurons
	17.1.5 Olfactory tract
	17.1.6 Medial stria
	17.1.7 Lateral stria
	17.1.8 Thalamic neurons
	17.1.9 Cortical neurons
	17.1.10 Efferent olfactory connections
	17.1.11 Injuries to the olfactory system

	17.2 THE GUSTATORY SYSTEM
	17.2.1 Receptors
	17.2.2 Primary neurons
	17.2.3 Secondary neurons
	17.2.4 The ascending gustatory path
	17.2.5 Thalamic neurons
	17.2.6 Cortical neurons
	17.2.7 Injuries to the gustatory system

	FURTHER READING

	Chapter 18 The Limbic System
	18.1 HISTORICAL ASPECTS
	18.2 ANATOMY OF THE LIMBIC SYSTEM
	18.2.1 Olfactory system
	18.2.2 Septal area
	18.2.3 Mamillary bodies of the hypothalamus
	18.2.4 Anterior nuclei of the thalamus
	18.2.5 Hippocampal formation
	18.2.6 Amygdaloid complex
	18.2.7 Cingulate gyrus and cingulum
	18.2.8 Cortical areas

	18.3 CYCLIC PATHS OF THE LIMBIC SYSTEM
	18.4 THE HUMAN LIMBIC SYSTEM: A CASE STUDY
	18.5 DESCENDING LIMBIC PATHS
	18.6 FUNCTIONAL ASPECTS OF THE HUMAN LIMBIC SYSTEM
	18.6.1 Emotion
	18.6.2 Memory

	18.7 LIMBIC SYSTEM DISORDERS
	18.8 INJURIES TO LIMBIC CONSTITUENTS
	18.8.1 Septal area
	18.8.2 Hippocampal formation
	18.8.3 Amygdaloid complex
	18.8.4 Seizures involving the limbic system

	18.9 PSYCHOSURGERY OF THE LIMBIC SYSTEM
	18.9.1 Drug-resistant epilepsy
	18.9.2 Violent, aggressive, or restless behaviors
	18.9.3 Schizophrenia
	18.9.4 Intractable pain
	18.9.5 Psychiatric disorders and abnormal behavior

	FURTHER READING

	Chapter 19 The Hypothalamus
	19.1 HYPOTHALAMIC ZONES (MEDIAL TO LATERAL)
	19.2 HYPOTHALAMIC REGIONS (ANTERIOR TO POSTERIOR)
	19.3 HYPOTHALAMIC NUCLEI
	19.3.1 Chiasmal region
	19.3.2 Tuberal region
	19.3.3 Mamillary region

	19.4 FIBER CONNECTIONS
	19.4.1 Medial forebrain bundle
	19.4.2 Stria terminalis
	19.4.3 Fornix
	19.4.4 Diencephalic periventricular system
	19.4.5 Dorsal longitudinal fasciculus
	19.4.6 Anterior and posterior hypothalamotegmental tracts
	19.4.7 Pallidohypothalamic tract
	19.4.8 Mamillothalamic tract
	19.4.9 Vascular connections

	19.5 FUNCTIONS OF THE HYPOTHALAMUS
	19.5.1 Water balance – water intake and loss
	19.5.2 Eating – food intake
	19.5.3 Temperature regulation
	19.5.4 Autonomic regulation
	19.5.5 Emotional expression
	19.5.6 Wakefulness and sleep – biological rhythms
	19.5.7 Control of the endocrine system
	19.5.8 Reproduction

	FURTHER READING

	Chapter 20 The Autonomic Nervous System
	20.1 HISTORICAL ASPECTS
	20.2 STRUCTURAL ASPECTS
	20.2.1 Location of autonomic neurons of origin
	20.2.2 Manner of distribution of autonomic fibers
	20.2.3 Termination of autonomic fibers

	20.3 SOMATIC EFFERENTS VERSUS VISCERAL EFFERENTS
	20.4 VISCERAL AFFERENTS
	20.5 REGULATION OF THE AUTONOMIC NERVOUS SYSTEM
	20.6 DISORDERS OF THE AUTONOMIC NERVOUS SYSTEM
	FURTHER READING

	Chapter 21 The Cerebral Hemispheres
	21.1 FACTS AND FIGURES
	21.2 CORTICAL NEURONS
	21.3 CORTICAL LAYERS
	21.4 CORTICAL COLUMNS (MICROARCHITECTURE)
	21.5 FUNCTIONAL ASPECTS OF THE CEREBRAL CORTEX
	21.6 CEREBRAL DOMINANCE, LATERALIZATION, AND ASYMMETRY
	21.7 FRONTAL LOBE
	21.7.1 Primary motor cortex
	21.7.2 Premotor cortex
	21.7.3 Supplementary motor area (SMA)
	21.7.4 Cingulate motor areas
	21.7.5 Frontal eye fields
	21.7.6 Broca’s area
	21.7.7 Prefrontal cortex

	21.8 PARIETAL LOBE
	21.8.1 Primary somatosensory cortex (SI)
	21.8.2 Secondary somatosensory cortex (SII)
	21.8.3 Superior parietal lobule
	21.8.4 Inferior parietal lobule
	21.8.5 Parietal vestibular cortex (2v)
	21.8.6 Mirror representation of others’ actions
	21.8.7 Preoccipital areas

	21.9 OCCIPITAL LOBE
	21.9.1 Primary visual cortex (V1)
	21.9.2 Secondary visual cortex

	21.10 TEMPORAL LOBE
	21.10.1 Primary auditory cortex (AI)
	21.10.2 Wernicke’s area
	21.10.3 Temporal vestibular cortex
	21.10.4 Midtemporal areas related to memory
	21.10.5 Anomia
	21.10.6 Prosopagnosia
	21.10.7 Psychomotor seizures

	21.11 INSULA
	21.12 APHASIA
	21.12.1 Broca’s aphasia
	21.12.2 Wernicke’s aphasia
	21.12.3 Conductive aphasia
	21.12.4 Global aphasia

	21.13 ALEXIA
	21.14 APRAXIA
	21.15 GERSTMANN’S SYNDROME
	21.16 AGNOSIA
	21.17 DYSLEXIA
	FURTHER READING

	Chapter 22 Blood Supply to the Central Nervous System
	22.1 CEREBRAL CIRCULATION
	22.2 AORTIC ARCH, BRACHIOCEPHALIC TRUNK, AND SUBCLAVIAN VESSELS
	22.3 VERTEBRAL–BASILAR ARTERIAL SYSTEM
	22.3.1 Branches of the vertebral arteries

	22.4 BLOOD SUPPLY TO THE SPINAL CORD
	22.4.1 Extramedullary vessels
	22.4.2 Intramedullary vessels
	22.4.3 Spinal veins

	22.5 BLOOD SUPPLY TO THE BRAIN STEM AND CEREBELLUM
	22.5.1 Extrinsic or superficial branches
	22.5.2 Branches of the basilar arteries
	22.5.3 Intrinsic or penetrating branches
	22.5.4 Classical brain stem syndromes

	22.6 COMMON CAROTID ARTERY
	22.6.1 External carotid artery
	22.6.2 Internal carotid artery: cervical, petrous, and cavernous parts

	22.7 BLOOD SUPPLY TO THE CEREBRAL HEMISPHERES
	22.7.1 Internal carotid artery: cerebral part
	22.7.2 Branches of the internal carotid artery
	22.7.3 Posterior cerebral artery

	22.8 CEREBRAL ARTERIAL CIRCLE
	22.8.1 Types of arteries supplying the brain

	22.9 EMBRYOLOGICAL CONSIDERATIONS
	22.10 VASCULAR INJURIES
	22.10.1 Brain stem vascular injuries
	22.10.2 Visualization of brain vessels

	FURTHER READING

	Chapter 23 The Meninges, Ventricular System, and Cerebrospinal Fluid
	23.1 THE CRANIAL MENINGES AND RELATED SPACES
	23.1.1 Cranial dura mater
	23.1.2 Cranial arachnoid
	23.1.3 Cranial pia mater
	23.1.4 Dural projections
	23.1.5 Intracranial herniations

	23.2 VENTRICULAR SYSTEM
	23.2.1 Introduction
	23.2.2 Lateral ventricles
	23.2.3 Third ventricle
	23.2.4 Aqueduct
	23.2.5 Fourth ventricle

	23.3 CEREBROSPINAL FLUID
	FURTHER READING

	Figure and Table References
	Index
	EULA



