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Preface to the Ninth Edition

Murray Llewellyn Barr (1908-1995) obtained his medical degree in 1933 from the University of Western Ontario in London, Canada, and after a
few years in practice, he entered the Department of Anatomy at the same institution. He studied and taught neuroanatomy there until 1978.
This period of service was interrupted by the Second World War, when he served in the Medical Branch of the Royal Canadian Air Force. In
1949, the direction of Barr's research changed abruptly from neurohistology to cytogenetics. With Ewart G. (“Mike”) Bertram, who was then a
graduate student, he had observed an intranuclear inclusion in neurons of female animals. This was the sex chromatin, now widely known as
the Barr body; its discovery was an early landmark in the science of human cytogenetics. For this and his later work in the field, Murray Barr
received more than 30 awards and honors, including the Kennedy Foundation International Award in Mental Retardation, Fellowship of the
Royal Society of London, the Order of Canada, and seven honorary doctorates.

Although Barr's research career was largely concerned with the cytological diagnosis of inherited diseases, he continued to teach
neuroanatomy. The first edition of this book, published in 1972, was one of the first medium-sized texts in its field. It was written to make life
easier for those approaching neuroscience for the first time, especially medical students and those in the allied health sciences. This objective
has not changed, although a greater variety of students now study the subject. Advances in the science necessitated much revision over the
years, and the book became larger with successive editions. With the Eighth Edition, this trend was reversed, resulting in a somewhat smaller
book. The illustrations were enhanced, however, with more extensive use of colors.

New to This Edition

In this Ninth Edition, the improvement and changing of illustrations has continued, and nearly all are now colored. The text and recommended
readings have, of course, also been updated. Readers of this edition have access to the publisher's Web site—www.lww.thepoint. com—which
includes a variety of additional materials. These include labeled and unlabeled versions of all the illustrations for instructors, sample exam
questions and clinical cases, an extended glossary, and biographical information about researchers and physicians whose names are associated
with anatomy, physiology, and diseases of the nervous system. The-Point also carries expanded versions of some chapters. A marginal icon in
the printed book indicates subjects for which additional material is available online.
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Chapter 1

Development, Composition, And Evolution Of The Nervous System

Important Facts

e The nervous system is derived from the ectoderm of the embryo.

e The central nervous system is formed from the neural tube, and the peripheral nervous system is formed
from the neural crest.

e The first cells to differentiate in the nervous system are neurons, which are specialized for communication.
They are followed by supporting cells known as neuroglia (or simply glia).

e Abnormal development of the brain or spinal cord can result from faulty closure of the neural tube or failed
development of the overlying bone and skin.

e Obstruction of the flow of cerebrospinal fluid within or out of the cavities of the brain results in fluid
accumulation known as hydrocephalus.

e The major divisions of the central nervous system are present from the 4th week after fertilization. They
are the spinal cord, medulla, pons, midbrain, diencephalon, and cerebral hemispheres. The cerebellum
appears later, as an outgrowth of the brain stem.

e Within normal limits, the size of the brain does not correlate with intelligence.

All living organisms respond to chemical and physical stimuli. The response may be a movement, or it may be the expulsion of biosynthetic
products from cells. These receptive, motor, and secretory functions are combined in a single cell in both unicellular organisms and the
simplest multicellular animals, the sponges. In all other groups of animals, cells are able to communicate, so that the reception of a stimulus by
one cell may result in motile or secretory activity of other cells. Specialized cells known as neurons or nerve cells exist to transfer information
rapidly from one part of an animal's body to another. All the neurons of an organism, together with their supporting cells, constitute a nervous
system.

To carry out its communicative function, a neuron exhibits two different but coupled activities. They are conduction of a signal from one part
of the cell to another and synaptic transmission, which is communication between adjacent cells. An impulse, also called an action potential,
is a wave of electrical depolarization that is propagated within the surface membrane of the neuron. A stimulus applied to one part of the
neuron initiates an impulse that travels to all other parts of the cell. Neurons commonly have long cytoplasmic processes, known as neurites,
that end in close apposition to the surfaces of other cells. The ends of the neurites are called synaptic terminals, and the cell-to-cell
contacts they make are known as synapses. The neurites in higher animals usually are specialized to form dendrites and axons, which typically
conduct toward and away from the cell body, respectively. Most axons are ensheathed in myelin, which is a lipid-rich material composed of
tightly packed membranous layers. The arrival of an impulse at a terminal triggers synaptic transmission. This event normally involves the release
of a chemical compound from the neuronal cytoplasm, which evokes some type of response in the postsynaptic cell. At some synapses, the two
cells are electrically coupled. Another type of neuron exists that discharges its chemical products into the circulating blood, thereby
influencing distant parts of the body. Neurons of the latter type, known as neurosecretory cells, are functionally related to endocrine gland
cells.

The central nervous system (CNS) consists of the brain and spinal cord and is protected by the cranium and the vertebral column. Bundles of
axons called nerves connect the CNS with

all parts of the body. Nerves are the most conspicuous components of the peripheral nervous system. The cell bodies of neurons in the CNS
are in regions known as gray matter. A compact aggregation of gray matter is called a nucleus, not to be confused with the nucleus of a cell.
Regions of CNS tissue that contain axons but not neuronal cell bodies are called white matter. In the peripheral nervous system, neuronal cell
bodies occur in nodular structures called ganglia (singular: ganglion). This word is also used (commonly but wrongly) for certain nuclei in the
CNS.

Development of the Nervous System

The neurons and other cells of the nervous system develop from the dorsal ectoderm of the early embryo. The ectoderm is the layer that also
becomes the epidermis, which covers the surface of the body. The first indication of the future nervous system is the neuroectoderm,
consisting of the neural plate, which appears in the dorsal midline of the embryo at the 16th day after fertilization. The cells of the neural
plate become taller than those of the ordinary ectoderm. This change is induced by the underlying mesodermal cells. The neural plate grows
rapidly, and in 2 days, it becomes a neural groove with a neural fold along each side.



A note on times and ages. In clinical practice, pregnancy is timed from the 1st day of the last menstrual period, about 14 days before
fertilization. The age of an embryo is stated from the known or estimated time of fertilization. When it is 8 weeks old and all the organs are
formed, an embryo is renamed a fetus. The embryonic period is divided into 23 Carnegie stages, based on anatomical development. The neural
folds appear at stage 8, when the embryo is 1.0 to 1.5 mm long.

NEURAL TUBE, CREST, AND PLACODES

By the end of the 3rd week (stage 10), the neural folds have begun to fuse with one another, thereby converting the neural groove into a
neural tube (Fig. 1-1). This transformation begins in the middle (in what will eventually be the cervical segments of the spinal cord) and
proceeds rostrally and caudally. The openings at each end (the rostral and caudal neuropores) close at about the 24th and 27th days,
respectively (stages 11 and 12). The neural tube is the forerunner of the brain and spinal cord. The cells lining the tube constitute the
neuroepithelium, which will give rise to all the neurons and most of the other cells in the CNS.

Neural
fold
Neural . Rostral
groove neuropore
Neural
tube
. Caudal
neuropore

FIGURE 1-1 Dorsal view of a human embryo about 22 days after fertilization. Closure of the neural tube is in progress.

Neuroectodermal cells that are not incorporated into the tube form neural crests, which run dorsolaterally along each side of the neural
tube. From the neural crests are derived the dorsal root ganglia of spinal nerves, some of the neurons in sensory ganglia of cranial nerves,
autonomic ganglia, the nonneuronal cells (neuroglia) of peripheral nerves, and secretory cells of the adrenal medulla. Thus, the cells of the
neural crest are notable for their extensive migrations. Many of them even differentiate into cells of nonneural tissue, including the
melanocytes of the skin; the calcitonin-secreting cells of the thyroid gland; cells in the carotid and aortic bodies; odontoblasts of teeth; and
some of the bones, muscles, and other structures of mesenchymal origin in the head. The connective tissue cells in nerves and ganglia are
derived from the local mesoderm.

Some peripheral nervous elements are derived from placodes, which are thickened regions

of the ectoderm of the head's surface. Thus, the olfactory neurosensory cells, the sensory cells and associated ganglia of the inner ear, and
some of the neurons in the sensory ganglia of cranial nerves are derived from placodes. Some cells of the olfactory placode migrate into the
rostral end of the neural tube and become intrinsic neurons of the CNS.



PRODUCTION OF NEURONS AND NEUROGLIA

The first populations of cells produced in the neural tube are neurons. (The old term neuroblasts is inappropriate for these cells because after
they are formed, they do not divide again.) Most of the neurons are produced between the 4th and 20th weeks. The young neurons migrate,
grow cytoplasmic processes, and form synaptic connections with other neurons.

The number of neurons formed in the neural tube exceeds the number in the adult brain and spinal cord. Large nhumbers of neurons die in the
normal course of development. This occurrence, known as cell death or apoptosis, is seen in many embryonic systems throughout the animal
kingdom. In invertebrates, the cell death is genetically programmed. Experimental studies carried out by Hamburger in the 1930s showed that in
vertebrates, the cells that died were those that failed to make synaptic connections. In some animals, new neurons are generated throughout
life in some parts of the brain, from pluripotent precursor cells. Quantitative histochemical studies have provided no evidence of such activity
in the adult human brain.

The neurons in sensory ganglia derived from the neural crest send neurites into peripheral nerves and into the neural tube. By the 8th week of
intrauterine life, the centrally directed neurites have extensive synaptic connections with neurons in the spinal cord. The number and
complexity of synapses continue to increase until well after birth, as does the generation of neuroglial cells.

Neuroglia, more commonly called glia, comprises the cells of the nervous system that are not neurons. The structures and functions of
different glial cell types are dealt with in Chapter 2.

The first glial cells, known as radial glia, develop alongside the first neurons, having cytoplasmic processes that extend from the lumen to the
outside surface of the neural tube. The processes of radial glia guide the migration of the young neurons. Most astrocytes and
oligodendrocytes, however, are generated from the neuroepithelium during the fetal period. Mature glial cells are visible with classical staining
methods by 19 weeks, but some can be detected by immunohistochemical techniques as early as 7 weeks. Microglial cells arise from
hemopoietic tissue and enter the brain and spinal cord by passing through the walls of blood vessels.

In the peripheral nervous system, neurons (in sensory and autonomic ganglia) and glial cells (satellite cells in ganglia and Schwann cells in
nerves) are derived from the neural crest.

FORMATION OF THE BRAIN AND SPINAL CORD

Even before the closure of the neural folds, the neural plate is conspicuously larger at the rostral end of the embryo, and irregularities
corresponding to the major divisions of the developing brain are already visible. The remainder of the neural tube becomes the spinal cord.
The site of closure of the caudal neuropore corresponds to the upper lumbar segments of the cord. Further caudally, the spinal cord is
formed by “secondary neurulation,” which is the coalescence of a chain of vesicles that becomes continuous with the lumen of the neural
tube about 3 weeks after the closure of the caudal neuropore. The vesicles are derived from the caudal eminence, a mass of pluripotent cells
located dorsal to the developing coccyx.

As described conventionally, three major divisions of the brain appear at the end of the 4th week: the prosencephalon (forebrain),
mesencephalon (midbrain), and rhombencephalon (hindbrain). During the 5th week, secondary swellings develop in the prosencephalon and
rhombencephalon, so that the number of major parts becomes five: the telencephalon, diencephalon, mesencephalon, metencephalon, and
myelencephalon (Fig. 1-2). The same words are used for the corresponding parts of the adult human brain. (In the chick embryo, a favorite
subject

for embryological investigation, the swellings in the embryonic brain are known as “brain vesicles,” a term that should not be used in human
anatomy.) The early embryonic CNS is also divisible longitudinally into smaller segments known as neuromeres. The neuromeres become
indistinguishable as the complex structure of the brain develops, but segmental organization of the spinal cord persists throughout life.



FIGURE 1-2 Major parts of the brain in human embryo at 4 weeks (above, a midline section) and fetus at 8 weeks (below, reconstucted
from serial sections). Color scheme: Telencephalon (forebrain), yellow; dienchephalon, blue; mesencephalon (midbrain), orange;
rhombencephalon (hindbrain, composed of medulla, pons, and cerebellum), gray. In the embryo, some neuromeres are indicated for the
telencephalon (T), diencephalon (D1, D2), mesencephalon (MI, M2), isthmus (Is), and rhombencephalon (Rl to R7). The levels of the optic
(Op) and otic (Ot) vesicles, which are lateral to the neural tube, are indicated. (These vesicles will become the lens and inner ear,
respectively.) In the fetus: Cb, cerebellum; Cx, cerebral cortex; D, diencephalon; E, eye; In, insula; M, mesencephalon; R,
rhombencephalon; T, trigeminal ganglion; 5, sensory root of trigeminal nerve; 7, 8, rootlets of facial and vestibulocochlear nerves.




(Modified from O'Rahilly R, Miiller F. The Embryonic Human Brain. An Atlas of Developmental Stages, 3rd ed. Hoboken, NJ: Wiley-Liss,
2006.)

As cellular proliferation and differentiation proceed in the neural tube, a longitudinal groove called the sulcus limitans appears along the inner
aspect of each lateral wall. The sulcus demarcates a dorsal alar plate from a ventral basal plate; they acquire afferent and efferent
connections, respectively, and are present from the rostral end of the mesencephalon to the caudal end of the spinal cord. Responding to an
inductive effect of the nearby notochord (which marks the position of future vertebrae), the basal plates of the left and right sides become
separated by a thin floor plate. Some of the basal plate cells differentiate into motor neurons, with axons that grow out into the developing
muscles. The growing axons of neurons of the sensory ganglia enter the alar plate.

FURTHER DEVELOPMENT OF THE BRAIN

As the parts of the brain differentiate and grow, some of the formal embryological names are replaced by others for common usage (Table 1-1).
The myelencephalon becomes the medulla oblongata, and the metencephalon develops into the pons and cerebellum. The mesencephalon of
the mature brain usually is called the midbrain. The names diencephalon and telencephalon are retained because of the diverse nature of their
derivatives. A large mass of gray matter, the thalamus, develops in the diencephalon. Adjacent regions are known as the epithalamus,
hypothalamus, and subthalamus, each with distinctive structural and functional characteristics. The left and right halves of the telencephalon
are known as the cerebral hemispheres. These undergo the greatest development in the human brain, in respect both to other regions and to
the brains of other animals. The telencephalon includes the olfactory system, the corpus striatum (a mass of gray matter with motor functions),
an extensive surface layer of gray matter known as the cortex or pallium, and a medullary center of white matter.

The lumen of the neural tube becomes the ventricular system. A lateral ventricle develops in each cerebral hemisphere. The third ventricle
is in the diencephalon, and the fourth ventricle is bounded by the medulla, pons, and cerebellum. The third and fourth ventricles are
connected by a narrow channel, the cerebral aqueduct, through the midbrain. The lumen also remains narrow in the caudal part of the
medulla and throughout the spinal cord, where it becomes the central canal.

Flexures in the neural tube help to accommodate the initially cylindrical brain in what will eventually be a round head. The first to form are
the cervical flexure at the junction of the rhombencephalon with the spinal cord and the mesencephalic flexure at the level of the midbrain.
The pontine flexure in the metencephalon soon follows. These flexures in the brain (Fig. 1-3) ensure that the optical axes of the eyes (which
connect with the prosencephalon) are at right angles to the axis of the vertebral column. This necessary feature of the erect posture of
humans contrasts with the posture of quadrupedal animals, in which there is no abrupt bend at the junction of the midbrain with the
forebrain.

TABLE 1-1 Development of the Brain

Embryonic Brain

Major Division Mature Brain Subdivision

Rhombencephalon Myelencephalon Medulla oblongata
Metencephalon Pons and cerebellum
Mesencephalon Mesencephalon Midbrain, consisting of tectum and cerebral peduncles
Prosencephalon Diencephalon Thalamus, epithalamus, hypothalamus, and subthalamus
Cerebral hemispheres, each containing olfactory system, corpus striatum, cerebral
Telencephalon .
cortex, and white matter




Development of the Meninges

The membranous coverings of the brain and spinal cord first appear in the 4th week as a single mesodermally derived primary (or primitive)
meninx. Fluid-filled spaces appear within the primary meninx 1 week later, and subsequent differentiation leads to formation of the three
layers that constitute the meninges: the pia mater, closest to the nervous tissue; the arachnoid; and the dura mater, which lines the cranial
cavity and spinal canal. The subarachnoid space, which contains cerebrospinal fluid (CSF), is between the inner two meningeal layers.

Summary of Main Regions of the Central Nervous System

Certain features of the main regions are now briefly reviewed, by way of introduction and to provide a first acquaintance with some
neuroanatomical terms. Before proceeding to later chapters, the student should know the meanings of all the words used in the following
eight paragraphs. There is a glossary at the end of the book. The major divisions of the adult brain are shown in Figure 1-4.

Mesencephalic
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FIGURE 1-3 Embryonic brain at 7 weeks (stage 20) showing the three flexures in the approximate form of the letter M. The major
divisions of the brain are colored: telencephalon (T), yellow; diencephalon (Di), blue; midbrain (M), orange; rhombencephalon, gray;
comprising medulla (Me), pons (P), and cerebellum (Cb). (Modified from O'Rahilly R, Miiller F. The Embryonic Human Brain. An Atlas of
Developmental Stages, 3rd ed. Hoboken, NJ: Wiley-Liss, 2006:221.)

SPINAL CORD

The spinal cord is the least differentiated component of the CNS. The segmental nature of the spinal cord is reflected in a series of paired
spinal nerves, each of which is attached to the cord by a dorsal sensory root and a ventral motor root. The central gray matter, in which
neuronal cell bodies are located, has a roughly H-shaped outline in transverse section. White matter, which consists of myelinated axons
running longitudinally, occupies the periphery of the cord. The spinal gray matter includes neuronal connections that provide for spinal
reflexes. The white matter contains axons that convey sensory data to the brain and others that conduct impulses, typically of motor
significance, from the brain to the spinal cord.



MEDULLA OBLONGATA

The fiber tracts of the spinal cord are continued in the medulla, which also contains clusters of neurons called nuclei. The most prominent of
these, the inferior olivary nuclei, send fibers to the cerebellum through the inferior cerebellar
peduncles, which attach the cerebellum to the medulla oblongata. Of the smaller nuclei, some are components of cranial nerves.

CLINICAL NOTE
Abnormal Development of the Nervous System
ANENCEPHALY AND SPINA BIFIDA

Congenital malformations of the CNS include those that result from failure of the neural tube to close
normally. Developmental failure occurs also in associated bone and skin. In anencephaly, the neural folds do
not fuse at the rostral end of the developing neural tube, so that the forebrain, cranial vault, and much of the
scalp are missing. The abnormal brain (the brain stem and, sometimes, the diencephalon) is exposed to the
exterior. Anencephaly occurs once in about 1,000 births and is incompatible with sustained life. The
equivalent condition at the caudal end of the CNS is myeloschisis (cleft spinal cord), in which there is
extensive exposure of nonfunctional nervous tissue in the lumbosacral region. Sometimes these two
conditions coexist in the same baby.

Myeloschisis is the severest form of spina bifida. In less severe types, the spinal cord and its adjacent
connective tissue ensheathment (the leptomeninges; see Chapter 26) are intact, but the overlying
mesodermal derivatives are not. In meningomyelocele, the dura mater, vertebral arches, and skin are
missing, and a visible protrusion contains either the caudal part of the spinal cord or its associated nerve
roots. If the neural elements remain in the vertebral canal, the lump at the surface is a meningocele, a cyst
containing CSF. These types of spina bifida can be corrected surgically, but permanent paralysis or weakness
of the lower limbs often persists. Spina bifida occulta is a common condition in which the dura and skin
remain intact but one or more bony vertebral arches fail to develop. Usually there are no symptoms other
than a dimple, a tuft of hair, or some other minor irregularity of the overlying skin.

HYDROCEPHALUS

Cerebrospinal fluid accumulates in the ventricles of the brain if its normal flow is obstructed (see Chapter 26).
Nervous tissue is destroyed by the pressure, and the head can become greatly enlarged. Causes include
stenosis of the cerebral aqueduct in the midbrain and the Chiari malformation, in which the medulla and
part of the cerebellum are located in the upper cervical spinal canal rather than in the skull. This abnormal
anatomy can obstruct the flow of CSF out of the ventricular system, resulting in internal hydrocephalus.
Spina bifida is also present in many infants with Chiari malformation. Internal hydrocephalus is treated by
installing an alternative pathway for drainage of the ventricular system of the brain.

PONS

The pons consists of two distinct parts. The dorsal portion or tegmentum has features shared with the rest of the brain stem. Therefore, it
includes ascending and descending tracts, together with some nuclei of cranial nerves. The ventral portion or basal pons is special to this part
of the brain stem. Its function is to provide for extensive connections between the cortex of a cerebral hemisphere and that of the
contralateral cerebellar hemisphere. These connections contribute to maximal efficiency of motor activities. A pair of middle cerebellar
peduncles attaches the cerebellum to the pons.

MIDBRAIN

Similar to other parts of the brain stem, the midbrain contains ascending and descending pathways, together with nuclei for two cranial
nerves. A dorsal region, the roof or tectum, is concerned principally with the visual and auditory systems. The midbrain also includes two
prominent nuclei, the red nucleus and the substantia nigra, which are concerned with motor control. The cerebellum is attached to the
midbrain by the superior cerebellar peduncles.

CEREBELLUM

The cerebellum is especially large in the human brain. Receiving data from most of the sensory systems and the cerebral cortex, the
cerebellum eventually influences motor neurons that

supply the skeletal musculature. The functions of the cerebellum are to produce changes in muscle tone in relation to equilibrium,
locomotion, and posture and to coordinate the timing, force, and extent of contraction of muscles being used for skilled movements. The
cerebellum operates at a subconscious level.
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FIGURE 1-4 Regions of the mature central nervous system, as seen in sagittal section. (Photograph courtesy of Dr. D. G. Montemurro.)

DIENCEPHALON

The diencephalon forms the central core of the cerebrum. The largest component of the diencephalon, the thalamus, consists of several
regions or nuclei, some of which receive data from sensory systems and project to sensory areas of the cerebral cortex. Part of the thalamus
has connections with cortical areas that are concerned with complex mental processes. Other regions participate in neural circuits related to
emotions, and certain thalamic nuclei are incorporated into pathways from the cerebellum and corpus striatum to motor areas of the cerebral
cortex. The epithalamus includes small tracts and nuclei, together with the pineal gland, an endocrine organ. The hypothalamus has an
important controlling influence over the sympathetic and parasympathetic systems, which supply internal organs, exocrine glands, and blood
vessels. In addition, neurosecretory cells in the hypothalamus synthesize hormones that enter the bloodstream. Some act on the kidneys and
other organs; others influence the hormonal output of the anterior lobe of the pituitary gland through a special portal system of blood vessels.
Some of the neurosecretory cells in the hypothalamus and in the immediately adjacent part of the telencephalon are derived from the
olfactory placode, not from the epithelium of the neural tube. These neurons contain and secrete a polypeptide known as gonadotrophin-
releasing hormone (GnRH). They migrate along the terminal nerve into the forebrain. The terminal nerve is a tiny cranial nerve (sometimes
given number zero) rostral to the olfactory nerves. The subthalamus includes sensory tracts that proceed to the thalamus, axons that originate
in the cerebellum and corpus striatum, and the subthalamic nucleus, which has motor functions. The retina is a derivative of the
diencephalon; therefore, the optic nerve and the visual system are intimately related to this part of the brain.

TELENCEPHALON (CEREBRAL HEMISPHERES)

The telencephalon includes the cerebral cortex, corpus striatum, and cerebral white matter. The cerebral cortex is much folded, with ridges
(gyri) separated by grooves (sulci). Major sulci separate the frontal, parietal, occipital, and temporal lobes of the cerebral hemisphere, which
are named after the overlying bones of the skull. Different modalities of sensation and motor functions are represented in distinct areas of the
cortex, and there are also large expanses of association cortex, in which the highest levels of neural function take place, including those
inherent in intellectual activity.

The corpus striatum is a large mass of gray matter with motor functions situated near the base of each hemisphere. It consists of the caudate
and lentiform nuclei, which are parts of a system known as the basal ganglia, discussed in Chapters 12 and 23. The cerebral white matter
(medullary center) consists of fibers that connect cortical areas of the same hemisphere, fibers that cross the midline (most are in a large
commissure known as the corpus callosum) to connect cortical areas of the two hemispheres, and fibers that pass in both directions between
cortex and subcortical parts of the CNS. Fibers of the last category converge to form the compact internal capsule in the region of the
thalamus and corpus striatum.



Size of the Human Brain

At birth, the average brain weighs about 400 g. Further increase in size is attributable to continuing formation of synaptic connections,
production of neuroglial cells, and thickening of the myelin sheaths around axons. The most rapid growth of the brain occurs in utero and
during the first 20 postnatal weeks. By age 3 years, the average weight (1,200 g) of the brain is almost that of an adult, although slow growth
continues until age 18 years. After age 50 years, there is a slow decline in brain size. This decrease in size does not lead to intellectual
deterioration unless there is considerable atrophy caused by disease.

The weight of the mature brain varies with age and stature. The normal range in adult men is 1,100 to 1,700 g (mean, 1,360 g). The lower figures
for adult women (1,050-1,550 g; mean, 1,275 g) are mainly attributable to the smaller stature of women compared with men. There is no
evidence of a relation between brain weight, within normal limits, and a person’s level of intelligence.
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Chapter 2
Cells Of The Nervous System

Important Facts

e Neurons are cells specialized for rapid communication. Most of the cytoplasm of a neuron is in long
processes, the neurites (dendrites and axon, which conduct signals toward and away from the cell body,
respectively).

e In the central nervous system (CNS), neuronal cell bodies and dendrites occur in gray matter. W hite
matter consists largely of axons, most of which have myelin sheaths that serve to increase the velocity of
conduction.

e A neuronal surface membrane has a resting potential of -70 mV, maintained by the sodium pump. This is
reversed to +40 mV in an axon during the passage of an action potential.

e The fastest signals, known as impulses or action potentials, are carried in the surface membrane of the
axon. There is rapid (saltatory) conduction in myelinated axons because the ion channels in the axolemma
are confined to the nodes.

e The surface membrane of the perikaryon and dendrites does not conduct impulses. Potential changes
move more slowly and are graded. An action potential is initiated when the region of the axonal hillock is
depolarized to a threshold level.

e Neurons communicate with one another at synapses. Chemical transmitters released by axonal terminals
evoke changes in the membrane of the postsynaptic cell, which may be either stimulated or inhibited. The
effect depends on the transmitter and the type of receptor molecule in the postsynaptic membrane.

e |ocal reductions of membrane potential (excitatory postsynaptic potentials or depolarizations) add
together and may result in initiation of action potentials. Hyperpolarization (inhibitory postsynaptic
potentials) reduces the likelihood of initiation of an impulse.

e Proteins and other substances are transported within axons at different speeds and in both directions.

e Much of the cytoplasm of a neuron is removed when the axon is transected. The segment that has been
isolated from the cell body degenerates together with its myelin sheath, and the fragments are eventually
phagocytosed.

e The neuronal cell body initially reacts to axotomy with increased protein synthesis, accompanied by
structural changes known as the axon reaction, or chromatolysis. In the absence of axonal regeneration,
the cell body may later shrink or die. Axons severed in the peripheral nervous system can regrow and
reinnervate their targets.

e In mammals, axons transected within the CNS fail to regenerate effectively. Synaptic rearrangements,
however, can occur in partly denervated regions of gray matter, and some recovery of function occurs as a
result of recruitment of alternative neuronal circuitry.

e The neuroglial cells of the normal CNS are astrocytes, oligodendrocytes, ependymal cells (derived from
neural tube ectoderm), and microglia (derived from mesoderm). Astrocytes occur throughout the brain
and spinal cord. Oligodendrocytes produce myelin and are also found next to the cell bodies of some
neurons. Microglial cells become phagocytes when local injury or inflammation is present.

e The neuroglial cells of the peripheral nervous system are Schwann cells in nerves and satellite cells in
ganglia.

Two classes of cells are present in the central nervous system (CNS) in addition to the usual cells found in blood vessel walls. Neurons, or
nerve cells, are specialized for nerve impulse conduction and for exchanging signals with other neurons. They are, therefore, responsible for
most of the functional characteristics of nervous tissue. Neuroglial cells, collectively known as the neuroglia or simply as glia, have important
ancillary functions.

The CNS consists of gray matter and white matter. Gray matter contains the cell bodies of neurons, each with a nucleus, embedded



in a neuropil made up predominantly of delicate neuronal and glial processes. White matter, on the other hand, consists mainly of long
processes of neurons, the majority being surrounded by myelin sheaths; nerve cell bodies are lacking. Both the gray and the white matter
contain large numbers of neuroglial cells and a network of blood capillaries.

Neurons

Neurons are cells specialized for sending and receiving chemically mediated electrical signals. The part of the cell that includes the nucleus is
called the cell body, and its cytoplasm is known as the perikaryon. Dendrites are typically short branching processes that receive signals from
other neurons. Most neurons of the CNS have several dendrites and are, therefore, multipolar in shape. By reaching out in various directions,
dendrites increase the ability of a neuron to receive input from diverse sources. Each cell has a single axon. This process, which varies greatly
in length from one type of neuron to another, typically conducts impulses away from the cell body. Some neurons have no axons, and their
dendrites conduct signals in both directions. Axons of efferent neurons in the spinal cord and brain are included in spinal and cranial nerves.
They end on striated muscle fibers or on nerve cells of autonomic ganglia. The term neurite refers to any neuronal process: axon or dendrite.

The fact that each neuron is a structural and functional unit is known as the neuron doctrine, proposed in the latter part of the 19th century
in opposition to the then-prevailing view that nerve cells formed a continuous reticulum or syncytium. The unitary concept, conforming to the
cell theory, was advanced by His on the basis of embryological studies, by Forel on the basis of the responses of nerve cells to injury, and by
Ramodn y Cajal from his histological observations. The neuron doctrine was given wide distribution in a review by Waldeyer of the individuality of
nerve cells. The lack of cytoplasmic continuity between neurons at synapses was conclusively demonstrated in the 1950s when it became
possible to obtain electron micrographs with sufficient resolution to show the structures of intimately apposed cell membranes.

DIFFERENT SHAPES AND SIZES OF NEURONS

Although all neurons conform to the general principles already outlined, a wide range of structural diversity exists. The size of the cell body
varies from 5 pm across for the smallest cells in complex circuits to 135 pm for the largest motor neurons. Dendritic morphology, especially the
pattern of branching, varies greatly and is distinctive for neurons that constitute a particular group of cells. The axon of a local circuit neuron
may be as short as 100 um, less than 1 pm in diameter, and devoid of a myelin covering. On the other hand, the axon of a motor neuron that
supplies a muscle in the foot is nearly 1 m long, up to 10 pmin diameter, and encased in a myelin sheath up to 5 pym thick. (Much longer axons
are present in large animals such as giraffes and whales.)

Neurons occur in ganglia in the peripheral nervous system and in either laminae (layers) or groups called nuclei in the CNS. The large neurons
of a nucleus or comparable region are called Golgi type | or principal cells; their axons carry the encoded output of information from the
region containing their cell bodies to other parts of the nervous system. The dendrites of a principal cell are contacted by axonal terminals of
several other neurons. These neurons include principal cells of other areas and nearby small neurons. The latter are known variously as Golgi
type Il, internuncial, or local circuit neurons, or, more simply, as interneurons. In many parts of the brain, these neurons greatly outnumber
the principal cells.

Examples of large and small neurons are shown in Figure 2-1, which shows the cells as they might appear in specimens stained by the Golgi
method.

NEUROHISTOLOGICAL TECHNIQUES

Structural features of neurons and neuroglial cells are not well shown in sections prepared by general-purpose staining methods such as the
alum-hematoxylin-eosin beloved of pathologists. Specialized staining methods are preferred

for light microscopy. Additional information is obtained with the electron microscope and from studies in which functionally significant
chemical compounds are histochemically localized in the cells and parts of cells in which they are synthesized or stored.
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FIGURE 2-1 Examples of neurons, showing variations in size, shape, and branching of processes.

Cationic dyes, called “Nissl stains” when applied to nervous tissue, bind to DNA and RNA. Therefore, these stains demonstrate the nuclei of all
cells and the cytoplasmic Nissl substance (RNA of rough endoplasmic reticulum) of neurons (Fig. 2-2).

Reduced silver methods produce dark deposits of colloidal silver in various structures, notably the proteinaceous filaments inside axons (Fig. 2-
3). Other silver methods are available
for demonstration of different types of neuroglial cells.




FIGURE 2-2 Motor neuron in the spinal cord, stained with cresyl violet to show the Nissl bodies and a prominent nucleolus (X800).

Stains for myelin rely on the affinities of certain dyes for hydrophobic proteins and protein-bound phospholipids. They reveal the major tracts
of fibers. Some of the photographs in this book (e.g., in Chapter 7) are of sections stained by Weigert's method for myelin.

The Golgi method, which has many variants, is valuable for the study of neuronal morphology, especially of dendrites. Insoluble salts of silver or
mercury are precipitated within the cells in blocks of tissue that are then cut into thick sections. Some neurons, including the finest branches
of their dendrites, stand out in black against a clear background (Fig. 2-4). Occasional neuroglial cells are similarly displayed,

but axons (especially if myelinated) are typically unstained. An important feature of these methods is the random staining of only a small
proportion of the cells, enabling the resolution of structural details of the dendritic trees of individual neurons.




FIGURE 2-3 Cell body of a neuron in the brain, surrounded by axons. In addition, the nucleolus and a small accessory body of Cajal are
seen in the nucleus. (Stained by one of Cajal's silver nitrate methods; X 1,000.)




FIGURE 2-4 Pyramidal cell of the cerebral cortex, stained by the Golgi technique. The cell body is in the lower one third of the picture,
and dendrites extend up toward the cortical surface. The axon is not visible. (X90; courtesy of Dr. E. G. Bertram.)




Filling techniques provide pictures similar to those obtained by the Golgi method but for individual neurons that have been studied
physiologically. A histochemically demonstrable ion or enzyme or a fluorescent dye is injected into the neuron through a micropipette that has
been used for intracellular electrical recording. Some other fluorescent dyes move laterally within cell membranes. These can be applied to
fresh or even fixed tissue and used to trace neuronal connections over distances up to 5 mm.

Histochemical and immunohistochemical methods are available for localizing substances contained in specific populations of neurons. These
substances include putative neurotransmitters and enzymes involved in their synthesis or degradation. Several previously unrecognized systems
of neurons have been identified by the use of these methods. With immunohistochemistry, substances in tissues are detected by the binding of
specific antibodies. Immunohistochemical methods for cell-specific proteins have largely replaced the traditional silver methods for staining
axons and glial cells.

Electron microscopy reveals the detailed internal structure of neurons and the specializations that exist at synaptic junctions. The necessity
of using very thin sections makes it difficult to reconstruct in three dimensions. Electron microscopy may be combined with staining by Golgi
methods or with immunohistochemical procedures.

Confocal microscopy allows the examination of thin optical sections within thicker specimens prepared for light (usually fluorescence)
microscopy. Resolution is enhanced, and images can be superimposed electronically to make pictures that are in focus for the whole depth of
the specimen. In confocal images, immunohistochemical localizations can be combined with tracing based on filling or axonal transport.

NEURON CYTOLOGY

The parts of a generalized multipolar neuron are shown in Figure 2-5.

Cell Surface

The surface or limiting membrane of the neuron assumes special importance because of its role in the initiation and transmission of signals. The
plasma membrane, or plasmalemma, is a double layer of phospholipid molecules whose hydrophobic hydrocarbon chains are all directed
toward the middle of the membrane. Embedded in this structure are protein molecules, many of which pass through the whole thickness. Some
transmembrane proteins provide hydrophilic channels through which inorganic ions may enter and leave the cell by diffusion. Each of the

common ions (Na*, K*, Ca?*, Cl') has its own specific type of molecular channel, and there are also mixed ion channels that allow passage of
multiple

ions such as Na* and K* or Na*, K*, and Ca*. Some channels are voltage gated, which means that they open and close in response to changes
in the electrical potential across the membrane. Other channels open in response to ligand, such as neurotransmitters, binding to specific
receptors. Nerve impulses are propagated (conducted) along the cell membrane of the neuronal surface. Pumps are protein molecules of the
cell membrane that consume energy (from adenosine

triphosphate [ATP]) as they move ions against concentration gradients. A single pump, known as Na/K-ATPase, transports potassium ions into
and sodium ions out of the cell, resulting in a net negative charge within the cell and contributing to the membrane potential. Receptors are
protein molecules that respond to specific chemical stimuli, typically by causing the opening of associated channels.
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FIGURE 2-5 Components of a neuron, traced from an electron micrograph. Mitochondria are colored green and presynaptic terminals
from other neurons yellow. (Modified from Heimer L. The Human Brain and Spinal Cord, 2nd ed. New York: Springer-Verlag, 1995.)

The most abundant ions in extracellular fluid are sodium (Na*) and chloride (Cl). Inside the cell, potassium (K*) is the main positive ion; it is
neutralized by organic anions of amino acids and proteins. Both the extracellular fluid and the cytoplasm are electrically neutral, and each has



the same total osmotic pressure. A consequence of these conditions is that there is a potential difference across the membrane: The inside is
negative (-70 mV) with respect to the outside when the neuron is not conducting a signal. This resting membrane potential opposes the

outward diffusion of K* and the inward diffusion of Cl" because unlike charges attract and like charges repel one another. The membrane is

much less permeable to Na* because the voltage-gated channels for this cation are closed as a consequence of the resting membrane
potential. The cytoplasmic anions are too large to pass through the membrane. The ionic concentrations are maintained by the activity of the
sodium pump.

The signals carried by a neuron are changes in the potential difference across the plasmalemma. At rest, the cytoplasm is negative (about 70
mV) with respect to the extracellular fluid. This difference is reversed to about +40 mV inside when an axon is sufficiently stimulated. The
reversal, known as an impulse or action potential, propagates along the axon. An action potential is an all-or-none phenomenon. In contrast,
the dendrites and the cell body respond to stimuli with graded potential changes. Lowering of the membrane potential to a threshold level of -
55 mV at the initial segment of the axon triggers an action potential.

@ Signaling in Neurons

Nucleus and Cytoplasm

The nucleus of a neuron is usually in the center of the cell body. In large neurons, it is vesicular (with finely dispersed chromatin), but in most
small neurons, the chromatin is in coarse clumps. Typically, there is a prominent nucleolus. The sex chromatin (see Fig. 2-5), present only in
females, was first described in the large nuclei of motor neurons.

The cytoplasm of the cell body (Fig. 2-6) is dominated by the organelles of protein synthesis (rough endoplasmic reticulum and polyribosomes)
and cellular respiration (mitochondria). Also present is a well-developed Golgi apparatus, where carbohydrate side chains are added to protein
molecules packaged into membrane-bound vesicles destined to enter or pass through the surface membrane of the cell. In light microscopy,
the rough endoplasmic reticulum is conspicuous as striated bodies of Nissl substance (see Fig. 2-2).

Filamentous organelles are most prominent in the neurites. Neurofilaments (diameter, 7.5 to 10 nm) are made of structural proteins similar to
those of the intermediate filaments of other types of cells. When gathered into bundles, they form the neurofibrils of light microscopy.
Microtubules (external diameter, 25 nm) are involved in the rapid transport of protein molecules and small particles in both directions along
axons and dendrites. Microfilaments (4 nm) are molecules of the contractile protein actin. They are present on the inside of the plasmalemma
and are particularly numerous in the tips of growing neurites.

Neuronal cytoplasm also contains small numbers of membrane-bound vesicles called lysosomes, which contain enzymes that catalyze the
breakdown of unwanted large molecules. Neurons may also contain two types of pigment granules. Lipofuscin is a yellow-brown pigment
formed from lysosomes that accumulates with aging. Neuromelanin is a black pigment seen only in neurons that use catecholamines (dopamine
or noradrenaline) as neurotransmitters.

Neurites

Dendrites taper from the cell body and branch in its immediate environs. In some neurons, the smaller branches bear large numbers of minute
projections, called dendritic spines, which participate in synapses. The surface of the cell body is also included in the receptive field of the
neuron.

The single axon has a uniform diameter throughout its length. In interneurons, it is short and branches terminally to establish synaptic contact
with adjacent neurons. Some interneurons have no axon, so they can conduct only graded changes of membrane potential. In principal

cells, the diameter of the axon increases in proportion to its length. Collateral branches may be given off at right angles to the axon. The
terminal branches are known as telodendria; they typically end as synaptic terminals (also known as boutons terminaux) in contact with other
cells. The cytoplasm of the axon is called axoplasm, and the surface membrane is known as the axolemma. The axoplasm includes
neurofilaments, microtubules, scattered mitochondria, and fragments of smooth endoplasmic reticulum.



FIGURE 2-6 Electron micrograph of part of the cell body of a neuron in the preoptic area of a rabbit's brain. The series of membranes,
together with the free polyribosomes between the membranes, constitute the Nissl material of light microscopy. M, mitochondria;
Memb, membranes of endoplasmic reticulum; PM, plasma membrane at surface of cell. (X36,000; courtesy of Dr. R. Clattenburg.)

Myelin

The axon of a principal cell is usually surrounded by a myelin sheath, which begins near the origin of the axon and ends short of its terminal
branching.

Myelin is laid down by neuroglial cells—Schwann cells in the peripheral nervous system and oligodendrocytes in the CNS. The sheath consists of
closely apposed layers of glial plasma membranes. Interruptions called nodes of Ranvier indicate junctions between regions formed by different
Schwann cells or oligodendrocytes. The ion movements of impulse conduction in a myelinated axon are confined to the nodes. This
arrangement provides for saltatory conduction in which the action potential jumps electrically from one node to the next, so that signaling is
much faster in a myelinated than in an unmyelinated axon. A nerve fiber consists of the axon and the surrounding myelin sheath or of the axon
only in the case of an unmyelinated fiber. The greater the diameter of a nerve fiber, the faster is the conduction of the nerve impulse.



FIGURE 2-7 (A) The myelin sheath and Schwann cell as they are seen (ideally) by light microscopy. (B-D) Successive stages in the
development of the myelin sheath from the plasma membrane of a Schwann cell. (E) Ultrastructure of a node of Ranvier, sectioned
longitudinally. (F) Relation of a Schwann cell to several unmyelinated axons.

Myelin sheaths are laid down during the later part of fetal development and during the first postnatal year in the manner shown, for a
peripheral fiber, in Figure 2-7. The ultrastructure of the sheath is seen in Figure 2-8. A Schwann cell myelinates only one axon, but in the CNS,
each process of a single oligodendrocyte contributes to the myelination of a different axon (Fig. 2-9).

Experiments with peripheral nerves of animals show that all Schwann cells have the potential to
make myelin sheaths and that each neuron determines whether the glial cells around its axon will or will not produce a myelin sheath.




FIGURE 2-8 Ultrastructure of the myelin sheath (M) in a peripheral nerve. The dense and less dense layers alternate, and the latter
includes a thin intraperiod line. A, axoplasm; E, endoneurium, with collagen fibers. (Electron micrograph, X 107,500; courtesy of Dr. R. C.
Buck.)

@ Saltatory Conduction in Myelinated Axons

Nerve Fibers

A nerve fiber is an axon together with a myelin sheath, if present, and the ensheathing glial cells. The velocity of conduction of an impulse
along a nerve fiber increases with the diameter. The largest axons have the thickest myelin sheaths and, therefore, the greatest external
diameters. The axonal diameter is approximately two thirds of the total external diameter of the fiber. The thinnest, most slowly conducting
axons are unmyelinated.

Peripheral nerve fibers are classified into groups according to external diameter and conduction velocity (Table 2-1). Axons in the CNS are not
as easy to classify; their diameters vary greatly.

@ Conduction Velocity and the Compound Action Potential

Synapses

A neuron influences other neurons at junctional points, or synapses. The term synapse, meaning a conjunction or connection, was introduced
by Sherrington in 1897. An action potential can be propagated in either direction along the surface of an axon. The direction it follows under
physiological conditions is determined by a consistent polarity at most synapses, where transmission is from the axon of one neuron to a
dendrite or the perikaryon of another neuron. Consequently, action potentials are initiated at the axonal hillock and are propagated away
from the cell body.
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FIGURE 2-9 An oligodendrocyte with cytoplasmic extensions forming the myelin sheaths of axons in the central nervous system.
(Modified from Bunge MB, Bunge RP, Ris H. Ultrastructural study of remyelinization in an experimental lesion in adult cat spinal cord. J
Biophys Biochem Cytol 1961;10:67-94.)

TABLE 2-1 Size and Conduction Velocity of Nerve Fibers

Name and Function External Conduction
T f Fiber" Diameter Velocity
ot Type orFiber (um) (m/sec)

Myelinated fibers

Aaor IA 12-20 70-120




Motor to skeletal muscle; sensory from muscle spindle proprioceptive endings (phasic,
annulospiral type)

AB or IB 10-15 60-80

Sensory from tendons (tension); also Ruffini endings in skin

ABor ll 5-15 30-80

Sensory from Meissner's and pacinian corpuscles and similar endings in skin and connective
tissue; from large hair follicles and tonic proprioceptive endings (flower-spray type) of
muscle spindles

Ay 3-8 15-40

Motor to intrafusal fibers of muscle spindles

Ad or lll 3-8 10-30

Sensory from small hair follicles and from free nerve endings for temperature and pain
sensations

Preganglionic autonomic (white rami and cranial nerves 3, 7, 9, and 10)

Unmyelinated fibers

CorlIv -l 0.5-2.5

Pain and temperature; olfaction; postganglionic autonomic




" Letters are used for any nerve; Roman numerals are used for sensory fibers in dorsal spinal roots.

CHEMICAL SYNAPSES

A point of functional contact between two neurons, or between a neuron and an effector cell, is a synapse. The structural details of synapses
can be resolved only by electron microscopy. Most synapses in vertebrate animals are chemical synapses. The surface membranes of the two
cells are thickened by deposition of proteins (receptors and ion channels) on their cytoplasmic surfaces. The intervening synaptic cleft
contains an electron-dense glycoprotein that is absent from the general extracellular space.

The presynaptic neurite, which is most often a branch of an axon, is known as a synaptic terminal or bouton terminal (“terminal button”; the
plural is boutons terminax. This French term recalls the appearance in light microscopy.). A synaptic terminal contains numerous mitochondria
and a cluster of synaptic vesicles. The latter are membrane-bound organelles 40 to 150 nm in diameter (Fig. 2-10), which contain chemical
neurotransmitters. The vesicles may be spherical (in Gray's type 1 synapses, which are generally excitatory) or ellipsoidal (in Gray's type 2
synapses, which use the inhibitory transmitter gamma-aminobutyrate [GABA]). Type 1 synapses are asymmetric, with deposits of fibrillary
material that are conspicuously thicker on the postsynaptic than on the presynaptic membrane.

The postsynaptic structure is typically a dendrite. Often, it bears a pendunculated projection, a dendritic spine, that invaginates the
presynaptic neurite. Commonly, synapses are grouped together on a dendrite or an axonal terminal to form a larger structure, known as a
synaptic complex or glomerulus. In the CNS, the cytoplasmic processes of protoplasmic astrocytes

intimately invest synaptic complexes, restricting diffusion in the intercellular spaces of released transmitters and inorganic ions such as calcium
and potassium. These small molecules and ions are absorbed into the cytoplasm of astrocytes and can then diffuse, by way of gap junctions, to
adjacent astrocytes.



FIGURE 2-10 Electron micrograph of an axodendritic Gray's type | (asymmetrical) synapse in a rabbit's hypothalamus. D, dendrite; M,
mitochondria; Pre, presynaptic membrane; Post, postsynaptic membrane; SV, synaptic vesicles. (X82,000; courtesy of Dr. R. Clattenburg.)

Some different types of chemical synapse are shown in Figure 2-11. The most common arrangements for transferring signals from one neuron to
another are axodendritic and axosomatic synapses. Axoaxonal synapses are strategically placed to interfere either with the initiation of
impulses at the initial segments of other axons or with the activities of other synaptic terminals. Dendrodendritic synapses can modify a
neuron's responses to input at other synapses.

When the membrane potential of a presynaptic neurite is reversed by the arrival of an action potential (or, in the case of a dendrodendritic

synapse, adequately reduced by a graded fluctuation), calcium channels are opened and Ca?* ions diffuse into the cell because they are
present at a much higher concentration in the extracellular fluid than in the cytoplasm. Entry of calcium triggers the fusion of synaptic
vesicles to the terminal plasmalemma, thereby releasing neurotransmitters and neuromodulators into the synaptic cleft. A classical
neurotransmitter either stimulates or inhibits the postsynaptic cell. A neuromodulator has other actions, including modifying the
responsiveness to transmitters.

Having crossed the synaptic cleft, the transmitter molecules combine with receptors on the postsynaptic cell. If the transmitter-receptor
interaction is one that results in excitation, nonspecific cation channels are opened, allowing entry of Na* and Ca?* and efflux of K* at
postsynaptic

sites. Inhibition, on the other hand, primarily involves the opening of chloride channels in the postsynaptic membrane, which is transiently
hyperpolarized as a consequence of the diffusion of Cl ions into the cytoplasm. Some inhibition results from the opening of K" channels, which
allows K* to leave the cell, thereby resulting in a net negative charge inside the neuron, similar to the effect of the entry of Cl ions. These
changes in the membrane potential are additive over the whole receptive surface of the postsynaptic neuron. If the net electrical change
reaches a threshold level of depolarization to about -55 mV at the axon hillock, an action potential will be initiated and will travel along the
axon. Thus, the sum of the postsynaptic responses in the receptive field of a neuron determines whether, at any given moment, an impulse will



be sent along the axon.
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FIGURE 2-11 Ultrastructure of various types of synapses. The green areas represent the cytoplasmic processes of astrocytes. A, axons;
D, dendrites.

Some neurotransmitters act rapidly (within milliseconds) by combining with ionotropic receptors, which are also the ion channels in the
membrane. Other substances, notably the peptides, have more protracted actions (within seconds, minutes, or hours). Slowly acting
transmitters or modulators combine with metabotropic receptors associated with G proteins. The latter substances bind guanosine
triphosphate and participate in intracellular second-messenger systems in the cytoplasm of the postsynaptic cell. The inhibitory transmitter
GABA acts on ionotropic receptors associated with chloride channels and on G protein-associated receptors that induce opening of potassium
channels. Glutamate, the most abundant excitatory transmitter, also acts on both ionotropic and metabotropic receptors.

The properties of some neurotransmitters and neuromodulators are summarized in Table 2-2. This table does not include the many peptides
that serve as transmitters and modulators throughout the nervous system.

ELECTRICAL SYNAPSES

Electrical synapses are common in invertebrates and lower vertebrates and have been observed at a few sites in the mammalian nervous system.

TABLE 2-2 Neurotransmitters and Neuromodulators

Compound Occurrence and Functions

Amino acids




Glutamate Excitatory neurotransmitter in all parts of the CNS

GABA Inhibitory neurotransmitter in all parts of the CNS

Glycine Inhibitory neurotransmitter in spinal cord and brain stem

Amines and related

compounds
Excitatory transmitter used by motor neurons and by all preganglionic and some postganglionic
Acetvicholine autonomic neurons (see Chapter 24). In the CNS, acetylcholine is the transmitter or
y neuromodulator used by neurons in certain nuclei of the reticular formation (see Chapter 9) and
in nuclei in the basal forebrain that project to the cerebral cortex.
Dopamine Used by neurons in the hypothalamus, substantia nigra, and ventral tegmental area (see Chapters
P 11, 12, and 18). Modulatory actions in the corpus striatum, limbic system, and prefrontal cortex.
Noradrenaline Transmitter used by most neurons of sympathetic ganglia (see Chapter 24); actions vary with the
(norepinephrine) receptors on the innervated cells.

Noradrenaline-producing neurons in the locus coeruleus and other parts of the reticular
formation (see Chapter 9) have neuromodulatory effects throughout the brain and spinal cord.

Excitatory transmitter used by neurons in the tuberomamillary nucleus of the hypothalamus.
Histamine These neurons have long, branched axons that go to most parts of the brain and are believed to
be involved in maintaining consciousness.

Neuromodulator used by neurons in the midline of the brain stem with long branching axons going
to all parts of the CNS. Various actions include involvement in sleep (see Chapter 9), mood (see
Chapter 18), and pain (see Chapter 19).

Serotonin (5-
hydroxytryptamine)

CNS, central nervous system; GABA, gamma-aminobutyrate.

Each consists of a close apposition (2 nm) of presynaptic and postsynaptic membranes, across which the cytoplasms of the two cells are joined
by numerous tubules or connexons, formed from transmembrane protein molecules of both cells. Water and small ions and molecules move
freely through the connexons. An electrical synapse offers a low-resistance pathway between neurons, and there is no delay because a
chemical mediator is not involved. Unlike most chemical synapses, electrical synapses are not polarized, and the direction of transmission
fluctuates with the membrane potentials of the connected cells. A cluster of connexons that joins cells is known by the general term gap




junction.

Axonal Transport

Proteins, including enzymes, membrane lipoproteins, and cytoplasmic structural proteins, are transported distally within axons from their sites
of synthesis in the perikaryon. Two major rates of transport have been identified by studying the distribution of proteins labeled by
incorporation of radioactive amino acids. Most of the protein moves distally at a rate of about 1 mm/day. This component consists largely of
structural proteins, including the subunits of neurofilaments and microtubules. A smaller proportion is transported much more rapidly at

a mean velocity of 300 mm/day. Transport also occurs simultaneously in the reverse direction, from the synaptic terminals to the cell body. The
retrogradely transported material includes proteins imbibed from the extracellular fluid by axonal terminals as well as proteins that reach the
axon terminals by fast anterograde transport and are returned to the perikaryon. The rate of retrograde transport is variable, but most of the
material moves at about two-thirds the speed of the fast component of the anterograde transport.

@The rapid components of axonal transport in both directions involve predominantly particle-bound substances and require the integrity
of the microtubules of the axoplasm. Particles move along the outsides of the tubules. It is an amazing feat of biological engineering that
different substances can move at different rates and in different directions at the same time within a tube as thin as an axon.

Responses of Neurons to Injury

Neurons may be injured physically or by disease processes such as infarction caused by vascular occlusion. Whereas small interneurons are
likely to suffer total destruction, injury to large neurons may result either in destruction of the cell body or transection of the axon with
preservation of the cell body. When the cell body is destroyed, the axon is isolated from the synthetic machinery of the cell and soon breaks
up into fragments, which are eventually phagocytosed. Similar changes occur distally to the site of an axonal injury. The degeneration of an
axon that has been detached from the remainder of the cell is called Wallerian degeneration. This process affects not only the axon but also
its myelin sheath, even though the latter is not part of the injured neuron.

REACTIONS IN THE CELL BODY

Changes in the cell body after axonal transection constitute the axon reaction. They vary according to the type of neuron. Cells in some
locations degenerate and disappear. This happens to most neurons when the injury occurs before or soon after birth. Conversely, the proximal
portions of some adult neurons are not significantly altered by cutting the axon. In such cells, 24 to 48 hours after interruption of the axon,
the normally coarse clumps of Nissl substance are changed to a finely granular dispersion, a change known as chromatolysis (Online Fig. 2-3).
The nucleus assumes an eccentric position, and the whole cell body swells. These changes reach a maximum 10 to 20 days after axonal
transection, and the closer the injury is to the cell body, the more severe the swelling. In a chromatolytic neuron, accelerated synthesis of
RNA and proteins takes place that favors regrowth of the axon when conditions make such regeneration possible. Recovery commonly takes
several months, and the cell body is eventually smaller than normal if the axon does not regenerate.

The changes described are most easily seen in motor neurons after transection of a peripheral nerve. In cells confined to the CNS, the axon
reaction is conspicuous only in some large neurons. Large cells may exhibit no axon reaction when collateral axonal branches that arise close
to the cell body are spared.

Transneuronal degeneration is similar in appearance to the axon reaction, but it occurs in neuronal cell bodies that have been deprived of
most of their afferents. For example, transection of the optic tract is followed after several weeks by atrophy of some of the neurons in the
lateral geniculate body of the thalamus, which is where most of the optic fibers terminate. The postsynaptic neurons have not been directly
injured, and their degeneration is attributed to withdrawal of a trophic substance normally supplied by the presynaptic neurons. Neurons in
the CNS of immature animals are particularly susceptible to damage caused by deafferentation.

CONSEQUENCES OF CUTTING A PERIPHERAL NERVE

The axon does not last long when separated from the cell body. Phagocytes remove the residual bits of axon and myelin, and they prepare the
nerve to receive any axons that might regenerate into its distal stump. These events constitute Wallerian degeneration.

WALLERIAN DEGENERATION IN PERIPHERAL NERVES

Simultaneously, throughout its length, on the first day, the axon distal to the lesion becomes irregularly swollen. By the 3rd to 5th day, the
axon has broken into fragments. Muscle contraction induced by electrical stimulation of a degenerating motor nerve ceases 2 to 3 days after
the nerve is interrupted. The myelin sheath is converted into short ellipsoidal segments during the first few days and gradually undergoes
complete disintegration. In the meantime, mononuclear leukocytes emigrate through the walls of blood vessels and accumulate in the
cylindrical space within the basal lamina of the column of Schwann cells associated with each nerve fiber. The remains of the axon and its
myelin sheath (or the axons only in the case of unmyelinated fibers) are phagocytosed. Thus, the distal stump of a degenerated nerve is filled
with tubular formations, known as the bands of von Bungner, that contain phagocytes and Schwann cells.

AXONAL REGENERATION IN PERIPHERAL NERVES

@If the axon of a large neuron is transected halfway along its length, the cell loses more than half of its cytoplasm. This lost part of the
neuron can be regrown when the injury occurs within the territory of the peripheral nervous system. The reparative process is known as
axonal regeneration. It is important to distinguish between this use of the word regeneration and the replacement of lost cells by mitosis and
reorganization of tissue.



In a severed nerve, the regeneration of axons requires surgical apposition of the cut ends. A crushing injury (or freezing a short length of
nerve in a laboratory animal) transects the axons but leaves the connective tissue framework of the nerve intact to guide growing axons to
their appropriate destinations.

AXONAL GROWTH AND MATURATION

The following description applies to nerves that have been cleanly cut through and repaired. During the first few days, phagocytes and
fibroblasts fill the interval between the apposed ends. Regenerating axons and migrating Schwann cells invade this region by about the 4th day,
with each axon dividing into many filamentous branches, each with an enlarged tip known as a growth cone. The rate of axonal growth is slow
at first; the growth cones may take up to 3 weeks to traverse the site of transection. Many axons grow into nearby connective tissue, but
some find their way into the bands of von Bungner in the distal segment. If

too many axons fail to enter the distal stump, a swelling or neuroma is formed and may become a source of spontaneous pain.






FIGURE 2-12 Longitudinal section of axons regenerating from the proximal stump (A) across the scar at a site of transection and repair
(C) and into the distal stump (B) of a peripheral nerve. a, b, ¢, misdirected regenerating axons; d, coils formed by growing axons that fail
to enter the scar; e, branching regenerated axon; f, g, axons growing into the peripheral stump. (Adapted from Cajal SR. Degeneration
and Regeneration of the Nervous System, vol |I. London: Oxford University Press, 1928:243.)

The invasion of a particular tube leading to a specific type of end organ appears to be determined only by chance. After crossing the region of
the lesion (Fig. 2-12) and entering the bands of von Bungner, the axonal filaments grow along the clefts between columns of Schwann cells and
the surrounding basal laminae. Usually, only one branch of each axon enters a single tube; other sprouts are drawn back into the shaft of the
growing axon. The rate of growth within the nerve distal to the lesion is 2 to 4 mm/day.

Regenerating axons eventually reach motor and sensory endings; the proportion of correctly reinnervated endings depends on conditions at
the site of the original injury. The time that will elapse between nerve suture and the beginning of functional return may be estimated on the
basis of an average regeneration rate of 1.5 mm/day. This value takes into account the time required for the fibers to traverse the lesion and
for the peripheral nerve endings to be reinnervated.

In a human limb, axonal regeneration can be monitored by testing for Tinel's sign—that is, when part of a nerve containing regenerating axons
is tapped with a small hammer, the patient reports a tingling sensation in the area of skin that normally would be supplied by the nerve.

Each regenerating axon becomes surrounded by the cytoplasm of Schwann cells. For axons that are to be myelinated, the Schwann cells lay
down myelin sheaths, starting near the lesion and proceeding distally.

Even years after injury and repair, the fiber diameters, internodal lengths, and conduction velocities are seldom more than 80% of the
corresponding normal values. Regenerated motor axons supply more muscle fibers than they formerly did. There is less precise control of
reinnervated muscles, and sensory function is also inferior to that mediated by uninjured nerves.

NERVE GRAFTS

When a substantial length of a nerve has been lost, the deficit can be repaired by inserting a graft taken from a thin cutaneous nerve that is
functionally less important than the one to be repaired. Several strands of thin nerve are placed side by side, in the manner of a cable, for
grafting into a large nerve. Axonal regeneration in a nerve graft is identical to that in a transected and sutured nerve, but the growing axons
have to negotiate two sites of anastomosis. The functional recovery is, therefore, far from perfect. A nerve graft must be an autograft (i.e.,
taken from the same individual) or an isograft (i.e., taken from an identical twin), or it will be rejected by the immune system.

AXONAL DEGENERATION AND REGENERATION IN THE CENTRAL NERVOUS SYSTEM

The simplest lesion to visualize is an incised wound of the brain or spinal cord. The space made by the knife blade fills with blood and later with
collagenous connective tissue, which is continuous with the pia mater. The astrocytes in the nervous tissue on each side of the collagenous
scar generate longer and more numerous cytoplasmic processes, which form a tangled mass. The number of astrocytes does not increase
appreciably, but there is a large increase in the total cell population caused mainly by emigration of monocytes from blood vessels to form
phagocytic cells known as reactive microglia. The resting microglia that were present before the injury also transform into phagocytes.

The degeneration of severed central axons and their sheaths is different from the process of Wallerian degeneration in peripheral nerves.
Degenerating fragments of myelinated axons are present as extracellular objects for several months after the original injury, and the reactive
microglial cells that eventually phagocytose the debris persist in situ for many years, marking the positions of the degenerated fibers.

Axons that have been transected in a nerve regrow vigorously, as described earlier. In contrast, when axons are transected within the brain or
spinal cord, their proximal stumps begin to regenerate, sending sprouts into the region of the lesion, but this growth ceases after about 2
weeks. This failure of axonal regeneration is attributed partly to inadequate provision of growth factors, which are proteins that promote
survival of neurons and axonal growth. Growth factors are produced by various cell types, including neurons and glial cells. Some proteins
inhibit axonal growth; the one best understood is present in oligodendrocytes and myelin.

In a few circumstances, axons regenerate successfully within the mammalian brain. For example, the unmyelinated neurosecretory axons of the
pituitary stalk (see Chapter 11) can regenerate effectively in adult mammals. Axons of several kinds can regenerate across lesions made in the
brain or spinal cord in newborn rodents or the pouch-young of marsupials. Both newly growing and regenerating axons cross the sites of
transection and make appropriate synaptic connections with other neurons. These animals are at developmental stages equivalent to early and
midfetal development in humans. Nevertheless, many neurons of immature animals die after axotomy. Central axons can regenerate and
accurately reconnect with other neurons in adult fishes and amphibians.

PLASTICITY OF NEURAL CONNECTIONS

Considerable functional recovery commonly occurs after traumatic or pathological damage to the brain, especially when the lesion is not large.
For example, destruction of a small area of cerebral cortex that had a well-defined motor or sensory function is followed by paralysis or loss of
sensation, with recovery after several weeks. Similar recovery occurs after partial transection of tracts of fibers. Recovery from paralysis
caused by occlusion of blood vessels in the cerebral hemispheres (i.e., stroke) is commonly seen in clinical practice, and functional recovery
may even occur after incomplete transverse lesions of the spinal cord.

Functional recovery involves the taking over of the functions of damaged neurons by neurons that remain intact. The reorganization of
connections within the brain is known as plasticity. This may be an extension of a normally present adaptability used in the learning of often-
repeated tasks. Structural changes accompany the functional plasticity that occurs after injury to the nervous system. Thus, when a group of
neurons is deprived of part of its afferent input, preterminal axons that come from quite different places grow new branches that then form
synapses at the sites denervated by the original lesion. This event, known as axonal sprouting, may occur within a small group of neurons or



over greater distances, as when the axons of intact dorsal root ganglion cells extend their axons for three or four segments up and down the
spinal cord after transection of neighboring dorsal roots.

TRANSPLANTATION OF CENTRAL NEURONS

Neurons of the adult CNS die soon after removal from the body, presumably as the result of severance of their axons and dendrites. Axons can,
however, grow into and out of fragments or isolated cells taken from the embryonic or fetal brain and transplanted into certain parts of the
adult brain. In laboratory animals, transplanted fetal neurons can partly compensate for the effects of injuries and experimentally induced
diseases. Many attempts have been made to try such grafts in people with Parkinson's disease (see Chapter 12), but no substantial or lasting
benefits to the recipients have been found. Transplantation of fetal neurons into the human brain or spinal cord is unlikely to acquire
therapeutic significance because (a) even with multiple fetal donors, the number of grafted neurons is unrealistically small in relation to the
corresponding parts of the recipient brain; (b) neurons deposited in what would be the normal locations of their cell bodies are unlikely to
generate axons that will grow several centimeters in the right direction through the host brain into appropriate populations of postsynaptic
neurons; and (c) neurons deposited in regions their axons might normally innervate will not receive afferent synapses appropriate to the
normal locations of their cell bodies.

Current research on transplantation into the brain is focused on stem cells, which may be induced to differentiate into neurons or neuroglial
cells and on adult-derived glial cells such as Schwann cells and olfactory ensheathing cells, which can encourage axonal growth in the adult
brain. There is also much interest in neural progenitor cells that occur in certain places in the brains of adult animals. These cells can be
induced to migrate and differentiate into neurons; exploitation of this property may have therapeutic potential.

@ Neuroglial Cells

The term neuroglia originally referred only to cells in the CNS. It is now applied also to the nonneuronal cells that are intimately related
to
neurons and their processes in peripheral ganglia and nerves. The principal structural features of each type are shown in Figure 2-13. The
developmental biology of neuroglial cells is reviewed in Chapter 1.

CENTRAL NEUROGLIA

Astrocytes

Astrocytes are variable cells with many cytoplasmic processes. Their cytoplasm contains intermediate filaments composed of glial fibrillary
acidic protein (GFAP). Many astrocytic processes are closely applied to capillary blood vessels, where they are known as perivascular end feet.
Other end feet are applied to the pia mater at the external surface of the CNS and beneath the single layer of ependymocytes that lines the
ventricular system, forming, respectively, the external and the internal glial limiting membranes.
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FIGURE 2-13 Neuroglial cells of the central nervous system.

Two extreme types of astrocytes are easily recognized by light or electron microscopy. Fibrous astrocytes occur in white matter and have
long processes with coarse bundles of GFAP filaments. Protoplasmic (or velate) astrocytes are found in gray matter, and their processes are
greatly branching and flattened to form delicate lamellae around the terminal branches of axons, dendrites, and synapses.

Miiller cells (in the retina) and pituicytes (in the neurohypophysis; see Chapter 11) are varieties of protoplasmic astrocytes. Olfactory
ensheathing cells occur in the olfactory nerves and in the olfactory bulb of the forebrain. They are derived from the olfactory placode and
have properties in common with both astrocytes and Schwann cells.

Synapses and nodes of Ranvier are surrounded by the processes of protoplasmic astrocytes, which bear neurotransmitter-specific transporter
molecules on their surfaces. Astrocytes can absorb some neurotransmitters, notably glutamate, thus terminating their actions on the
postsynaptic membrane. The absorption of potassium ions by astrocytes around synapses, unmyelinated axons, and nodes of Ranvier restrains
the spread of electrical disturbances within bundles of axons and regions of neuropil. The dissipation of potassium ions and other small
molecules is further enhanced by the existence of gap junctions between adjacent astrocytes.

Corpora amylacea are spherical bodies 25 to 50 pm in diameter and are seen in the normal brains and spinal cords of most middle-aged and
elderly people. The name is from a fancied similarity to starch grains. Most corpora amylacea are formed by accumulation of glycoproteins and
lipoproteins within processes of astrocytes, although some contain proteins that are normally present in oligodendrocytes or neurons. Corpora
amylacea are often extremely abundant, especially in the white matter of the spinal cord, and it is surprising that they do not interfere with
function. At sites of degeneration of the cerebral cortex, a locally increased abundance of corpora amylacea sometimes occurs, but these



bodies are not thought to be involved in the causation of disease.

Oligodendrocytes

The nuclei of oligodendrocytes are small. A rim of cytoplasm surrounds the nucleus, and the cell has a few long, thin processes. The cytoplasm
is conspicuous because of its high electron density and because it contains much granular endoplasmic reticulum and many polyribosomes.
Filaments and glycogen are absent, but numerous microtubules are present in the processes. Interfascicular oligodendrocytes occur in rows
among myelinated axons, where their cytoplasmic processes form and remain continuous with the myelin sheaths (see Fig. 2-9). This function is
equivalent to that of the Schwann cell in peripheral nerves. One oligodendrocyte is connected to several myelinated axons. Satellite
oligodendrocytes are closely associated with the cell bodies of some large neurons. Astrocytes are also closely associated with neuronal cell
bodies. A third type of oligodendrocyte, which does not form myelin, has cytoplasmic processes that contact the nodes of Ranvier in white
matter, alongside processes of astrocytes.

Ependyma

The ependyma is the simple cuboidal-to-columnar epithelium that lines the ventricular system. Three cell types are recognized in the
ependyma. Ependymocytes constitute the majority. Their cytoplasm contains all the usual organelles as well as filaments similar to those in
astrocytes. Most ependymocytes bear cilia and microvilli on their free or apical surfaces. The bases of the cells have cytoplasmic processes
that mingle with the astrocytic end feet of the internal glial limiting membrane. Ependymocytes line the ventricular system and are thus in
contact with the cerebrospinal fluid (CSF). These cells are not connected by tight junctions, and molecules of all sizes are freely exchanged
between the CSF and the adjacent nervous tissue.

Tanycytes differ from ependymocytes in having long basal processes. Most of these cells occur in the floor of the third ventricle. Their basal
processes end on the pia mater and on blood vessels in the median eminence of the hypothalamus (see Chapter 11). It has been suggested that
the tanycytes of the ventral hypothalamic region respond to changing levels of blood-derived hormones in the CSF by discharging secretory
products into the capillary vessels of the median eminence. Such activity may be involved in the control of the endocrine system by the
anterior lobe of the pituitary gland (see Chapter 11).

Choroidal epithelial cells cover the surfaces of the choroid plexuses. They have microvilli at their apical surfaces and invaginations at their
basal surfaces, which rest on a basement membrane. Adjacent choroidal epithelial cells are joined by tight junctions, thus preventing the
passive movement of plasma proteins into the CSF. These cells are metabolically active in controlling the chemical

composition of the fluid, which is secreted by the choroid plexuses into the cerebral ventricles (see Chapter 26).

Microglia

About 5% of the total neuroglial population in the CNS is composed of resting microglial cells. These have small, elongated nuclei; scanty
cytoplasm; and several short-branched processes with spiny appendages. Resting microglial cells are evenly spaced throughout the gray and
white matter, with little overlapping or intertwining of their processes.

Resting microglial cells are equivalent to the resident macrophages of other tissues, and they can acquire phagocytic properties when the CNS
is afflicted by injury or disease. They may also be involved in protecting the nervous tissue from viruses, microorganisms, and the formation of
tumors.

Abnormal Central Neuroglia

When the brain or spinal cord is injured, the astrocytes near the lesion undergo hypertrophy. The cytoplasmic processes become more
numerous and are densely packed with GFAP filaments. There may also be a small increase in the number of the cells caused by mitosis of
mature astrocytes. These changes, known as gliosis, occur in many pathological conditions, and sometimes the reactive astrocytes acquire
phagocytic properties.

Cells with structural and staining properties similar to those of resting microglial cells appear in large numbers at the sites of injury or
inflammatory disease in the CNS. Experimental evidence indicates that some of these pathological cells, known as reactive microglial cells, are
formed from resting microglial cells, which retract their processes, divide, exhibit amoeboid movement, and acquire phagocytic properties. The
activation of resident microglia occurs immediately after almost any kind of insult. At a later stage, large numbers of monocytes enter the
nervous system by passing through the walls of blood vessels, and these also assume the appearance of reactive microglial cells and
phagocytose the remains of dead cells, bacteria, and other debris. This function is equivalent to that of macrophages in other parts of the
body. Reactive microglial cells that are distended with lipid-rich phagocytosed material are known as gitter cells.

PERIPHERAL NEUROGLIA

Schwann Cells (Neurolemmocytes)

These tubular cells with elongated nuclei intimately ensheath all axons in all parts of the peripheral nervous system, including nerve roots and
peripheral nerves. Each axon is suspended in the cytoplasm of its Schwann cell by a double layer of surface membrane, the mesaxon. The
myelin sheaths in peripheral nerves are formed by Schwann cells. A myelinated axon is exposed to extracellular fluid at regular intervals along
its length, where there are short gaps between adjacent neurolemmocytes. The gaps are called nodes of Ranvier. One Schwann cell ensheaths
either one myelinated axon or several unmyelinated axons. The surface of an unmyelinated axon is in contact with extracellular fluid along its
whole length, through the cleft between the layers of its mesaxon. (This cleft is closed off by the formation of a myelin sheath.) On the
outside surface of each Schwann cell, a basal lamina is present.



Satellite Cells (Ganglionic Gliocytes)

In sensory and autonomic ganglia, these cells intimately surround the neuronal somata. Ganglia also contain Schwann cells around axons.

The enteric nervous system consists of small ganglia and interconnecting strands of mostly unmyelinated neurites in the wall of the gut (see
Chapter 24). The neuroglial cells in this system have structural and chemical features in common with both astrocytes and peripheral gliocytes.
No special name has been given to the enteric glial cells.
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Chapter 3

Peripheral Nervous System

Important Facts

e Ganglia are the sites of all neuronal cell bodies in the peripheral nervous system. Motor and preganglionic
autonomic neurons have their cell bodies in the spinal cord and brain stem.

e A nerve is a bundle of axons, together with the associated glia, myelin sheaths, and supporting connective
tissue. A nerve fiber is one axon together with its myelin sheath and neuroglial (Schwann) cells. The most
rapidly conducting fibers, those with the largest diameters, innervate extrafusal muscle fibers or serve the
senses of discriminative touch, proprioception, and vibration. The smallest axons are for pain, olfaction,
and visceral innervation.

e Sensory ganglia are present on the dorsal roots of spinal nerves and on some cranial nerves. These
ganglia contain unipolar neurons with axons that enter the central nervous system (CNS).

e Skin contains a variety of types of sensory nerve endings for touch, temperature, pain, and other external
sensations. Muscles, tendons, and joints contain proprioceptive endings. Muscle spindles inform the CNS
of changes in the length of a muscle; tendon receptors respond to tension. Kinesthetic sensation (i.e.,
conscious proprioception) arises mainly from muscle spindles but partly from joints.

e Striated skeletal muscle is supplied by motor neurons, which have their cell bodies in the spinal cord and
brain stem.

e The motor end plate is the structurally specialized effector ending in striated skeletal muscle. The synaptic
transmitter is acetylcholine, which makes the muscle fibers contract.

e Preganglionic neurons have axons that synapse with the neurons in autonomic ganglia. Smooth muscle
and glands are innervated by the neurons in autonomic ganglia.

e The endings of autonomic axons are swellings (varicosities) of unmyelinated axons, containing a variety of
chemical transmitter substances that stimulate or inhibit smooth muscle, cardiac muscle, and secretory
cells.

General Organization

Certain aspects of the peripheral nervous system are especially pertinent to a study of the brain and spinal cord. These include the sensory
receptors, motor endings, histology of peripheral nerves, and structure of ganglia. The following introductory comments refer to all spinal
nerves and to the cranial nerves that are not restricted to the special senses. The structures discussed in this chapter are shown in Figure 3-
1, which represents a spinal nerve in the thoracic or upper lumbar region in which neurons for visceral innervation are included.

General sensory endings are scattered profusely throughout the body. They are biological transducers, in which physical or chemical stimuli
create action potentials in nerve endings. The resulting nerve impulses, on reaching the central nervous system (CNS), produce reflex
responses, awareness of the stimuli, or both. Sensory endings that are superficially located, such as those in the skin, are called
exteroceptors; they respond to stimuli for pain, temperature, touch, and pressure. Proprioceptors in muscles, tendons, and joints provide
data for reflex adjustments of muscle action and for awareness of position and movement.

Components of Nerves, Roots, and Ganglia

Signals from exteroceptors and proprioceptors are conducted centrally by primary sensory neurons, whose cell bodies are located in

dorsal root ganglia (or in an equivalent cranial nerve ganglion). On entering the spinal cord, the dorsal root fibers divide into ascending and
descending branches; these are distributed as necessary for reflex responses (of which some are considered in Chapter 5) and for transmission
of sensory data to the brain (pathways are reviewed in Chapter 19).
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FIGURE 3-1 Functional components of a “typical” spinal nerve, in this case between levels T1 and L2. Color scheme: Red for somatic
motor neurons; blue for primary sensory neurons; green for preganglionic autonomic (sympathetic) neurons; and black for interneurons
in the spinal cord and for postganglionic sympathetic neurons.

There is a third class of sensory endings, known as interoceptors, in the viscera. Central conduction occurs through primary sensory neurons
like those already noted, except that the peripheral process follows a different route. For a receptor concerned with pain, the sensory axon
reaches the sympathetic trunk through a white communicating ramus and continues to a viscus in a branch of the sympathetic trunk. For
receptors concerned with the functional regulation of internal organs, some sensory axons may follow similar courses, but the best understood
of these “physiological afferent” axons have their cell bodies in cranial nerve ganglia and are connected centrally with the brain stem. There
are, therefore, two broad categories of sensory endings and afferent neurons: somatic afferents, for the skin, bones, muscles, and connective
tissue that makes up most of the mass of the body (soma), and visceral afferents, for the internal organs of the circulatory, respiratory,
alimentary, excretory, and reproductive systems.

There are also two categories of efferent neurons. The cell bodies of somatic efferent neurons (also called motor neurons) are in the ventral
gray horns of the spinal cord and motor nuclei of cranial nerves. The axons of ventral horn cells traverse the ventral roots and spinal nerves
and terminate in motor end plates on skeletal muscle fibers. The visceral efferent or autonomic system has a special feature, in that at least
two neurons participate in transmission from the CNS to smooth muscle, cardiac muscle, or secretory cells (Fig. 3-2).

Sensory Endings

The sensory endings are supplied by axons that differ in size and other characteristics. This is a matter of some interest because there is a
correlation between fiber diameter and the rate of conduction

of the action potential and because functionally different sensory endings are supplied by fibers of specific sizes. A commonly used
nomenclature for peripheral nerve fibers, using Roman and Greek letters, is given in Table 2-1. This table includes the functions associated with
the categories.
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FIGURE 3-2 Comparison of autonomic with somatic innervation.

CUTANEOUS SENSORY ENDINGS

On a structural basis, two classes of cutaneous and other sensory endings are recognized. Nonencapsulated endings are terminal branches of
the axon that may either be closely applied to cells or lie freely in the extracellular spaces of connective tissue. Encapsulated endings have
distinctive arrangements of nonneuronal cells that completely enclose the terminal parts of the axons. In the following account, the receptors
are described according to location, with exteroceptors and some proprioceptors shown in Figures 3-3 and 3-4, respectively.

Most of the skin bears hairs that vary greatly in length, thickness, and abundance from one part of the body to another. Glabrous skin, which
lacks hairs, is present on the palmar surfaces of the hands and fingers, the soles, and parts of the face and external genitalia. Hairy and
glabrous skin have different patterns of innervation.

HISTOLOGY OF CUTANEOUS INNERVATION

Cutaneous branches of spinal and cranial nerves pass through the subcutaneous connective tissue into the dermis, where the axons spread out
horizontally to form three plexuses, which lie in the plane of the skin's surface. The subcutaneous plexus lies in the loose connective tissue
deep to the skin, the dermal plexus is within the densely collagenous reticular layer that constitutes the deeper part of the dermis, and the
papillary plexus lies in the papillary layer of the dermis, immediately beneath the epidermis. The axons of each plexus send branches into the
adjacent tissues. The density of cutaneous innervation varies considerably from one region to another. For example, the

face and hands are more richly innervated than is the dorsal aspect of the trunk. P.39
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FIGURE 3-3 Sensory innervation of skin. (A) Plexuses. (B) Peritrichial ending. (C) Merkel ending in epidermis. (D) Pacinian corpuscle. (E)
End bulb. (F) Meissner's corpuscle. (G) Ruffini ending.

Free nerve endings occur in the subcutaneous tissue and dermis, and some extend among the cells of the epidermis. They are the terminal



branches of group C fibers and the unmyelinated terminal branches of group A fibers, and they are receptive to all modalities of cutaneous
sensation. Although they are called “free endings,” these axons are always invested with Schwann cells (the neuroglia of peripheral nerves) and
do not contact the extracellular fluid directly. Indeed, it is impossible to identify the exact point of termination of an axon within the skin.
The existence of free nerve endings is inferred from the functional sensitivity of regions of skin in which no other types of sensory ending can
be recognized.

Merkel endings are found in the germinal layer (stratum basale) of the epidermis. Axonal branches end as flattened expansions, each being
closely applied to a Merkel cell. This small cell differs from the other epidermal cells in having an indented nucleus and electron-dense
cytoplasmic granules. Merkel cells are found in glabrous skin and in the outer root sheaths of hairs.

Peritrichial nerve endings are cagelike formations of axons that surround hair follicles. A single axon sends branches to many hair follicles, and
each follicle is supplied by from 2 to 20 axons. The axons approach the follicle deep to its sebaceous gland and branch in the connective tissue
outside the outer root sheath. Some branches encircle the follicle, others run parallel to its long axis, and some end on Merkel cells in the
outer root sheath.

Skin contains several types of encapsulated ending. The Ruffini ending, typically about 1 mm long and 20 to 30 um wide, is an array of terminal
branches of a myelinated axon surrounded by capsular cells. The pacinian corpuscle (or Vater-Pacini corpuscle) consists of a single axon that
loses its myelin sheath and is encapsulated by several layers of flattened cells with greatly attenuated cytoplasm. These ellipsoidal corpuscles
are about 1 mm long and 0.7 mm wide. Ruffini endings and pacinian corpuscles are present in the subcutaneous tissue and dermis of both hairy
and glabrous skin. Meissner's tactile corpuscles occur in large numbers in the dermal papillary ridges of the fingertips and are less abundant in
other hairless regions. Each Meissner's corpuscle is supplied by three or four myelinated axons whose terminal branches form a complicated
knot that is enclosed in a cellular and collagenous capsule. Meissner's corpuscles are about 80 pm by 30 pm in size and are oriented with their
long axes perpendicular to the skin's surface. End bulbs vary in size and shape, and several types have been described (e.g., end bulbs of
Krause, Golgi-Mazzoni endings, genital corpuscles, mucocutaneous endings), although all may be variants of the same structure. They are
commonly spherical, about 50 pm in length, with each containing a coiled, branching axonal terminal in a thin cellular capsule. Most end bulbs
occur in mucous membranes (mouth, conjunctiva, anal canal) and in the dermis of glabrous skin close to orifices (lips, external genitalia).

PHYSIOLOGIC CORRELATES

The types of sensation consciously perceived from the skin are called modalities. The different sensations are not always clear cut, but in
medical practice, it is customary to recognize five modalities that are easily tested by clinical examination. These are fine (discriminative)
touch, vibration, light touch, temperature (warmth or cold), and pain. Sensations of each modality also have quality. For example, pain may
have an aching or a burning quality; temperature has quality that varies continuously, from painfully cold to painfully hot. The central pathways
that process these sensations are fairly well known (see Chapter 19), but for other modalities (e.g., itch, tickle, rub, firm pressure), they are
only poorly understood. Careful testing has revealed that the human skin is a mosaic of spots, each of which responds selectively to only one
of the four elementary sensations of touch, warmth, cold, and pain. The response of any one of these spots is always the same, whatever the
nature of the stimulus. For example, a feeling of coldness will be experienced from a “cold spot” even if it is heated or injured. The sensitivity
is greatest (or in physiologists' parlance, the threshold is lowest) for the specific modality.

Attempts to correlate the modalities of sensation in humans with morphologically identified nerve endings have yielded inconclusive results.
Electrophysiological studies in animals, however, have shown that although no cutaneous receptors have absolute specificity, there is a high
degree of selectivity for certain end organs.

An important physiological property of any receptor is adaptation, which is a reduced response to continued stimulation. A slowly adapting
receptor reports continuously on the stimulus that activates it. A rapidly adapting receptor reports changes in the stimuli it receives.
Meissner's corpuscles are sensitive to mechanical deformation, and they adapt rapidly (i.e., they do not continue to respond to a sustained
deformation). These properties, associated with alignment in papillary ridges, allow an array of these receptors to identify with great accuracy
the positions and movements of objects touching or moving across the surface of the skin. Thus, Meissner's corpuscles are the sense organs
used when feeling the texture of a surface with the tips of the fingers. Merkel endings also respond preferentially to tactile stimuli but are
much more slowly adapting than Meissner's corpuscles, so they respond to steady indentation of the surface of the skin. Their sensitivity to
this stimulus is enhanced by their location in the epidermis. Pacinian corpuscles also initiate action potentials when they are deformed; they
are the most rapidly adapting receptors, so they have a special sensitivity to vibration. The rapid adaptation is attributed to the fluid between
the many layers of the corpuscle; a sustained deformation causes a change of shape without mechanically disturbing the axon in the center.
The Ruffini ending responds to mechanical stimuli that pull on the collagen fibers attached to its capsule, when pressure on or stretching of
the skin causes movement in the subcutaneous tissue. Peritrichial endings respond to mechanical displacement of the hair shaft, so that hair
follicles serve as receptor organs for light touch. The various end bulbs are poorly understood but are presumed to respond to tactile stimuli.

For the modalities of warmth and cold (all skin) and touch (hairy skin that does not contain encapsulated endings), it is presumed that the
receptors must be free nerve endings derived from the dermal and papillary plexuses. The physiological characteristics of some of these
receptors have been ascertained from electrical recordings made from individual axons in peripheral nerves in animals and humans. The
receptors for tactile sensation are low threshold mechanoceptors, a category that includes all encapsulated and some free nerve endings.

Painful sensations are received by free nerve endings, termed nociceptors. Three types are recognized. High threshold mechanoreceptors
respond only to mechanical stimuli such as stretching or cutting. Polymodal nociceptors respond to both mechanical and thermal (245°C)
stimuli and to chemical mediators released from injured cells. The third type of nociceptor responds only to chemical mediators and may
contribute to the hyperalgesia (lowered pain threshold) associated with inflammation.

SENSORY ENDINGS IN MUSCLES, TENDONS, AND JOINTS

Proprioceptors in the capsules of joints, muscles, and tendons furnish the CNS with information required for the performance of properly
coordinated movements through reflex action. In addition, proprioceptive information reaches consciousness so that there is awareness of the
position of body parts and of their movements (kinesthetic sense or conscious proprioception). Pain that arises in muscles, tendons, ligaments,
and bones is probably detected by free nerve endings in connective tissue. These nociceptive endings respond to physical injury and to local
chemical changes such as those caused by inflammation or ischemia.



Muscles

The proprioceptive organs in skeletal muscles are the neuromuscular spindles, often simply called muscle spindles. They are innervated by
both sensory and motor neurons.

Neuromuscular spindles are a fraction of a millimeter wide and up to 6 mm long. They lie in the long axis of the muscle, and their collagenous
capsules are continuous with the fibrous septae that separate the muscle fibers. The fibrous septa are in mechanical continuity with the
skeletal attachments of the muscle so that the spindles are lengthened whenever a muscle is passively stretched. Spindles are typically located
near the tendinous insertions of muscles and are especially numerous in muscles that perform highly skilled movements, such as those of the
hand.
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FIGURE 3-4 Specialized sensory endings in skeletal muscle and tendon. Sensory axons are shown in shades of blue, fusimotor axons in
red, muscle fibers in yellow, and connective tissue in black and gray. (A) A Golgi tendon organ. (B) Neuromuscular spindle in transverse
section. (C) Innervation of a muscle spindle.

Each spindle (see Fig. 3-4) consists of a capsule of connective tissue, with two to 14 intrafusal muscle fibers. The latter differ in several
respects from the main or extrafusal fibers of the muscle. Intrafusal fibers are considerably smaller than the extrafusal; the equatorial region
lacks cross striations and contains many nuclei that are not in the subsarcolemmal position characteristic of mature striated muscle.

A muscle spindle is supplied by two sensory axons. One of these is an Aa or la fiber (see Table 2-1); the axon loses its myelin sheath as it
pierces the capsule, and then it winds spirally around the midportions of the intrafusal muscle fibers in the form of an annulospiral ending.
The second, slightly smaller sensory fiber (AB or Il) branches terminally and ends as varicosities on the intrafusal muscle fibers some distance
from the midregion. The latter terminals are called flower spray endings. The annulospiral and flower spray terminals are also known,
respectively, as the primary and secondary sensory endings of the spindle.

The extrafusal fibers composing the main mass of a muscle are innervated by large motor cells (alpha motor neurons), whose axons are of Aa
size. Smaller motor cells (gamma motor neurons), with Ay axons, supply the intrafusal muscle fibers within the spindle.

The simplest role of the muscle spindle is that of a receptor for the stretch reflex. Slight stretching of a muscle lengthens the intrafusal fibers,
and the sensory endings are stimulated. Action potentials are conducted to the spinal cord, where terminal branches of the sensory axons
synapse with alpha motor neurons that supply the main mass of the muscle. The latter thereupon contracts in response to stretch through a



two-neuron reflex arc. Stimulation of

the spindles ceases when the muscle contracts because the spindle fibers, in parallel with the other muscle fibers, return to their original
lengths. The stretch reflex is in constant use in the adjustment of muscle tone. It also forms the basis of tests for tendon reflexes, such as the
knee jerk (extension at the knee on tapping the patellar tendon), which are standard items in clinical examinations.

The spindles also have an important role in muscle action that results from the activity of the brain. The motor fibers that descend from the
brain into the spinal cord influence both alpha and gamma motor neurons in the ventral gray horns by synapsing with them directly and
through the mediation of interneurons. Contraction of the intrafusal muscle fibers in response to stimulation by gamma motor neurons
lengthens the midportions and starts a volley of impulses in the sensory axons. This causes contraction of the regular muscle fibers through
reflex stimulation of alpha motor neurons. The gamma reflex loop consists of the gamma motor neuron, muscle spindle, sensory neuron, and
alpha motor neuron supplying extrafusal muscle fibers. It is an adjunct to the more direct control of muscles by descending fibers from the
brain that control the alpha motor neuron. Activation of the gamma reflex loop can set the length of a muscle before the initiation of a
movement.

Tendons

Golgi tendon organs, also known as neurotendinous spindles, are most numerous near the attachments of tendons to muscles. Each receptor
has a thin capsule of connective tissue that encloses a few collagenous fibers of the tendon. The axon of an AB or Ib fiber (there may be more
than one) breaks up into unmyelinated terminal branches after entering the spindle, and the branches end as varicosities on the intrafusal
tendon fibers. This type of sensory ending is stimulated by tension in the tendon, in contrast to the muscle spindle, which responds to
changes in the length of the region containing sensory nerve endings. Afferent signals from Golgi tendon organs reach interneurons in the
spinal cord, which, in turn, have an inhibitory effect on alpha motor neurons, causing relaxation of the muscle to which the particular tendon
is attached. The different functions of the neuromuscular and neurotendinous spindles are in balance in the total integration of spinal reflex
activity. As constant monitors of tension, the Golgi tendon organs also provide protection against damage that might result from an excessively
strong muscular contraction.

Joints

Around the capsules of synovial joints, there are small pacinian corpuscles and formations similar to Ruffini cutaneous endings. They respond,
respectively, to the cessation and initiation of movement. Receptors identical to Golgi tendon organs are present in the articular ligaments;
they mediate reflex inhibition of muscles when excessive strain is placed on the joint. Free nerve endings are abundant in the synovial
membrane, capsule, and periarticular connective tissues. They are believed to respond to potentially injurious mechanical stresses and to
mediate the pain that arises in diseased or injured joints.

CONSCIOUS PROPRIOCEPTION

The various types of proprioceptors provides essential information for neuromuscular control at the subconscious level, including reflexes that
involve the spinal cord, brain stem, cerebellum, and cerebral cortex. The roles of specific receptors in conscious proprioception (kinesthesia)
are still debated. Observations made with human subjects indicate that the nerves from both joints and muscles carry signals that are
consciously perceived as position and movement. Infiltration of a small joint with local anesthetic does not impair these sensations, but damage
to major ligaments of a large joint, such as the knee, is followed by diminished position sense. The muscle spindles are considered to be the
principal kinesthetic receptors.

SENSORY ENDINGS IN VISCERA

Except for pacinian corpuscles, most of which are in mesenteries, the sensory endings in viscera consist mainly of nonencapsulated terminal
branches of axons, some of which are quite complicated. In general, visceral afferents function in physiological visceral reflexes; in the
sensations of fullness of the stomach, rectum, and bladder; and in pain caused by visceral

dysfunction or disease. Afferent fibers for pain generally travel in different nerves from those involved in functional control and have different
connections in the CNS (see Chapter 24).

Effector Endings

The nervous system acts on muscle fibers and secretory cells. Control of these nonneural cells is effected by a mechanism similar to that of
chemical synaptic transmission between neurons (see Chapter 2). At the neuroeffector endings, axons terminate in relation to skeletal,
cardiac, and smooth muscle fibers and to the cells of exocrine and endocrine glands. Many endocrine organs are controlled, directly or
indirectly, by hypothalamic neurosecretory neurons that discharge their products into blood vessels for subsequent delivery to the target
cells.

MOTOR END PLATES

The motor end plates, or myoneural junctions, on extrafusal and intrafusal fibers of skeletal striated muscles are synaptic structures with two
components: the ending of a motor axon and the subjacent part of the muscle fiber. The axon of an alpha motor neuron divides terminally to
supply variable numbers of muscle fibers. A motor unit consists of one motor neuron and the muscle fibers that it innervates. The number of
muscle fibers in a motor unit varies from fewer than 10 to several hundred, depending on the size and function of the muscle. Small muscles,
such as the extraocular and intrinsic hand muscles, must contract with greater precision, so their motor units include only a few muscle
fibers. Large motor units occur in the muscles of the trunk and proximal parts of the limbs; they are necessary for sudden and powerful
movements, with many muscle fibers contracting simultaneously.



FIGURE 3-5 Motor end plates. (Gold chloride technique, X800; courtesy of Drs. R. Mitchell and A. S. Wilson.)

Each branch of the motor nerve fiber gives up its myelin sheath on approaching a muscle fiber and ends as several branchlets that constitute
the neural component of the end plate (Fig. 3-5). The end plate is typically 40 to 60 pm in diameter and is usually located midway along the
length of the muscle fiber. The neurolemmal sheath (consisting of the nucleated cytoplasmic parts of Schwann cells) continues around the
terminal branches of the motor axon but does not intervene between the nerve ending and the muscle fiber. The nerve fiber is surrounded
outside the neurolemma by a thin sheath of endoneurial connective tissue, which blends at the motor end plates with the endomysium (the
connective tissue that ensheaths each muscle fiber).

The axonal endings within the end plates contain mitochondria and synaptic vesicles. The latter contain acetylcholine, which is the
neurotransmitter in motor end plates. Each axonal branchlet occupies a groove or “synaptic gutter” on the surface of the muscle fiber. The
intervening synaptic cleft is 20 to 50 nm wide. The plasma membrane and associated basement membrane, which together constitute the
sarcolemma of the muscle fiber, have a wavy outline where they appose the nerve terminal, with the irregularities known as junctional folds.
This folded region of the sarcolemma, the subneural

apparatus, is demonstrable histochemically by its content of acetylcholinesterase, the enzyme that inactivates acetylcholine.

Acetylcholine, which is released from the synaptic vesicles when action potentials travel along the axon, binds to acetylcholine receptor
molecules in the folded sarcolemma of the subneural apparatus. An adequate train of impulses releases enough acetylcholine to depolarize the
postsynaptic membrane, and the resulting action potential is carried into the muscle fiber (by invaginations of the sarcolemma that constitute
the transverse tubular system) to the contractile myofibrils.

POSTGANGLIONIC AUTONOMIC ENDINGS

The presynaptic effector nerve endings on smooth muscle, cardiac muscle, and secretory cells are swellings, usually called varicosities, along
the courses and at the tips of unmyelinated axons. These swellings contain accumulations of mitochondria and clusters of synaptic vesicles.
The terminals are applied to the effector cells, sometimes as closely as they are in skeletal muscle, but there are no obvious postsynaptic
structural specializations. Whereas noradrenergic terminals of the sympathetic nervous system contain electron-dense synaptic vesicles,
cholinergic terminals (typically parasympathetic) contain small electron-lucent vesicles. Other types of synaptic vesicles are also seen
frequently, and immunohistochemical studies indicate that most autonomic nerve endings contain one or more peptides in addition to the two
classical neurotransmitters.

CLINICAL NOTES
Myasthenia Gravis

An autoimmune disease is one in which there is production of antibodies that bind to cells or proteins that
are normal components of the person's own body. In myasthenia gravis, such antibodies combine with the



acetylcholine receptors at motor end plates, thereby blocking the normal action of acetylcholine. In many
cases, the antibody-producing cells are derived from a benign tumor of the thymus. All skeletal muscles
become weak and easily fatigued, so the first signs of the disease appear in constantly used muscles, such as
those that move the eyes and eyelids and those of respiration. Symptomatic relief is provided by drugs that
inhibit acetylcholinesterase, allowing higher concentrations of the transmitter to accumulate in the synaptic
cleft. Treatments that suppress the immune system (e.g., removal of the thymus, use of corticosteroids and
other drugs) are also valuable in the management of patients with myasthenia gravis.

Ganglia

Spinal ganglia are swellings on the dorsal roots of spinal nerves, located in the intervertebral foramina, just proximal to the union of dorsal and
ventral roots. Spinal ganglia contain the cell bodies of primary sensory neurons, mainly in a large peripheral zone. The center of the ganglion is
occupied by the proximal parts of the neurites. Dorsal root ganglia and ganglia of cranial nerves involved with general sensation have the same
histological structure.

The neurons in sensory ganglia are at first bipolar, but the two neurites soon unite to form a single process. (The term pseudounipolar is often
applied to the sensory ganglion cell, but this is a truly unipolar neuron after the two processes of the bipolar embryonic cell have fused.) The
neurite divides into peripheral and central branches; the former terminates in a sensory ending, and the latter enters the spinal cord through
a dorsal root. Action potentials pass directly from the peripheral to the central branch, bypassing the cell body. Both branches have the
structural and electrophysiological characteristics of axons.

The spherical cell bodies in a sensory ganglion vary from 20 to 100 um in diameter; their processes are similarly of graded size, ranging from
small unmyelinated fibers in group C to the largest myelinated fibers in group A (see Table 2-1). The large neurons are for proprioception and
discriminative touch; those of intermediate size are concerned with light touch, pressure, pain, and temperature; the smallest neurons
transmit impulses for pain and temperature.

Each cell body is closely invested by a layer of satellite cells that is continuous with the Schwann cell sheath that surrounds the axon.
External to this, the neurons are supported by connective tissue that contains collagen fibers and blood vessels.

Autonomic ganglia include those of the sympathetic trunks along the sides of the vertebral bodies, collateral or prevertebral ganglia in
plexuses of the thorax and abdomen (e.g., the cardiac, celiac, and mesenteric plexuses), and certain ganglia near viscera. The principal cells
of autonomic ganglia are multipolar neurons 20 to 45 pm in diameter. The cell body is surrounded by satellite cells similar to those of spinal
ganglia. Several dendrites extend and branch outside the capsule of satellite cells and receive synaptic contacts from preganglionic axons. The
thin, unmyelinated axons (group C fibers) of the principal cells leave the ganglia and eventually supply smooth muscle and gland cells in some
viscera, cardiac muscle, the enteric plexuses, blood vessels throughout the body, and sweat glands and arrector pili muscles in the skin.
Autonomic ganglia also contain small interneurons with short dendrites that are postsynaptic to the preganglionic axons and presynaptic to
dendrites of principal cells.

Peripheral Nerves

ARRANGEMENT AND ENSHEATHMENT OF NERVE FIBERS

The constituent fibers of all but the smallest peripheral nerves are arranged in bundles or fascicles, and three connective tissue sheaths are
recognized (Fig. 3-6). The entire nerve is surrounded by the epineurium. This is composed of ordinary connective tissue, and it also fills the
spaces between the fascicles. Undulations in the epineurial collagen fibers around each fascicle allow for stretching of the nerve that
accompanies flexion of joints and other movement. A nerve root within the vertebral canal does not have an epineurium; this ensheathing layer
is acquired as the nerve pierces the dura mater on its way through an intervertebral foramen. (The dura mater is the outermost of the three
meninges; these layers of connective tissue that envelop the brain and spinal cord are described in Chapter 26.)

CLINICAL NOTES
Herpes Zoster

A common disorder involving spinal or cranial nerve ganglia is herpes zoster (or shingles), in which a viral
infection of the ganglion causes pain and other sensory disturbances and a skin eruption in the area of
distribution of the affected dorsal root or cranial nerve. The cutaneous inflammation is caused partly by
spontaneous antidromic conduction of impulses in the group C fibers of the nerve. These release from their
terminals peptides, including substance P (SP) and calcitonin gene-related peptide (CGRP). SP and CGRP dilate
small arteries and make small veins permeable, causing exudation of plasma.

The sheath that encloses each small bundle of fibers in a nerve consists of several layers of flattened cells, collectively known as the
perineurium. Within the perineurium, individual nerve fibers have a delicate covering of connective tissue that constitutes the endoneurium,
or sheath of Henle. The cells of all three connective tissue layers of peripheral nerves are derived from mesodermal cells rather than from the
neuroectoderm. Within the endoneurium, the axons are intimately ensheathed by neuroglial cells (Schwann cells), which are derived from the
neural crest and constitute the neurolemma (also spelled neurilemma) or sheath of Schwann.

MYELINATED NERVE FIBERS

A nerve fiber consists of the axon, the myelin sheath (of fibers in groups A and B), and the neurolemma (sheath of Schwann). The axon is no



different from a long axon in the CNS. Its cytoplasm (axoplasm) contains neurofilaments, microtubules, patches of smooth-surfaced endoplasmic
reticulum, and mitochondria. The plasma membrane of an axon is called

the axolemma. The neurolemma and the myelin sheath are components of Schwann cells. The ultrastructure of myelin and its mode of
formation from the Schwann cell membrane are described and illustrated in Chapter 2. The neurolemma consists of the cytoplasm of the
Schwann cell, outside the myelin sheath. Most of the cytoplasm is in the region of the ellipsoidal nucleus, but traces of cytoplasm and the
plasma membrane closely surround the myelin sheath.
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FIGURE 3-6 The connective tissue sheaths in a transversely sectioned nerve. This is a biopsy of human sural nerve. Fat cells are black
(from treatment with osmium tetroxide), and other structures are blue, from staining of the thin resin-embedded section with alkaline
toluidine blue. (Courtesy of Dr. William McDonald.)

The myelin sheath is interrupted at intervals by nodes of Ranvier. The distance between nodes varies from 100 pm to about 1 mm, depending
on the length and thickness of the fiber, and there is one Schwann cell for each internode. Funnel-shaped clefts in myelin sheaths, the
incisures of Schmidt-Lanterman, can be seen by light microscopy in longitudinal sections of nerves. In electron micrographs, these incisures
are shown to be zones in which there are spaces between the layers, with occasional retention of Schwann cell cytoplasm between the
membranes. This may aid the passage of materials through the myelin sheath to the axon.

The myelin sheath electrically insulates the internodal parts of the axon. At each node, however, the cytoplasmic portions of the adjoining
Schwann cells have irregular edges, and there is a narrow space between the two cells through which the axolemma at the node is in contact
with extracellular fluid (see Fig. 2-7E). Voltage-gated sodium channels are present in the axolemma only at nodes. This arrangement allows
action potentials to skip electrically (instantaneously) from node to node. This rapid transmission of action potentials along a myelinated fiber is
called saltatory conduction (from the Latin saltare, to jump). The most rapidly conducting myelinated fibers in a nerve are those with the
largest diameters and the longest internodes.

UNMYELINATED FIBERS

Nerves contain many axons that do not have myelin sheaths. A single Schwann cell envelops several (up to 15) such axons, as shown in Figure 2-
7F. The cell and its included axons constitute a Remak fiber. Each axon is surrounded by a single layer of the glial cell's plasma membrane. It is,
therefore, unmyelinated, and there are no nodes of Ranvier. The nerve impulse is a self-propagating action potential along the axolemma,
without the accelerating factor of node-to-node

or saltatory conduction. This accounts for the slow rate of conduction that is characteristic of unmyelinated (group C) axons.

CLINICAL COMMENTS
Peripheral Nerve Diseases and Injuries



Peripheral neuropathy is a common cause of sensory loss and motor weakness. Loss of myelin is a typical
feature of affected nerves. Distal parts of nerves are affected first, with symptoms in the hands and feet.
There are many causes of peripheral neuropathy, including autoimmunity, nutritional deficiencies, toxic
substances of various kinds (including ethanol), and metabolic disorders (notably, diabetes mellitus).

Nerve injuries may or may not cause transection of axons, with resulting loss of function. There may be
failure of conduction in axons that have been injured but not transected. Patients with this condition, known
as neurapraxia, usually recover quite quickly, but sometimes neurapraxia is permanent for unknown reasons.
As explained in Chapter 2, severed axons regenerate vigorously in the peripheral nervous system, but many
are misdirected to inappropriate places. Damage to a nerve by a penetrating wound may be followed by an
incapacitating disorder known as causalgia. Severe pain is present in the affected limb, together with changes
in skin texture. The symptoms of causalgia may be attributable, at least in part, to the formation in the
injured nerve of abnormal excitatory contacts between sympathetic and sensory axons. The pain can often
be relieved by surgical removal of the sympathetic ganglia that supply the affected skin.

If the proximal stump of a transected nerve is not connected to a distal stump, the axons go on regenerating
and, with associated glial cells, form a neuroma in which there are many abnormal contacts between the
surfaces of axons and other cells. The neuroma may account for painful sensations that are perceived as
coming from an amputated limb, known as phantom limb pain. Phantom limb sensations also include feelings
of size, position, and movement. They are experienced not only by amputees but also by about one third of
people born without one of their limbs. Genetically determined circuitry in the CNS may, therefore, provide for
conscious awareness of a map of the parts of the body that normally exist.

A nerve may be pressed on where it passes over a bony prominence or through a restricted aperture; for
example, the ulnar nerve is subject to pressure at the elbow, and the median nerve can be squeezed in the
carpal tunnel at the wrist. The resulting entrapment syndrome includes motor and sensory disturbances in
the area of distribution of the nerve. The major plexuses, especially the brachial plexus, may be compressed
(as in crutch palsy). Nerve roots are more fragile than nerves because they lack an epineurium. They may be
irritated or compressed by inflamed meninges, by abnormally protruding parts of intervertebral disks
(spondylosis), or by bony irregularities (spinal osteoarthritis). Clinical manifestations of nerve root lesions
include weakness and wasting of muscles as well as pain in the affected cutaneous areas. The distribution of
axons from segmental sensory nerve roots to the skin is discussed in association with the spinal cord in
Chapter 5.

The thinnest unmyelinated axons are those of the olfactory nerves. Here, each mesaxon envelops a bundle consisting of many unmyelinated
axons. A somewhat similar arrangement exists in the enteric nervous system, which consists of ganglia and nerves in the wall of the alimentary
canal and its associated organs. Olfactory ensheathing cells and enteric glial cells differ from the Schwann cells of ordinary nerves, and they
contain some chemical components that are otherwise characteristic of astrocytes of the CNS (see Chapter 2).
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Chapter 4

Imaging Techniques And Neuroanatomical Research Methods

Important Facts

e Diagnostic images of the living brain can be made with radiographs. Computed tomography (CT) has
largely supplanted pneumoencephalography and ventriculography. Angiography provides information about
the condition and positions of blood vessels, especially arteries.

e Nuclear magnetic resonance imaging (MRI) provides images that are derived from the distribution and
concentration of hydrogen atoms. Bone is invisible, and the anatomical resolution is superior to that
attainable with x-ray tomography. Positron emission tomography (PET) and regional cerebral blood flow
studies can localize metabolically active regions of the brain. PET images are anatomically less precise than
those obtained by CT or MRI. Functional MRI is another technique for showing metabolically active areas.

e Exact information about connections between groups of neurons can be obtained only from experimental
studies in animals.

e The distribution of fragments of degenerating axons can provide evidence for the former existence of
neuronal connections in the injured or diseased brain or spinal cord.

e Investigations of neuronal activities, such as axonal transport and glucose or oxygen metabolism, are now
widely used in the study of connectivity and function in the central nervous system. Tracer substances
may be transported anterogradely or retrogradely along axons, and their distributions can be correlated
with information obtained about neurotransmitters and their actions on postsynaptic cells. Certain viruses
spread within neurons and across synapses, and these are used to identify chains of functionally
connected neurons.

During the past 2 centuries, clinical investigators have been correlating disordered function with abnormalities found in different parts of the
brain. Normal functions are deduced from the effects of destructive lesions. Experimentation with animals provides more precise information
about the ways that populations of neurons are interconnected. If the same connections are seen in a variety of mammalian species, it is
reasonable to suspect that the human nervous system is similarly organized.

Imaging the Nervous System

Since the 1970s, methods have been available to make images of the living human brain that are almost as accurate as the observations of a
pathologist. Therefore, it is possible to record symptoms and physical signs and identify the affected parts at the same time. Images can also be
made that show regions of the brain with increased metabolic activity associated with sensory, motor, or mental tasks.

The techniques used for obtaining structural and functional information about the living human brain are summarized in Table 4-1. Notes follow
on the methods that provide the most anatomical and functional information.

RADIOGRAPHY

A plain radiograph of the head or spinal column provides hardly any information about the normal anatomy of the brain or spinal cord. In adults,
displacement of the calcified pineal gland (see Chapter 11) can reveal displacement of midline structures. With contrast media, the images are
more informative. In angiography, a radiopaque liquid injected into one of the carotid or vertebral arteries shows the branches of these
vessels and, 1 or more seconds later,

the veins. Some normal angiograms are shown in Chapter 25. The chief value of this technique is for detecting arterial disease (occlusion,
stenosis, aneurysm) or displacements of blood vessels by lesions such as tumors. Computed tomography (CT) has replaced the older techniques
of pneumoencephalography and ventriculography (see Table 4-1).

TABLE 4-1 Neuroimaging Methods



Technique

Comments

Methods using radiographs

Simple radiography of the skull and
vertebral column

Nervous tissue is invisible. Injury or disease can be inferred from bony abnormalities.
The calcified pineal gland of adults is visible, and its displacement from the midline can
indicate a unilateral intracranial mass lesion.

Angiography

Detailed two-dimensional projections of blood vessels, including small branches of
arteries. Abnormality of the brain can be deduced from displaced vessels.

Pneumoencephalography and
ventriculography (air or radiopaque
contrast medium makes the
subarachnoid space and ventricles
visible in radiographic images)

CT has replaced these procedures. Pneumoence-phaography is painful;
ventriculography is unduly invasive.

Myelography (radiopaque contrast
medium introduced into spinal
subarachnoid space)

This investigation is still used to outline the spinal cord and nerve roots, especially
where MRI is not available.

Computed tomography (CT)

Provides profiles of sectional images with 2-mm resolution, with enough contrast to
recognize brain tissue, CSF, blood, and bone.

Methods using ultrasound

These techniques are used mainly to detect abnormal flow in arteries, especially the
internal carotid artery.

Methods using nuclear magnetic resonance

Magnetic resonance imaging (MRI)

Provides sectional images 3 to 5 mm thick with 0.5- to 1.0-mm resolution and
considerable anatomical detail. Different imaging modes can emphasize gray and white
matter, CSF, or major blood vessels (MRl angiography). Expensive; takes 30 min for
images of the head, and images are spoiled by movement. MRI angiograms show less
detail than radiographic angiograms.

MRI with contrast medium

An intravenously injected gadolinium compound provides enhancement of abnormal
regions (such as tumors) that have permeable blood vessels.

Blood oxygenation level—dependent (BOLD) signals, based on local concentrations of




Functional nuclear magnetic oxygen, indicate parts of the brain that become more metabolically active during the
resonance imaging (fMRI) completion of a physical or mental task.

Methods using radioactive isotopes

A compound that escapes from the abnormally permeable blood vessels of tumors is
Scans for vascular permeability labeled with a gamma-emitting isotope. By scanning for gamma rays, the approximate
position of the tumor can be determined.

A compound that remains in the blood is labeled with a gamma-emitting isotope.
Scans for regional blood flow Scanning the surface of the head reveals increased blood flow in active areas of the
cerebral cortex, with a resolution of 5 to 10 mm.

Makes sectional images of the distribution of a gamma-emitting isotope, which is used to
Single photon emission computed label a compound that concentrates in active regions or at sites of increased vascular
tomography (SPECT) permeability. Resolution is inferior to that obtained with PET, but less expensive
equipment is needed.

Sectional images indicate sites of concentration of short-lived positron-emitting
isotopes, showing sites of concentration with a resolution of 5 to 10 mm. A cyclotron
and a laboratory for rapid chemical syntheses must be adjacent to the imaging
equipment. PET can be carried out only in major centers of research.

Positron emission tomography (PET)

Computed Tomography

This application of radiographic imaging is based on scanning the head with a narrow, moving beam of radiographs and measuring the
attenuation of the emerging beam. The density readings from thin “sections” (tomograms) of the head are processed by a computer to
generate an image whose brightness depends on the absorption values of the tissues. The technique is valuable in clinical diagnosis because
the density of many cerebral lesions is greater or less than the density of normal brain tissue.

To avoid irradiation of the eyes, the “axial” plane of the sections imaged by CT is oblique, being somewhat closer to horizontal than to coronal.
Special neuroanatomical atlases are available in which CT scans are compared with photographs of slices of the brain cut in the same plane.

Nuclear Magnetic Resonance Imaging

This imaging technique was developed from nuclear magnetic resonance (NMR), a physical method used in chemical analysis. In a strong
magnetic field, the nuclei of atoms absorb radiofrequency energy. The absorbed frequency is characteristic of the element and of the
immediate molecular environment of its atoms. In diagnostic magnetic resonance imaging (MRI), a frequency is chosen that is absorbed mainly
by the nuclei of the hydrogen atoms of water. The patient's head is put into a magnetic field and irradiated with the radiofrequency radiation
for protons. The measured energy absorptions are integrated in a computer, which generates a series of images of sections through the head.
The sections may be reconstructed in any plane. Horizontal sections (parallel to the plane passing through the anterior and posterior
commissures), as well as sagittal and coronal sections, are commonly presented. The reconstructed slices are typically 4 or 5 mm thick.

Images are commonly prepared in three ways, taking advantage of different components of the NMR signal. A T1-weighted image emphasizes
the difference between central nervous tissue (brighter) and other fluids and tissues (dark) and gives some discrimination between gray matter
(brighter) and white matter (less bright). A T2-weighted image emphasizes the cerebrospinal fluid (CSF; bright) in the subarachnoid space and
ventricles, providing crisp anatomical resolution but with poor contrast between gray and white matter. A proton density image emphasizes
the difference between gray matter (bright) and white matter (darker). Examples of images of the brain are shown in Figures 4-1, 4-2, and 4-3.
Later chapters, especially Chapter 16, explain the anatomy displayed in these images. NMR data can also be processed to show the larger blood
vessels (MRI angiography), but the images show less detail than conventional radiographic angiograms.

The advantages of MRI are that no potentially harmful radiation is used, and the anatomical resolution is greatly superior to that obtainable
with radiographs. Bone and flowing blood are invisible in MRI images. Gray and white matter and CSF have different densities, and it is



sometimes possible to identify regions of white matter that contain degenerating axons. A special contrast medium (a gadolinium compound)
can be introduced into the circulation to reveal regions of the brain with abnormally permeable blood vessels, which often occur at sites of
disease. The chief disadvantage is that MRI is a slow process, requiring about 1 hour in contrast to a few minutes for a CT scan.

Functional Nuclear Magnetic Resonance Imaging

Increased blood flow and oxygen usage accompany neuronal activity. In the course of NMR imaging, blood oxygen level-dependent (BOLD)
signals can be collected that relate to oxygen concentration in the tissue being examined. Locally, high levels of metabolic activity can be
translated into signals of high intensity in an image, thus rendering prominent any parts of the brain that are more active than the surrounding
regions. Fine anatomical resolution and an indicator of function are obtained without the use of radiographs or radioactive isotopes. This
technique is being

used extensively for studies of cerebral metabolism in normal mental and physical activities, and it may become important in the diagnosis of
diseases.

FIGURE 4-1 Sagittal T1-weighted nuclear magnetic resonance image of the normal brain. Note that compact bone and flowing blood are
not visible. Many other neuroanatomical features can be seen, including the paracentral lobule, the fornix, a mamillary body, the
cerebral aqueduct, the pons, and the medulla. Compare this image with Figure 1-3. CS, calcarine sulcus; Cb, cerebellum; G, genu of
corpus callosum; M, marrow in parietal bone; S, scalp. (Courtesy of Dr. D. M. Pelz.)




FIGURE 4-2 Three coronal magnetic resonance images of a plane that contains the insula, lentiform nucleus, internal capsule, and head
of caudate nucleus. (A) T1-weighted image: T, trunk of corpus callosum; L, lateral ventricle; S, septum pellucidum. Three coronal
magnetic resonance images of a plane that contains the insula, lentiform nucleus, internal capsule, and head of caudate nucleus. (B)T2-
weighted image: C, cingulate sulcus with callosomarginal artery; L, lateral ventricle. M, middle cerebral vessels in subarachnoid space; S,
superior temporal gyrus. (C) Proton density image: A, amygdaloid body; C, head of caudate nucleus; IC, internal capsule; L, lentiform

nucleus. (Courtesy of Dr. D. M. Pelz.)







FIGURE 4-2 (continued)

Two types of BOLD signals can be exploited. In T,* BOLD functional MRI (fMRI), the most frequently used type, the signal is due to
deoxygenated hemoglobin, and “activation” is comonly

imaged in large veins as well as in nervous tissue. More accurate localization is achieved with Hahn spin-echo (HSE) BOLD fMRI, which detects
movements of water into and out of red blood cells, with much stronger signals arising from capillaries than from larger vessels. The spatial
resolution of HSE BOLD fMRI is about 0.1 mm, but this technique is available only in certain research institutes because it requires a stronger
magnetic field (7 to 9 Tesla) than that ordinarily used (1.5 Tesla) for MRI.

FIGURE 4-3 A proton density nuclear magnetic resonance image in a horizontal plane through the level of the insula. C, head of caudate
nucleus; E, external capsule; F, forceps frontalis; L, lentiform nucleus; LV, lateral ventricle; T, thalamus; V, primary visual cortex.
(Courtesy of Dr. D. M. Pelz.)




FUNCTIONAL MAPPING WITH RADIOACTIVE TRACERS

Structure can be related to function by mapping the distribution of a metabolically significant substance that has been labeled with a
radioactive isotope.

Regional Cerebral Blood Flow

Although the flow of blood through the whole brain does not change much, transient but conspicuous local increases in flow are associated

with the activity of neurons. To monitor regional cerebral blood flow, a radioactive tracer such as '*3Xe is introduced into the blood, and the
intensities of the emitted gamma rays are measured by an array of detectors at the surface of the patient’s head. The intensity of the radiation
at any point varies with the vascular perfusion of the underlying tissues. The method is used for examining different parts of the cerebral
cortex. A computer integrates the measurements of radioactivity and provides anatomical images of the functioning areas. Clinicians use this
method to identify cortical regions in which the circulation is inadequate, and research with normal volunteers provides evidence of functional
localization in the cerebral cortex.

Regional cerebral blood flow can also be studied by single-photon emission computed tomography (SPECT) using 133%e or *°Tc as the tracer and

by positron emission tomography (PET) using ['®0O]carbon dioxide. SPECT and PET provide sets of reconstructed sections, thereby providing
information about both the cerebral cortex and the interior of the brain.

Single-Photon Emission Computed Tomography

Each disintegrating atom of an ordinary gamma-emitting isotope emits one photon. The SPECT technique makes sectional maps based on the
uptake into tissue and subsequent dispersal of radiolabeled compounds that have been introduced into the blood. Regional blood flow is
represented as variations of intensity in the resulting images. The images have low resolution (2-3 cm), but they are obtained in only a fraction
of the time needed for a PET scan and at much lower cost.

Positron Emission Tomography

Positrons are emitted by certain radioactive isotopes, of which 150, 3N, ¢, and '®F are the most useful. A positron is immediately annihilated
when it encounters an electron and two gamma-ray photons are emitted. Detection of these pairs of photons enables the computation of sites

of concentration of the isotope, which is incorporated into a metabolically significant compound. For example, [150]water can indicate blood

flow, and [18F]fluorodeoxyglucose is taken up by cells as if it were real glucose. The images of slices of the brain built by PET scanning are
based on such functions as blood flow, uptake of a glucose analog, metabolism of a neurotransmitter precursor, or the binding of a labeled
drug to receptors on the surfaces of cells. The anatomical resolution of PET (5-10 mm) is superior to that of a cortical blood flow or a SPECT
scan, but it is inferior to that attainable with CT (2 mm) or MRI (0.5-1.0 mm).

Positron-emitting isotopes have half-lives ranging from 2 minutes for "0 to 2 hours for '8F, during which time they must be made, incorporated
into suitable compounds, and administered to the patient. This technique can, therefore, be used only in hospitals equipped with a cyclotron
and a laboratory for rapid radiochemical syntheses. The images obtained by PET, some of which display the distributions of neurons that use or
respond to particular synaptic transmitters, can be more informative to physicians than the purely anatomical images obtained with CT or MRI.

Methods for Investigating Neural Pathways and Functions

Clinicopathological correlations and functional imaging techniques show which parts of the brain and spinal cord are used for particular
purposes, but they do not provide much information about the ways in which neurons, with their long axons, communicate between different
parts of the nervous system.

In histological material from normal animals, it is seldom possible to follow an individual axon from its cell body of origin to the distant site in
which it terminates. The small diameters and curved trajectories of axons, together with the fact that different pathways commonly occupy
the same territory, make the direct tracing of most connections impossible. It is, therefore, necessary to use experimental methods to
determine the connectivity of the many groups of neurons in the brain and spinal cord. Results obtained in laboratory animals, especially cats
and monkeys, may be applicable to human brains. This transfer of data from animals to humans is usually justifiable when there are no major
differences between the connections found in diverse groups of animals. Some injuries and diseases in the human nervous system can cause
degeneration of particular tracts of axons. Postmortem examination of the degenerated fibers provides valuable information about human
neural connections.

NEUROANATOMICAL METHODS BASED ON DEGENERATION

Until the introduction of methods based on axoplasmic transport, fiber tracts were traced by staining fibers undergoing Wallerian degeneration
(see Chapter 2) after the placement of a destructive lesion at a selected site in the central nervous system (CNS) of an animal. The oldest
staining method for anterograde degeneration is the Marchi technique, which selectively stains degenerating myelin with osmium tetroxide in
the presence of an oxidizing agent. The course of a tract can be followed in sections taken at appropriate intervals (Fig. 4-4). The archi
technique does not show the unmyelinated terminal branches of the degenerating axons, but it is the only method that can nevertheless give
useful results when applied to human postmortem material. Silver methods, which can show degenerating unmyelinated axons and synaptic
terminals, were much used for laboratory animals until about 1975. These methods are not suited to the human nervous system because the
degenerating axons are demonstrable

only during a critical period of 4 to 8 days after placement of a lesion. Degenerating axonal terminals can also be recognized in electron
micrographs.



FIGURE 4-4 Section of the third cervical segment of a human spinal cord. The patient died 9 days after an injury that damaged the
dorsal roots of the second, third, and fourth cervical nerves on the right side, together with the dorsal part of the right lateral
funiculus in segment C2. The tissue was processed by the Marchi method, and degenerating myelin can be seen in entering fibers of the
third right cervical dorsal root (A), branches of fibers derived from dorsal roots C3 and C4 in the lateral part of the dorsal funiculus (B),
and descending corticospinal fibers in the lateral funiculus (C).

NEUROANATOMICAL METHODS BASED ON AXOPLASMIC TRANSPORT

Research methods based on degenerating axons were replaced in the 1970s by much more sensitive techniques that reveal both the cells of
origin and the sites of termination of axons. In these procedures, a tracer substance is injected into a region of gray matter. The tracer is
taken up by axonal terminals or neuronal cell bodies (or both) and transported within the cytoplasm. Retrograde tracers accumulate in the cell
bodies of neurons whose axons end in the injected region. Anterograde tracers enter cell bodies and are moved into the presynaptic terminals
at the destinations of the axons. A tracer may be a radioactively labeled amino acid, a fluorescent dye, a histochemically demonstrable enzyme
(notably horseradish peroxidase [HRP]), or a protein that has been chemically linked to a fluorescent dye or HRP.

MEMBRANE PROBES

Some hydrophobic fluorescent compounds, most notably a cyanine dye called Dil, enter the lipid domains of cell membranes, including the
neuronal axolemma, and then diffuse in the plane of the membrane. This happens even in dead tissue, allowing the tracing of fiber tracts from
a site of application of the dye. Diffusion within the axolemma is slow: several months are needed to trace axons over distances of less than a
centimeter. This method has been applied to human postmortem material but has not yet yielded new neuroanatomical knowledge.

TRANSSYNAPTIC TRACING OF PATHWAYS

Certain viruses are used for experimental neuronal tracing because they replicate within neurons, are transported within the axon, and are
passed from one cell to another at synapses. These viruses can be modified to make the cells that harbor them synthesize a histochemically
detectable enzyme, or the viral protein may be stained immunohistochemically. Transsynaptic

transfer of viruses occurs naturally in some diseases, notably rabies.

Metabolic Marking Methods

The sugar 2-deoxy-D-glucose, an analog of ordinary D-glucose, enters cells but is not metabolized. Consequently, radioactively labeled 2-
deoxyglucose accumulates in the cytoplasm of metabolically active cells and may be detected there by autoradiography. The deoxyglucose
method can reveal structures in the brain that are active when a particular system of pathways is in use. Thus, it may be possible to determine
which of a multitude of connections demonstrated by neuroanatomical tracing methods are the most important in relation to function.



The catalytic functions of certain enzymes used in the metabolic activities of all cells can be demonstrated histochemically. Cytochrome
oxidase is a notable example, and in regions that contain active neurons, the activity of this enzyme is higher than in adjacent quiescent areas.
Cytochrome oxidase histochemistry has been used with great success in the demonstration of columns of cells that respond to different visual
stimuli in the cortex of the occipital lobe of the brain (see Chapter 14).

Physiological and Pharmacological Methods

Neuroanatomical studies are often supplemented by electrically stimulating neurons and recording the potentials evoked elsewhere. Timing of
the response may help to determine the number of neurons, or synaptic delays, that are included in a pathway. Neuroanatomical tracing and
electrophysiological experiments are frequently combined with immunohistochemistry to identify neurotransmitters and to ascertain their
actions on postsynaptic neurons. Electrophysiological investigations of the human CNS are necessarily more limited in scope than experiments
using animals. Nevertheless, a great deal has been learned from observation of the effects of stimulating the cerebral cortex. Such studies are
reviewed in Chapter 15.

Several toxic substances are used in laboratory animals as adjuncts to the study of neuroanatomy. For example, nicotine was used a century
ago by Langley to block synapses and thus establish their locations in autonomic ganglia. Local injection of kainic acid or ibotenic acid Kkills
many types of neurons without causing transection of passing fibers. These substances are known as excitotoxins because they are analogs of
the excitatory transmitter glutamic acid. When an excitotoxin binds to glutamate receptors, there is an unusually long activation of nonspecific
ligand-gated cation channels of the postsynaptic cells. Calcium ions diffuse into the neurons and activate proteolytic enzymes that destroy the
cytoplasm. The resulting lesion is more selective than one produced by physical methods. Cells that use monoamines as synaptic transmitters
are selectively intoxicated by analogs of these substances or their metabolic precursors. Thus, neurons that make use of dopamine or
noradrenaline are selectively poisoned by 6-hydroxydopamine, and serotonin cells are similarly sensitive to 5,6-dihydroxytryptamine.

Some toxic lectins (e.g., ricin-60 from the castor bean) and other compounds (notably the antibiotic doxorubicin) are taken up by axonal
endings and by injured axons of passage and transported retrogradely to the neuronal cell bodies, where they inhibit nucleic acid and protein
synthesis. This strategy, known as suicide transport, produces selective lesions that can provide experimental models of diseases in which
certain populations of neurons degenerate spontaneously.
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Chapter 5
Spinal Cord

Important Facts

e The spinal cord is shorter than the spinal canal in which it is suspended. Except in the neck, spinal cord
segments are rostral (superior) to the corresponding vertebrae; the caudal end of the cord is level with
vertebra L2.

e Cerebrospinal fluid can be sampled by inserting a needle into the subarachnoid space below the level of the
conus medullaris.

e The cross-sectional area of the central gray matter indicates the numbers of neurons, which are largest for
segments supplying limbs.

e The cross-sectional area of the white matter decreases caudally, with fewer descending and ascending
fibers.

e Motor neurons are in the ventral horn; sensory axons enter the dorsal horn and the dorsal funiculi.
Preganglionic autonomic neurons are laterally placed, in segments T1-L2 and S2-S4.

e The ascending tracts include the uncrossed gracile and cuneate fasciculi (from sensory ganglia) and the
crossed spinothalamic tract (from the dorsal horn). These are concerned with different types of sensation.

e The descending motor tracts include the uncrossed vestibulospinal and the crossed lateral corticospinal
tract. Hypothalamospinal and some reticulospinal fibers influence autonomic functions.

e For most of the time, the stretch reflex and the flexor or withdrawal reflex are suppressed by activity in
the descending pathways.

e Lesions in different parts of the spinal cord produce sensory and motor abnormalities appropriate to the
functions of the tracts that have been transected. The segmental level of a lesion is indicated by the
affected dermatomes and movements.

The spinal cord and dorsal root ganglia innervate most of the body. Afferent sensory fibers enter the spinal cord through the dorsal roots of
spinal nerves; motor and other efferent fibers leave by way of the ventral roots (the Bell-Magendie law). Signals originating in sensory endings
initiate reflexes within the spinal cord and are relayed to the brain stem and cerebellum to contribute to circuits that influence motor
performance and other functions. Sensory signals are also sent rostrally to the thalamus and cerebral cortex, where they enter conscious
experience and may elicit immediate or delayed behavioral responses. Motor neurons in the spinal cord are excited or inhibited by impulses
originating at various levels of the brain, from the medulla to the cerebral cortex. As the tracts of the spinal cord are identified, references
are made to components of the brain that are discussed in later chapters. When the central nervous system (CNS) is described by regions, it is
necessary to probe ahead of the region under immediate consideration. An appreciation of the major systems is acquired step by step. The
general sensory and motor systems are reviewed in Chapters 19 and 23, respectively.

Gross Anatomy of the Spinal Cord and Nerve Roots

The spinal cord is a cylindrical structure, slightly flattened dorsoventrally, located in the spinal canal of the vertebral column. Protection for
the cord is provided not only by the vertebrae and their ligaments but also by the meninges and a cushion of cerebrospinal fluid (CSF).

SPINAL CANAL AND MENINGES

The innermost meningeal layer is the thin pia mater, which adheres to the surface of the spinal cord. The outermost layer, the thick dura
mater (or simply, dura) forms a tube extending from the level of the second sacral vertebra to the foramen magnum at the base of the skull,
where it is continuous with the dura around the brain. The arachnoid lies against the inner surface of the dura, forming the outer boundary of
the fluid-filled subarachnoid space. The spinal cord is suspended in the dural sheath by a denticulate ligament on each side. This ligament is
made of pia-arachnoid tissue and is in the form of a ribbon attached to the cord midway between the dorsal and ventral roots (Fig. 5-1). The
lateral edge of the denticulate ligament is serrated and is attached at 21 points to the dural sheath at intervals between the foramen magnum
and the level at which the dura is pierced by the roots of the first lumbar spinal nerve. An epidural space, filled with fatty tissue that contains
a venous plexus, intervenes between the dura and the wall of the spinal canal. The epidural space caudal to the second sacral vertebra also
contains the roots of the most caudal spinal nerves.
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FIGURE 5-1 Dorsal view of the cervical enlargement of the spinal cord, showing the attachments of the denticulate ligament.

SEGMENTS OF THE SPINAL CORD, ROOTS, AND VERTEBRAL COLUMN

The segmental nature of the spinal cord is demonstrated by the presence of 31 pairs of spinal nerves, but there is little indication of
segmentation in its internal structure. Each dorsal root is broken up into a series of rootlets that are attached to the spinal cord along the
corresponding segment (Fig. 5-2). The ventral root arises similarly as a series of rootlets.

Each spinal nerve divides into a dorsal and a ventral primary ramus. The dorsal primary ramus supplies the skin of the back and muscles that are
attached at both ends to parts of the vertebral column. In the cervical, brachial, and lumbosacral plexuses, ventral primary rami join, exchange
fibers, and branch into the mixed nerves that carry motor and sensory axons to the skin and muscles of the lateral and ventral trunk and the



limbs. The numeric relations of spinal nerves and vertebrae are explained in Table 5-1.

EMBRYOLOGY AND GROWTH

The early development of the spinal cord from the neural tube and the caudal eminence is described in Chapter 1. Segments of the neural
tube (neuromeres) correspond in position with segments of the vertebral column (scleromeres) until the third month of fetal development. The
vertebral column elongates more rapidly than the spinal cord during the remainder of fetal life. By the time of birth, the caudal end of the
spinal cord is opposite the disk between the second and third lumbar vertebrae. A slight difference in growth rate continues during childhood,
such that the adult's cord ends opposite the disk between the first and second lumbar vertebrae (Fig. 5-3). This is an average level; the caudal
end of the cord may be as high as the twelfth thoracic or as low as the third lumbar vertebral body. The subarachnoid space caudal to the end
of the spinal cord is known as the lumbar cistern. It contains CSF and is traversed by the roots of lumbar and sacral nerves.

The rostral shift of the spinal cord during development determines the direction of spinal nerve roots in the subarachnoid space. As shown in
Figure 5-3, spinal nerves from C1 through C7 leave the spinal canal through the intervertebral foramina above the corresponding

vertebrae. (The first and second cervical nerves lie on the vertebral arches of the atlas and axis, respectively.) The eighth cervical nerve
passes through the foramen between the seventh cervical and first thoracic vertebrae because there are eight cervical cord segments and
seven cervical vertebrae. From that point caudally, the spinal nerves leave the canal through foramina immediately below the pedicles of the
corresponding vertebrae.
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FIGURE 5-2 A segment of the spinal cord, showing the dorsal and ventral rootlets and roots, sensory ganglia, and mixed spinal nerves.
(Used with permission from Moore KL, Dalley AF. Clinically Oriented Anatomy, 5th ed. Philadelphia: Lippincott Williams & Wilkins, 2006.)

TABLE 5-1 Numbering of Spinal Nerves and Vertebrae®

Segmental g;lmber Level of Exit
Level Nerves From Vertebral Column
Cervical 8 Nerve C1" (suboccipital nerve) passes above the arch of vertebra C1. Nerves C2-C7 go through foramina
above the corresponding vertebrae.
Nerve C8 passes through the foramen between the arches of vertebra C7 and vertebra T1.
-Il_—Ercr)Eacr]c 125 Nerves T1 to L5 also pass through foramina below the arches of the corresponding vertebrae.
sacral 5 Nerves $1-54 branch into primary rami within the sacrum, and the rami go through the dorsal and
ventral sacral foramina.
Coccygeal 1 The fifth sacral and the coccygeal nerves pass through the sacral hiatus.

"The first cervical nerves lack dorsal roots in 50% of people, and the coccygeal nerves may be absent.

SPINAL AND VERTEBRAL LEVELS

The dorsal and ventral roots traverse the subarachnoid space and pierce the arachnoid and dura mater. At this point, the dura becomes

continuous with the epineurium. After passing through the epidural space, the roots reach the intervertebral foramina, where the dorsal root
ganglia are located. The dorsal and ventral roots join immediately distal to the ganglion to form the spinal nerve. The length and obliqueness of
the roots increase progressively in a rostrocaudal direction because of the increasing distance between cord segments and the corresponding
vertebral segments (see Fig. 5-3). The lumbosacral roots are, therefore, the longest and constitute the cauda equina in the lower part of the
subarachnoid space. The cord ends as the conus medullaris, which tapers rather abruptly into a slender filament called the filum terminale.
The caudal 3 cm of the spinal cord contains most of the segments that communicate with the lower limb and perineum. Immediately below the

conus medullaris are all the segmental nerve roots below L1.







FIGURE 5-3 Relation of segments of the spinal cord and spinal nerves to the vertebral column. The vertebral bodies are on the right
side, and the dorsal spines of the vertebrae on the left.

The filum terminale lies in the middle of the cauda equina and has a distinctive bluish color that distinguishes it from the white nerve roots. It
consists of pia mater surrounding neuroglial elements and is a vestige of the spinal cord of the embryonic tail. The filum terminale picks up a
dural investment opposite the second segment of the sacrum, and the resulting coccygeal ligament attaches to the dorsum of the coccyx.

LIMB ENLARGEMENTS

The spinal cord is enlarged in two regions for innervation of the limbs. The cervical enlargement includes segments C4 to T1, with most of the
corresponding spinal nerves forming the brachial plexuses for the nerve supply of the upper limbs. Segments L2 to S3 are included in the
lumbosacral enlargement, and the corresponding nerves constitute most of the lumbosacral plexuses for the innervation of the lower limbs.

Internal Structure of the Spinal Cord

The surface of the spinal cord is marked by longitudinal furrows. The deep ventral median fissure contains connective tissue of the pia mater
and the anterior spinal artery and its branches. The dorsal median sulcus is a shallow midline

furrow. Many textbooks describe a dorsal septum, supposedly composed of pial tissue, that extends from the base of this sulcus almost to the
gray matter. In fact, there is no collagenous connective tissue in the dorsal midline of the cord; the “dorsal septum” does not exist.

CLINICAL NOTES
Lumbar Disks and Spinal Nerves

Allintervertebral foramina are slightly rostral to the levels of the intervertebral disks. If the nucleus of a
lumbar disk herniates laterally through its fibrous outer ring, the protrusion presses on a spinal nerve that
has not yet left the spinal canal. For example, herniation of the disk between vertebrae L4 and L5 results in
compression of spinal nerve L5 or S1.

It is helpful when examining a patient with a possible spinal cord or nerve root lesion to determine the
location of the cord segments in relation to vertebral spines, vertebral bodies, and intervertebral disks. The
corresponding levels are shown in Figure 5-3.

GRAY MATTER AND WHITE MATTER

In transverse sections, the gray matter has a roughly H-shaped outline (Figs. 5-4, 5-5, and 5-6). The small central canal is lined by ependyma, and
its lumen may be obliterated in places. The gray matter on each side consists of dorsal and ventral horns and an intermediate zone. A lateral
horn, containing preganglionic sympathetic neurons, is added in the thoracic and upper lumbar segments.

There are three main categories of neurons in the spinal gray matter. Motor cells of the ventral horn supply the skeletal musculature and
consist of alpha and gamma motor neurons, whose functions are described in Chapter 3. The cell bodies of tract cells, whose axons constitute
the ascending fasciculi of the white matter, are located mainly in the dorsal horn. The cells, involved in local circuitry, are called
interneurons, even though many of them have quite long axons (see under Fasciculus Proprius, later).

CLINICAL NOTES
Lumbar Puncture

It may be necessary to insert a needle into the subarachnoid space to obtain a sample of CSF for analysis or
for other reasons. A spinal lumbar puncture is the preferred method: the needle is inserted between the
dorsal spines of the third and fourth lumbar vertebrae to enter the lumbar cistern without risk of damaging
the spinal cord. In the midline of the lumbar cistern, the needle does not touch the lumbosacral nerve roots.

The white matter consists of three funiculi (see Figs. 5-4, 5-5, and 5-6). (These are often called “columns,” but this word is more appropriate
for longitudinally aligned arrays of neuronal cell bodies in the gray matter.) The dorsal funiculus (posterior column) is bounded by the midline
and the dorsal gray horn. It consists of a gracile fasciculus, present throughout the length of the cord, and above the midthoracic level is also
a laterally placed cuneate fasciculus. The remainder of the white matter consists of lateral and ventral funiculi, between which there is no
anatomical demarcation. Axons decussate in the ventral white commissure. The dorsolateral tract (tract of Lissauer) occupies the interval
between the apex of the dorsal horn and the surface of the cord. The white matter consists of partially overlapping bundles (tracts or
fasciculi) of fibers, as described later.

Although the general pattern of gray matter and white matter is the same throughout the spinal cord, regional differences are apparent in
transverse sections (see Figs. 5-4, 5-5, and 5-6). For example, the amount of white matter increases in a caudal-to-rostral direction because
fibers are added to ascending tracts, and fibers leave descending tracts to terminate in the gray matter. The main variation in the gray matter
is its increased volume in the cervical and lumbosacral

enlargements for innervation of the upper and lower limbs. The lateral horn of gray matter is characteristic of the thoracic and upper lumbar
segments. Caudal to S2, the ventral median fissure is shallow, so the left and right ventral horns blend together in a wide band of gray matter
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FIGURE 5-4 Seventh cervical segment. (Transverse section stained by Weigert's method for myelin, X6.)
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NEURONAL ARCHITECTURE OF SPINAL GRAY MATTER

@As with other parts of the CNS, the spinal gray matter is composed of several neuronal populations. The cell types are classified
according to their appearances under the microscope, and

it has been found that cells of the same type are usually clustered together into groups. Because the architecture of the spinal gray matter is
essentially the same along the length of the cord, the populations of similar neurons occur in long columns. When viewed in transverse
sections of the spinal cord, many of the cell columns appear as layers, especially within the dorsal horn. Ten layers of neurons are recognized,
known as the laminae of Rexed. Before the laminae were described in 1952, names were given to many of the cell columns, but they were
used differently by different authors, and confusing synonyms existed. The laminar scheme is summarized in Figure 5-7. Descriptions of the
laminae can be found in the extended chapter available online.
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FIGURE 5-6 First sacral segment. (Weigert's stain, X7.)

The spinal gray matter is organized in the following way. Sensory axons of dorsal roots end predominantly in the dorsal horn. Impulses
concerned with pain, temperature, and touch reach the tract cells, most with cell bodies in the deeper laminae of the dorsal horn, from
which the spinothalamic tract originates. The sensory information transmitted to the brain, especially for pain, is subject to modification
(editing) by interaction with other modalities of sensation and by impulses that reach the dorsal horn by way of various descending pathways.
Lamina Il, the substantia gelatinosa, contains interneurons that have a prominent role in modifying the perception of pain (see Chapter 19).
Motor neurons (lamina IX) supply the skeletal musculature. With the intervention of interneurons, the motor neurons usually come under the
influence of dorsal root afferents for spinal reflexes and of several descending tracts for the control of motor activity by the brain. Of the
columns of motor neurons that constitute lamina IX, those supplying axial musculature are present in the medial part of the ventral horn, and
those supplying the limbs are located more laterally. Distinctive columns of motor neurons include the phrenic and accessory nuclei in the
cervical segments (motor neurons for the phrenic and accessory nerves) and the nucleus of Onuf (innervation of pelvic floor muscles) in the
sacral cord. Distinctive cell columns in the thoracic and upper lumbar segments (formally included with lamina VIl) are the nucleus dorsalis,
which gives rise to the dorsal spinocerebellar tract, and the intermediolateral cell column, which consists of preganglionic sympathetic
neurons. The midsacral segments contain a less conspicuous intermediolateral column, the sacral autonomic nucleus. Scattered spinal border
cells, at the

gray-white interface of the ventral horn in the lumbar segments, contribute to the ventral spinocerebellar tracts.
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FIGURE 5-7 Positions of cytoarchitectonic laminae in the spinal gray matter at three levels of the human spinal cord. Roman numerals in
blue are for laminae that receive input from dorsal roots; red is for the lamina that contains motor neurons. Lamina VII, which contains
named cell columns, is colored yellow.

DORSAL HORN

Each dorsal root branches into six to eight rootlets as it approaches the spinal cord, and the axons become segregated into two divisions

within each rootlet (Fig. 5-8). The lateral division contains most of the unmyelinated (group C) axons and some thin myelinated (group A) axons.

These axons enter the dorsolateral tract (of Lissauer), where they divide into ascending and descending branches, each giving off collaterals
that enter the dorsal horn. Most of these fibers terminate in their own or in immediately adjacent segments, synapsing with interneurons and
with tract cells that give rise to spinothalamic fibers. Most of the tract cells are in the nucleus proprius in the deeper laminae of the dorsal
horn.

The medial division of dorsal root fibers, for modalities of sensation other than pain and temperature, consists largely of myelinated axons,
including all the large-caliber, rapidly conducting sensory fibers. These enter the spinal white matter medial to the dorsal horn where, similar
to those of the lateral division, they divide into ascending and descending branches. The descending branches run caudally within the dorsal
funiculi for varying distances and eventually terminate in the dorsal horn. (Some of the long descending fibers of the dorsal funiculi are in
distinct bundles, the septomarginal fasciculus and the interfascicular fasciculus, whose positions are indicated in Fig. 5-9.) Many of the
ascending sensory fibers in the dorsal funiculus terminate in the gracile and cuneate nuclei in the medulla. At the other extreme, axons from

the medial division of the dorsal root enter the gray matter at their own segmental levels; such fibers are conspicuous in lamina IV of the dorsal
horn (see Figs. 5-4 and 5-6). Primary sensory axons conveying signals from muscle spindles have some branches that terminate on motor neurons

and are involved in the stretch reflex. Some of the synaptic arrangements
in the dorsal gray horn are summarized in Figure 5-8.
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VENTRAL HORN

The columns of cells constituting lamina IX contain motor neurons of two types, named after the diameters (and therefore the conduction
velocities) of their axons. The alpha motor neurons supply the ordinary (extrafusal) fibers of striated skeletal muscles. The smaller gamma
motor neurons are less numerous and supply the intrafusal fibers of the neuromuscular spindles. The surfaces of both motor neuron types are
densely covered with synaptic terminals, which release either excitatory or inhibitory transmitter substances. Each alpha motor neuron
receives at least 20,000 synaptic contacts. The sources of the afferents are numerous; some are from descending tracts of the spinal cord, and
others are branches of axons of primary afferent neurons. The greatest numbers, however, are from intrinsic cells of the spinal gray matter,
which behave physiologically as interneurons. The interneurons are located mainly in lamina VII. They receive their afferents from one another,
from descending tracts, and from dorsal root ganglion neurons concerned with all modalities of sensation.

A special type of interneuron, from the physiological standpoint, is the Renshaw cell, which receives excitatory synaptic input from branches
of the axons of nearby motor neurons. The branched axon of a Renshaw cell forms inhibitory synaptic junctions on motor neurons, including
the same ones that are presynaptic to the Renshaw cell itself. By inhibiting nearby motor neurons, the Renshaw cell circuitry focuses

motor commands onto the muscles supplied by the most frequently firing motor neurons. The circuitry of the ventral horn is summarized in
Figure 5-10.
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FIGURE 5-9 Major tracts of the spinal white matter at midcervical level. Ascending tracts (blue) are on the left; descending tracts (red)
are on the right. The stippled areas adjacent to the gray matter indicate propriospinal fibers.

TRACTS OF ASCENDING AND DESCENDING FIBERS

The spinal white matter is divided into longitudinally aligned funiculi, whose positions have already been described. Each funiculus contains
tracts of ascending and descending fibers. The positions of the tracts have been approximately determined from clinical and pathological
studies and from comparison of these clinical data with the more exact information obtained from animal studies. Most neuroanatomy and
clinical neurology textbooks contain diagrams such as Figure 5-9, showing the positions of the major tracts. It is important to realize that the
precise positions of some tracts are not known with certainty and that the territories of the different tracts overlap.

Dorsal Funiculus

The most important component of each dorsal funiculus is a large body of ascending axons derived from neurons located in the dorsal root
ganglia. Other ascending fibers are axons of neurons in the dorsal horn. The ascending fibers are all ipsilateral. They are especially concerned
with the discriminative qualities of sensation, including the ability to recognize changes in the positions of tactile stimuli applied to the skin
and conscious awareness of movement and of the positions of joints. It was formerly thought that conscious appreciation of vibration required
the integrity of the dorsal funiculi, but clinical observations indicate that this is not so. Both the dorsal and the lateral funiculi conduct
impulses initiated by vibratory stimuli.

As the spinal cord is ascended, axons are added to the lateral side of each dorsal funiculus. Consequently, in the upper cervical cord, the
lowest levels of segmental innervation are represented in the most medial part of the gracile fasciculus, and the uppermost levels of segmental
innervation are represented in the most lateral part of the cuneate fasciculus. These two fasciculi end, respectively, in the gracile and
cuneate nuclei, which are located dorsally in the medulla. As a useful approximation, the gracile fasciculus and nucleus may be said to deal
with sensations from the lower limb, and the cuneate fasciculus

and nucleus may be said to deal with sensations from the upper limb. The orderly arrangement of different levels of the body in the dorsal
funiculi is an example of somatotopic lamination in a tract. As will be seen, comparable lamination also exists in other tracts of the spinal cord
and brain.
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Lateral Funiculus
It is convenient to describe the dorsal and ventral halves of the lateral funiculus separately.

Dorsolateral Fasciculus

The most conspicuous tract in the dorsal half of the lateral funiculus is the lateral corticospinal tract, which consists of axons of neurons in
the cortex of the frontal and parietal lobes of the contralateral cerebral hemisphere. These fibers pass through the internal capsule, the basis
pedunculi of the midbrain, the pons, and the medullary pyramid before they decussate and enter the lateral funiculus of the cord.
Corticospinal fibers from the frontal cortex terminate mainly in the intermediate gray matter and the ventral horn. Those from the parietal lobe
end in the dorsal horn. The somatotopic lamination of the lateral corticospinal tract is such that fibers destined for the lowest levels of the
spinal cord are the most laterally placed.

Experiments with animals indicate that a reticulospinal component of the dorsolateral funiculus arises in the nucleus raphes magnus in the
reticular formation of the medulla and terminates in laminae I, Il, and lll. These unmyelinated fibers, constituting the raphespinal tract in the
most dorsal part of the lateral funiculus, contain histochemically demonstrable quantities of serotonin, which they probably use as a
neurotransmitter. The raphespinal tract modifies the transmission from the dorsal horn of impulses initiated by noxious stimuli, which produce
painful sensations. Unmyelinated hypothalamospinal

fibers, similarly located, arise from the paraventricular nucleus of the hypothalamus and end among the preganglionic autonomic neurons in
segments T1 to L3 and S2 to S4. Some hypothalamospinal axons contain the peptide oxytocin.

The largest body of ascending fibers in the dorsal part of the lateral funiculus is the superficially located dorsal spinocerebellar tract, which is
present only above level L3. Its axons arise from the cells of the nucleus thoracicus (Clarke's column) in the same side of the spinal cord and
terminate ipsilaterally in the cortex of the cerebellum, which they enter by way of the inferior cerebellar peduncle.

Ventrolateral Fasciculus

Several tracts are present in the ventral half of the lateral funiculus. The largest is the spinothalamic tract, which consists of the ascending
axons of neurons located in the gray matter of the opposite half of the cord. The cells of origin are mostly in the nucleus proprius of the
dorsal horn (laminae IV and V-VI). The axons cross the midline in the ventral white commissure close to the central canal and then traverse the
ventral horn to enter the ventrolateral and ventral funiculi. The fibers of the spinothalamic tract end in thalamic nuclei. As they pass through



the brain stem, some of these axons give off collateral branches to the reticular formation in the medulla and pons and to the periaqueductal
gray matter in the midbrain. The spinothalamic tract conducts impulses concerned with tactile, thermal, and painful sensations. Its fibers are
somatotopically arranged, with those for the lower limb lying most superficially and those for the upper limb lying closest to the gray matter.
Distinct ventral and lateral spinothalamic tracts (for touch and for pain and thermal sensation, respectively) were formerly recognized, but
there seems to be little justification for such a subdivision. The functions of the spinothalamic fibers are discussed in more detail in Chapter
19.

The ventral spinocerebellar tract is located superficially in the ventrolateral funiculus. It arises from the base of the dorsal horn and from the
spinal border cells of the ventral horn of the lumbosacral segments and consists largely of crossed fibers. The tract ascends as far as the
midbrain and then makes a sharp turn caudally into the superior cerebellar peduncle. The fibers cross the midline for a second time within the
cerebellum before ending in the cerebellar cortex. Thus, both spinocerebellar tracts convey sensory information (mainly proprioceptive) from
one lower limb to the same side of the cerebellum. The other ascending components of the ventral half of the lateral funiculus are small. The
axons composing the spinotectal tract (also known, more accurately, as the spinomesencephalic tract) originate in the same parts of the gray
matter as the spinothalamic fibers, cross the midline, and then project rostrally to the periaqueductal gray matter, the superior colliculus, and
various nuclei in the reticular formation of the midbrain. The spinoreticular tract is traditionally described as including crossed fibers that
terminate in the pontine reticular formation and uncrossed fibers that end in the medullary reticular formation. In addition, many
spinothalamic fibers have collateral branches that synapse with neurons of the reticular formation. These projections from the spinal cord to
the brain stem form part of the ascending reticular activating system (see Chapter 9) and may also be involved in the perception of pain and of
various sensations that originate in internal organs. It is customary to indicate a small spino-olivary tract in the human spinal cord, but its
existence in primates is uncertain.

The ventrolateral funiculus also contains descending reticulospinal fibers. These are present also in the ventral funiculus, under which
heading they are described below.

Ventral Funiculus

The long tracts in this part of the spinal white matter are all descending ones. The ventral corticospinal tract comprises a small proportion of
the corticospinal fibers—those that did not cross the midline in the lower part of the medulla. Most ventral corticospinal fibers decussate at
segmental levels and terminate next to those of the larger lateral corticospinal tract. In a few people, most of the corticospinal fibers fail to
decussate in the medulla and, therefore, descend ipsilaterally in the ventral funiculus or, rarely, in the ventrolateral fasciculus.

The vestibulospinal tract is uncrossed. It arises from the lateral vestibular nucleus (of Deiters) in the medulla and descends in the
ventrolateral and ventral white matter of the spinal cord, close to the surface (see Fig. 5-9). In the upper cervical cord, its fibers are located
in the most medial part of the lateral funiculus. They then move medially so that in the lower cervical segments, they are close to the margin
of the ventral median fissure. In the thoracic cord, the tract moves into a more lateral location in the ventral funiculus, among the axons that
form the ventral rootlets, and it maintains this position at more caudal levels. Most vestibulospinal axons terminate in the medial part of the
ventral horn. The tract's function is to mediate equilibratory reflexes, which are triggered by the activity of the vestibular apparatus of the
internal ear and put into effect chiefly by the axial musculature and the extensors of the limbs.

Reticulospinal tracts originate in several nuclei of the reticular formation (see Chapter 9) of the midbrain, pons, and medulla. Most end by
contacting interneurons in the ventral horn at all levels but most abundantly in the cervical segments. In the human spinal cord, reticulospinal
fibers are present throughout the ventral funiculus and the ventral half of the lateral funiculus. The majority of the reticulospinal fibers are
from the same side of the brain stem, and some of these axons cross the midline ventral to the central canal. Many reticulospinal fibers shift
from the ventral into the lateral funiculus as they proceed down the spinal cord. The reticulospinal tracts constitute one of the descending
pathways through which the brain directs and controls the activity of motor neurons. Whereas the corticospinal tract is concerned mainly
with skilled volitional movements, the reticulospinal tracts control ordinary activities that do not require constant conscious effort. Other
reticulospinal fibers influence the autonomic nervous system. The descending bundle of the lateral horn is a population of such axons that run
alongside the lateral horn in the upper seven or eight thoracic segments. Clinical evidence indicates that these fibers, which probably
originate ipsilaterally in the pons, are excitatory to the preganglionic sympathetic neurons that control blood vessels and sweat glands
throughout the body. Degeneration studies (see Chapter 4) of human material support the preceding account of reticulospinal fibers and do
not support the traditional notion of separate and distinct medullary and pontine reticulospinal tracts.

The remaining tracts of the ventral funiculus are small. The descending component of the medial longitudinal fasciculus (also called the
medial vestibulospinal tract, in which case the vestibulospinal tract previously described is designated as lateral) arises in the medial vestibular
nucleus in the medulla. It is involved in movements of the head required for maintaining equilibrium and probably does not descend below the
upper cervical levels of the spinal cord. The few fibers that constitute the tectospinal tract from the contralateral superior colliculus do not
descend below this level, either.

Fasciculus Proprius

The fasciculus proprius, a zone containing both myelinated and unmyelinated fibers, is present in all the funiculi immediately adjacent to the
gray matter (see Fig. 5-9). It contains propriospinal (spinospinalis) fibers, which connect different segmental levels of the gray matter. The
shorter axons are closer to the gray matter than the longer fibers. Propriospinal fibers run both rostrally and caudally and have collateral
branches that end in the gray matter near their own cell bodies, providing the functional equivalent of interneurons for reflexes within
segments. Some neurons with axons that ascend in the fasciculus proprius extend for almost the whole length of the spinal cord and serve as
necessary components of intersegmental spinal reflexes. Descending propriospinal fibers seldom extend over more than two segments of the
spinal cord.

Spinal Reflexes

Certain neuronal connections in the spinal cord form the bases of spinal reflexes. The stretch reflex and the flexor reflex are examples.

The stretch reflex has a two-neuron or monosynaptic reflex arc (Fig. 5-11). Slight stretching of a muscle stimulates the sensory endings in



neuromuscular spindles, and the resultant excitation reaches the spinal cord by way of primary sensory neurons that have large (group A)
axons. The proximal branches of these axons in the dorsal funiculus give off collateral branches that excite alpha motor

neurons, causing the stretched muscle to contract. This is an important postural reflex. The neuromuscular spindles are delicate monitors of
change in the length of the muscle, and the stretch reflex alters tension in such a way as to maintain a constant length. The stretch reflex
forms the basis of the clinical tendon jerk tests that are part of physical examinations. A sharp tap on the tendon causes synchronous
discharges from the spindles in the muscle, with prompt reflex contraction. A diminished or absent tendon jerk indicates disease affecting
either the afferent or the efferent neurons of the stretch reflex. Exaggerated jerks indicate loss of inhibition of motor neurons by activity in
tracts descending from the brain.

Afferent
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Meuromuscular
spindle

Alpha motor
neuron

Motor end-plates

FIGURE 5-11 Afferent (blue) and efferent (red) limbs of the monosynaptic stretch reflex arc.

In addition to the simple monosynaptic stretch reflex, a response with longer latency occurs when a voluntarily contracting muscle is
stretched. Physiological studies indicate that this slower reflex, which is most easily elicited in the hand, passes through the somatosensory
and motor areas of the cerebral cortex.

The tension on a muscle is monitored by Golgi tendon organs. When the tension reaches a certain level, a distinct increase takes place in the
discharge from these receptors. The resulting action potentials reach interneurons in the spinal gray matter, which in turn inhibit alpha motor
neurons. Relaxation of the muscle follows. This reflex can prevent excessive tension on the muscle and tendon. When a muscle is abnormally
contracting (spasm or spasticity), passive stretching can induce relaxation by stimulating the Golgi tendon organs.

The flexor reflex is also protective. It consists of the withdrawal of a limb in response to a painful stimulus. At least three neurons are
involved, so this is a polysynaptic reflex (Fig. 5-12). The cutaneous receptors are free nerve endings that respond to potentially injurious
stimuli, and the proximal branches of the afferent fibers synapse in the dorsal horn with interneurons. These end on alpha motor cells in
several segments because a withdrawal response requires the action of groups of muscles. Some neurons in the dorsal horn have axons that
decussate and contact neurons in the contralateral ventral horn to stimulate, in a fully developed response, extension of the contralateral
limb: the crossed extensor reflex.

Reflexes in Infancy
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FIGURE 5-12 Afferent (blue) and efferent (red) neurons of the flexor reflex arc, which include an interneuron (green).

CLINICAL NOTE
Anatomical and Clinical Correlations

Lesions of the spinal cord result from trauma, degenerative and demyelinating disorders, tumors, infections,
and impairment of blood supply. The following notes on selected lesions show the necessity of understanding
the intrinsic anatomy of the spinal cord to interpret signs and symptoms.

CLINICAL EXAMINATION

Testing for impairment or loss of cutaneous sensation is an important part of the neurological examination; it
is particularly useful in detecting the site of a lesion that involves the spinal cord or nerve roots. The
distribution of cutaneous areas (dermatomes) supplied by the spinal nerves is shown in Figure 5-13.
Cutaneous areas supplied by adjacent spinal nerves overlap. For example, the upper half of the area supplied
by T6 is also supplied by T5, and the lower half by T7. There is, therefore, little or no sensory loss after
interruption of a single spinal nerve or dorsal root. The overlapping of dermatomes contrasts with the sharp
delineation of the areas supplied by cutaneous nerves, which are formed in the limb plexuses by the mingling
of fibers from various segmental nerve roots.

Reflex contraction of muscles is also used in testing for the integrity of segments of the cord and of the
spinal nerves. The segments involved in four commonly tested stretch or tendon reflexes are as follows:
biceps reflex, C5 and C6; triceps reflex, C6 to C8; quadriceps reflex (knee jerk), L2 to L4; and gastrocnemius
reflex (ankle jerk), S1 to S2.

Before specific pathological conditions are mentioned, it should be noted that a distinction is made between
the effects of a lesion involving motor neurons as opposed to those involving descending motor pathways.
Destruction or atrophy of lower motor neurons (in the present context, those of the ventral horn) results
in flaccid paralysis of the affected muscles, diminished or absent tendon reflexes, and progressive atrophy of
the muscles deprived of motor fibers. The term upper motor neuron lesion is regularly used clinically but
leaves much to be desired. The lesion may be in the cerebral cortex or in another part of the cerebral
hemisphere, in the brain stem, or in the spinal cord. Thus, the term upper motor neuron is a collective term
including all the descending pathways that control the activities of the neurons that supply the muscles. The
following sighs are associated with an upper motor neuron lesion after the acute effects have worn off:
varying degrees of voluntary paralysis, which is most severe in the upper limb; a positive Babinski's sign (i.e.,
upturning of the great toe

and spreading of the toes on stroking the sole); and spasticity with exaggerated tendon reflexes.
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FIGURE 5-13 Cutaneous distribution of spinal nerves (dermatomes).

SPINAL CORD TRANSECTION

The spinal cord may be damaged by penetrating wounds (caused by stabbing or gunfire) or by spinal fracture
or dislocation (especially from traffic accidents or diving into shallow water). Complete transection results in
loss of all sensibility and voluntary movement below the lesion. The patient is tetraplegic (quadriplegic), with
both arms and both legs paralyzed, if the upper cervical cord is transected, or paraplegic (both legs
paralyzed) if the transection is between the cervical and lumbosacral enlargements. During an initial period of
spinal shock, lasting from a few days to several weeks, all somatic and visceral reflex activity is abolished. On
return of reflex activity, spasticity of muscles and exaggerated tendon reflexes occur. The lower limbs assume
positions of flexion because the vestibulospinal tract (which stimulates extensors) is one of the transected
descending pathways. Bladder and bowel functions are no longer under voluntary control.

The events that occur after partial transection of the spinal cord depend on the size and location of the
lesion. Hemisection, although unusual in the literal sense, is an instructive lesion anatomically. The
neurological signs caudal to

the hemisected region of the cord constitute the Brown-Séquard syndrome. Position sense, tactile
discrimination, and the feeling of vibration are lost on the side of the lesion because of interruption of the
dorsal and dorsolateral funiculi. Anesthesia for pain and temperature are provided on the opposite side
because of interruption of the spinothalamic tract. Light touch is not much affected because of essentially
bilateral conduction in the dorsal and lateral funiculi. Whereas the patient is hemiplegic (left or right upper
and lower limbs paralyzed) if the lesion is in the upper cervical cord, hemisection of the thoracic cord results in
paralysis of the leg (monoplegia). The paralysis is ipsilateral to the lesion and of the upper motor neuron



type.

The immediate treatment of patients with incomplete spinal cord transection is largely directed to protection
against further damage from fractured or dislocated vertebrae and suppression of an aggressive and
destructive inflammatory reaction that occurs within the cord for several days after the injury. Long-term
management includes prevention of bedsores in insensitive skin, avoidance of urinary tract infections, and
maximization of any preserved motor functions.

Potentially curative treatments, such as ways to induce severed axons to grow across the scarred site of an
injury, have been a goal of research for at least 100 years. Recent efforts include extracting olfactory
ensheathing cells (see Chapters 2 and 17) from the olfactory mucosa of the patient's nose. These
pluripotential glial cells can be propogated in culture and introduced into the injured spinal cord. In laboratory
animals, the grafted cells appear to facilitate axonal growth, and with the recipient of the graft being also the
donor, the cells are not rejected. Clinical trials of this procedure are in progress.

DEGENERATIVE DISEASES

The following degenerative diseases also illustrate the anatomical basis of neurological signs. In subacute
combined degeneration, bilateral demyelination and loss of nerve fibers in the dorsal and dorsolateral
funiculi occur. The principal causative factor is vitamin B;, deficiency, and the disorder is typically encountered
in association with pernicious anemia. The lesion results in loss of the senses of position, discriminative
touch, and vibration. The gait is ataxic (i.e., without coordination) because the patient is unaware of the
position of his or her legs.

Amyotrophic lateral sclerosis (also called motor neuron disease) is a bilateral degenerative disease. The
degenerative process is largely restricted to the motor system, affecting the corticobulbar and corticospinal
tracts (and perhaps other descending motor pathways) along with motor nuclei of cranial nerves and ventral
horn motor cells. A combination of upper and lower motor neuron clinical signs are present, with the latter
predominating in the terminal stages of the disease. Poliomyelitis is caused by a virus that infects motor
neurons, kiling many of them. Paralysis is of the lower motor neuron type and affects the muscles supplied
by the infected neurons. Correlation of clinical data with postmortem findings in poliomyelitis has been the
chief source of knowledge of the distribution in the human ventral horn of motor neurons that supply
individual muscles.

Syringomyelia differs from the disorders already mentioned in that neuronal degeneration is not the primary
pathological change. Central cavitation of the spinal cord is present, usually beginning in the cervical region,
with a glial reaction (gliosis) adjacent to the cavity. Decussating fibers for pain and temperature in the ventral
white commissure are interrupted early in the disease. The cavitation and gliosis spread into the gray and
white matter as well as longitudinally, leading to variable sighs and symptoms, depending on the regions
involved. The classical clinical picture is that of “yokelike” anesthesia for pain and temperature over the
shoulders and upper limbs accompanied by lower motor neuron weakness and consequent wasting of the
muscles of the upper limbs. Spread of the cavitation and glial reaction into the lateral funiculi may result in
voluntary paresis of the upper motor neuron type, particularly affecting the lower limbs.
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Chapter 6

Brain Stem: External Anatomy

Important Facts

e Proceeding laterally from the ventral midline, the anatomical landmarks at different levels are as follows.
Each represents a functionally important nucleus or tract within the brain stem. The student must also
know the sites of emergence of cranial nerves III to XII in relation to these landmarks.

e Medulla: Pyramid, olive, inferior cerebellar peduncle; cuneate and gracile tubercles (below obex); floor of
fourth ventricle (above obex).

e Pons: Basal part of pons, middle cerebellar peduncle, superior cerebellar peduncle, floor of fourth ventricle.
e Midbrain: Interpeduncular fossa, basis pedunculi, inferior or superior colliculus.

e In the floor of the fourth ventricle motor nuclei of cranial nerves are typically medial and sensory nuclei
lateral to the sulcus limitans. There are named areas for hypoglossal, vagal, and vestibular nuclei. The facial
colliculus contains fibers of the facial nerve that pass dorsal to the abducens nucleus.

e The superior and inferior medullary vela form the roof of the fourth ventricle, which narrows into the
central canal caudally and the cerebral aqueduct rostrally.

e Cerebrospinal fluid enters the fourth ventricle from the aqueduct and leaves by way of the median and
lateral apertures.

The brain stem consists of the medulla oblongata, pons, and midbrain. Each region has special features, including nuclei of cranial nerves, but
long tracts of fibers are present at all levels. The fourth ventricle is partly in the medulla and partly in the pons. This chapter is concerned
with the surface landmarks of the brain stem. For more details of the internal features of the brain stem (e.g., certain nuclei and tracts), see
Chapter 7 or refer to the Index. The central connections and functions of the cranial nerves are explained in Chapter 8.

Medulla Oblongata

The medulla oblongata (or medulla) is about 3 cm long and widens gradually in a rostral direction. It rests on the midline part of the occipital
bone and is covered dorsally by the cerebellum. The junction of the spinal cord and medulla is level with the foramen magnum. The rostral limit
of the medulla is marked ventrally by a prominent sulcus (Figs. 6-1 and 6-2). On the dorsal surface, the junction is an imaginary transverse line
that joins the caudal margins of the middle cerebellar peduncles (Fig. 6-3). The dorsal surface, therefore, contains the caudal half of the
fourth ventricle; this rostral end of the medulla is known as the open part because the thin roof of the fourth ventricle is usually removed in
the course of dissection. The caudal part of the medulla is called the closed part; it contains a continuation of the central canal of the spinal
cord.

The surface of the medulla is marked by several bulges or eminences, outlined by sulci. Ventrally, the pyramid (see Fig. 6-1) consists of
corticospinal fibers. This is the origin of the term pyramidal tract as a synonym for corticospinal tract. In the most caudal part of the medulla,
most of the pyramidal fibers cross the midline; the decussating fibers obscure the ventral median sulcus at this level. Lateral to the pyramid,
the olive (see Fig. 6-2) is an oval swelling that marks the position of the inferior olivary nucleus. Lateral to the olive, the inferior cerebellar
peduncle is a body of white matter that connects the medulla with the cerebellum and forms the

side wall of the caudal half of the fourth ventricle. On the dorsal surface of the closed part of the medulla, the gracile and cuneate fasciculi
continue from the spinal cord (see Figs. 6-2 and 6-3). The axons in the fasciculi terminate in the gracile and cuneate nuclei, which cause slight
elevations, the gracile and cuneate tubercles. The apex of the V-shaped boundary of the inferior part of the fourth ventricle, which is folded
caudally over the most rostral 1 to 2 mm of the central canal, is known as the obex.
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FIGURE 6-1 Ventral aspect of the brain stem.

Seven cranial nerves are attached to the medulla or to the junction of the medulla and pons (see Figs. 6-1, 6-2, and 6-3). The abducens nerve
emerges near the midline between the pons and the pyramid. The facial and vestibulocochlear nerves are attached to the lateral aspect of
the brain stem at the caudal border of the pons. The facial nerve, which is the more medial, has two roots. The smaller sensory and
parasympathetic root lies between the larger motor root and the vestibulocochlear nerve; therefore, it is known

as the nervus intermedius. The cochlear division of the vestibulocochlear nerve ends in the dorsal and ventral cochlear nuclei, which are
situated on the base of the inferior cerebellar peduncle. The vestibular division penetrates the brain stem deep to the root of the inferior

cerebellar peduncle.
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FIGURE 6-2 Lateral aspect of the brain stem.

Roots of the glossopharyngeal and vagus nerves as well as those of the cranial division of the accessory nerve are attached to the medulla
rostral and dorsal to the olive. The cranial root of the accessory nerve is joined by the spinal root, and the glossopharyngeal, vagus, and
accessory nerves all leave the posterior cranial fossa through the jugular foramen. Rootlets of the hypoglossal nerve emerge along the sulcus
between the pyramid and the olive.

Pons

This part of the brain stemis about 2.5 cm long. It owes its name to the appearance of its ventral surface (see Fig. 6-1), which is that of a
bridge connecting the right and left cerebellar hemispheres. (This appearance is deceptive, as noted later.) The
pons consists of quite different basal (ventral) and dorsal parts (see Figs. 7-9 and 7-10).
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FIGURE 6-3 Dorsal aspect of the brain stem.
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The basal part is indented along its ventral surface in the midline by a shallow groove, the basilar sulcus, which accommodates the basilar
artery. The basal pons blends laterally into the middle cerebellar peduncles, with the attachment of the trigeminal nerve marking the
transition between the pons and the peduncle (see Figs. 6-1 and 6-2). The motor root of the trigeminal nerve is rostromedial to the larger
sensory root. Fibers from the cerebral cortex terminate ipsilaterally on neurons that compose the pontine nuclei, and axons of the latter cells
cross the midline and then constitute the contralateral middle cerebellar peduncle. The basal pons thus serves as a large synaptic relay
station, providing a connection from the cortex of each cerebral hemisphere to the opposite cerebellar hemisphere. The corticospinal tracts
traverse the basal part of the pons before they enter the pyramids (see Fig. 7-9).

The dorsal part or tegmentum of the pons is similar to much of the medulla and midbrain in that it contains ascending and descending tracts
and nuclei of cranial nerves. The dorsal surface of

the pons is formed by the floor of the fourth ventricle. The most rostral part of the pons is known as the isthmus of the brain stem; it is
situated immediately below the cerebral peduncles and inferior colliculi of the midbrain (see Fig. 6-2).

Fourth Ventricle

When the cerebellum is removed by cutting through its six peduncles, the thin roof of the fourth ventricle comes off with it, exposing the
floor of the ventricle on the dorsal aspect of the brain stem (see Fig. 6-3).

The diamond-shaped floor of the fourth ventricle, also called the rhomboid fossa, narrows toward the obex caudally and the aqueduct of the
midbrain rostrally (see Fig. 6-3). The floor is divided into symmetrical halves by a median sulcus. The sulcus limitans further divides each half
into medial and lateral areas. The lateral area is known as the vestibular area because there the vestibular nuclear complex lies beneath most
of the floor of the ventricle.



Motor and parasympathetic nuclei are located beneath the floor of the medial area. The caudal part of the rhomboid fossa is marked by two
triangles or trigones. The vagal trigone (or ala cinerea) marks the site of the rostral ends of the dorsal nucleus of the vagus nerve and the
rostral end of the solitary nucleus. The hypoglossal trigone is a landmark for the rostral end of the hypoglossal nucleus. The facial colliculus,
a swelling at the lower end of the medial eminence (see Fig. 6-3), is formed by fibers from the motor nucleus of the facial nerve looping over
the abducens nucleus.

FIGURE 6-4 Median aperture of the fourth ventricle (foramen of Magendie) opening from the fourth ventricle into the
cerebellomedullary cistern of the subarachnoid space (x2.5).

A pigmented area, the locus coeruleus, is situated at the rostral end of the sulcus limitans, indicating the site of a cluster of noradrenergic
neurons that contain melanin pigment. In the middle of the floor of the fourth ventricle, delicate strands of nerve fibers emerge from the
median sulcus, run laterally as the striae medullares, and enter the inferior cerebellar peduncle. The connections of these fibers, which are
more conspicuous in some brains than in others, are explained in Chapter 7.

The tent-shaped roof of the fourth ventricle protrudes dorsally toward the cerebellum. The rostral part of the roof is formed on each side by
the superior cerebellar peduncles, which consist mainly of fibers proceeding from cerebellar nuclei into the midbrain. The V-shaped interval
between the converging peduncles is bridged by the superior medullary velum, a thin sheet of white matter. The remainder of the roof
consists of a thinner pial-ependymal membrane, the inferior medullary velum, which adheres to the undersurface of the cerebellum. A
deficiency of variable size in the inferior medullary velum constitutes the median aperture of the fourth ventricle, also called the foramen of
Magendie. This hole provides the principal communication between the ventricular system and the subarachnoid space (Fig. 6-4).

The lateral walls of the fourth ventricle include the inferior cerebellar peduncles, which curve from the medulla into the cerebellum on the
medial aspects of the middle peduncles (see Fig. 6-3). Lateral recesses of the ventricle extend around the sides of the medulla and open
ventrally as the lateral apertures of the fourth ventricle (the foramina of Luschka), which are two other channels through which cerebrospinal
fluid enters the subarachnoid space (Fig. 6-5). These foramina are situated at the junction of the medulla, pons, and cerebellum (the
cerebellopontine angles) near the attachment to the brain stem of the vestibulocochlear and glossopharyngeal nerves.

The choroid plexus of the fourth ventricle is suspended from the inferior medullary velum; the plexus extends into the lateral recesses, and a
small tuft usually protrudes through each lateral aperture. Choroid plexus is the tissue that secretes cerebrospinal fluid (see Chapter 26). Most
of the fluid is produced in the lateral and third ventricles and flows into the fourth ventricle by way of the cerebral aqueduct. The choroid



plexus of the fourth ventricle makes a small addition to the volume of the cerebrospinal fluid in the cavity of the ventricle and directly into the
subarachnoid space of the pontocerebellar angle (see Fig. 6-5).
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FIGURE 6-5 Lateral apertures of the fourth ventricle (formina of Luschka). Tufts of choroid plexus (arrows) occupy the foramina, into
which metal marker sticks have been inserted.

Midbrain

The midbrain is about 1.5 cm long. Its ventral surface extends from the pons to the mamillary bodies of the diencephalon (see Fig. 6-1). The
robust column of white matter on each side is the basis pedunculi (crus cerebri), composed of corticospinal, corticobulbar, and
corticopontine fibers. The deep depression between these two columns is the interpeduncular fossa. Many small blood vessels penetrate the
midbrain in the floor of the interpeduncular fossa; therefore, this region is known as the posterior perforated substance. The oculomotor
nerve emerges from the side of the interpeduncular fossa.

The lateral surface of the midbrain (see Fig. 6-2) is formed mainly by the cerebral peduncle, which constitutes the major part of this region of
the brain stem on each side. The cerebral peduncle comprises the basis pedunculi and some internal structures, the substantia nigra, and the
tegmentum, which are described in Chapter 7.

The dorsal surface of the midbrain bears four rounded elevations, the paired inferior and superior colliculi (also called the corpora
quadrigemina). These colliculi (see Figs. 6-2 and 6-3) make up the tectum and indicate the extent of the midbrain on the dorsal surface. Fibers
that connect the inferior colliculus with the medial geniculate body (part of the thalamus) form a ridge known as the inferior brachium (see
Figs. 6-2 and 6-3). The superior colliculus is involved in the control of movements of the eyes and head in response to visual and other stimuli.
The superior brachium contains fibers proceeding from the cerebral cortex and the retina to the superior colliculus. Other fibers in the
superior brachium terminate in the pretectal area ventral and just rostral to the superior colliculi; these fibers are part of a pathway from the
retina for the pupillary light reflex. The trochlear nerve emerges from the brain stem immediately caudal to the inferior colliculus and curves
around the midbrain on its way toward the orbit.

The posterior part of the thalamus projects caudally beyond the plane of transition between the diencephalon and the midbrain (see Fig. 6-3).
Consequently, transverse sections at the level of the superior colliculi include thalamic nuclei, in particular those of the medial and lateral
geniculate bodies, and a prominent part of the thalamus known as the pulvinar (see Figs. 6-3, 7-14, and 7-15).
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Chapter 7

Brain Stem: Nuclei And Tracts

Important Facts

e The brain stem contains ascending and descending tracts, cranial nerves and other nuclei, and fibers
connecting with the cerebellum.

e The spinothalamic tract, which crosses into the spinal cord, is laterally located throughout the length of the
brain stem.

e The medial lemniscus is formed from axons that arise in the contralateral gracile and cuneate nuclei. The
lemniscus is near the midline in the medulla, shifts laterally in the pons, and is laterally situated in the
tegmentum of the midbrain.

e Corticopontine and corticospinal fibers occupy the basis pedunculi. Corticopontine fibers end in the pontine
nuclei. Corticospinal fibers continue caudally, forming the pyramid. Most pyramidal fibers decussate at the
caudal end of the medulla.

e The inferior olivary complex of nuclei and the pontine nuclei project across the midline to the cerebellum
into the inferior and middle cerebellar peduncles, respectively.

e The superior cerebellar peduncles consist largely of fibers leaving the cerebellum. These decussate at the
level of the inferior colliculi, and some end in the red nucleus at the level of the superior colliculus.

e The substantia nigra and the periaqueductal gray matter are present at all levels of the midbrain.

e The seven motor nuclei of cranial nerves are the oculomotor and trochlear nuclei in the midbrain, trigeminal
motor nucleus in the pons, facial motor and abducens nuclei at the pontomedullary junction, and nucleus
ambiguus and hypoglossal nucleus in the medulla.

e Preganglionic parasympathetic nuclei include the Edinger-Westphal nucleus, the dorsal nucleus of the
vagus, and some of the neurons in the nucleus ambiguus.

e The only general somatic sensory nuclei are the three components (spinal, pontine, and mesencephalic) of
the trigeminal nuclear complex. The only visceral sensory nucleus is the solitary nucleus, the most rostral
part of which is the gustatory nucleus (for taste).

e The two cochlear and four vestibular nuclei receive special somatic sensory fibers. The lateral lemniscus
extends for the length of the pons. The medial longitudinal fasciculus maintains its dorsomedial position
throughout the brain stem.

e The level of a lesion in the brain stem is indicated by involvement of cranial nerves and their nuclei. The
position of the lesion at a particular level is indicated by disordered function of ascending or descending
tracts.

The principal nuclei and fiber tracts of the brain stem are described and illustrated in this chapter. Long tracts that traverse the brain stem
are noted successively in the medulla, pons, and midbrain. Some pathways are also reviewed as functional systems in Chapters 19 and 23. The
nuclei of cranial nerves are included among the cell groups identified, but systematic descriptions of the functional components of the cranial
nerves are reserved for Chapter 8.

Sections stained by Weigert's method are used as illustrations; the levels of the sections are shown in Figure 7-1. Some tracts do not stand out
as distinct entities in such sections; their locations and functions have been established from clinicopathological correlations in humans and
from experimental work with laboratory animals.

The reticular formation is mentioned briefly here because the term is used in several contexts in this chapter. The reticular formation is a
region in the dorsal parts of the medulla and pons, and it extends rostrally into the tegmentum of the midbrain. It is traversed by small bundles
of myelinated axons that course in all directions, and it contains overlapping populations of neurons

that are not easily classified into groups, although numerous nuclei are recognized. The reticular formation has several functions of primary
importance, including an influence on levels of consciousness and degrees of alertness (ascending reticular activating system); a role in the
control of movement through efferents to the spinal cord and to motor nuclei of cranial nerves; and contributions to visceral and other
involuntary activities through groups of neurons that function as cardiovascular and respiratory “centers.” In view of its special histological



characteristics and functional importance, the reticular formation is discussed separately in Chapter 9, along with several smaller nuclei of the
brain stem.
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FIGURE 7-1 Key to the levels of the series of Weigert-stained sections of the brain stem that illustrate this chapter.

Medulla

At the level of the pyramidal decussation, there is an extensive rearrangement of gray matter and white matter in the transitional zone
between the spinal cord and the medulla. The ventral gray horns continue into the region of the decussation, where they include motor cells
for the first cervical nerve and the spinal root of the accessory nerve. There, the gray matter is traversed obliquely by bundles of fibers that
pass from the pyramids to the lateral corticospinal tracts (Figs. 7-2 and 7-3). The dorsal gray horns of the spinal cord are replaced by the spinal
trigeminal nuclei. At the rostral ends of the dorsal funiculi, at the level of the pyramidal decussation, are the caudal ends of the gracile and
cuneate nuclei. Above the decussation, the medulla has a complex structure that is entirely different from that of the spinal cord (Figs. 7-4, 7-
5, 7-6, and 7-7).The inferior olivary nucleus, which is dorsal and lateral to the pyramid, is the most prominent feature of the rostral half of the

medulla, and the base of the inferior cerebellar peduncle appears as a prominent area of white matter in the dorsolateral part of the medulla
(see Fig. 7-7).



ASCENDING PATHWAYS

Medial Lemniscus System

The dorsal funiculus of the spinal cord transmits impulses for ipsilateral discriminative touch and proprioception. The gracile fasciculus is
concerned with sensations from the leg and lower trunk, and the cuneate fasciculus carries signals from the upper trunk, arm, and neck. The
gracile nucleus, in which fibers of the corresponding fasciculus terminate, is present throughout the closed portion of the medulla. The fibers
of the cuneate fasciculus end in the cuneate nucleus, which is located laterally and slightly rostrally to the gracile nucleus (see Fig. 7-3).

The myelinated axons of the cells in the gracile and cuneate nuclei pursue a curved course to the midline as internal arcuate fibers, which
are clearly shown in Figure 7-4. After crossing the midline in the decussation of the medial lemnisci, these fibers turn rostrally in the medial
lemniscus. This is one of the most conspicuous tracts of the brain stem, occupying the interval between the midline and the inferior olivary
nucleus in the medulla (see Figs. 7-6 and 7-7). Fibers that conduct sensory signals from the contralateral foot are most ventral (i.e., adjacent to
the pyramid). The opposite side of the body is then represented sequentially, so that fibers for the neck are in the most dorsal part of the
medial lemniscus. After traversing the pons and midbrain, the tract ends in the lateral division

of the ventral posterior (VP1) nucleus of the thalamus. This is the thalamic nucleus for general somatic sensation.
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FIGURE 7-2 Junction of the medulla and spinal cord. Corticospinal fibers are passing from the pyramidal decussation into the lateral
corticospinal tract (Weigert stain). (See inside front cover of book for abbreviations used in figures in this chapter.)
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FIGURE 7-3 Medulla at the rostral end of the pyramidal decussation (Weigert stain). For abbreviations see inside front cover of book.




FIGURE 7-4 Medulla at the caudal end of the inferior olivary nucleus (Weigert stain). For abbreviations see inside front cover of book.

Spinothalamic and Spinotectal Tracts

The spinothalamic tract for pain, temperature, and touch on the opposite side of the body continues into the medulla without appreciable
change in position. This is also true of the spinotectal (or spinomesencephalic) tract, which conveys somesthetic data to the superior
colliculus and the reticular formation of the midbrain. The two tracts soon merge to form the spinal lemniscus, which traverses the lateral
area of the medulla dorsal to the inferior olivary nucleus (see Figs. 7-4, 7-5, 7-6, and 7-7). The spinothalamic fibers continue to the ventral
posterior nucleus of the thalamus and send branches also to the intralaminar and posterior groups of nuclei of the thalamus. (The thalamic
nuclei are described in Chapter 11.)

Spinoreticular Fibers

The spinoreticular tracts in the ventral and lateral white matter of the spinal cord continue into the brain stem, where their constituent axons
synapse with cells of the reticular formation. They transmit sensory data, especially from the skin and internal organs. Some spinoreticular
fibers are collateral branches of fibers of the spinothalamic tract. Axons of cells in the reticular formation project caudally to the spinal cord
and rostrally to the thalamus.

There are at least three routes from the spinal cord to the thalamus and cerebral cortex. The medial lemniscus system proceeds without
interruption, mainly to the ventral posterior thalamic nucleus, which, in turn, projects to the primary somatosensory area of the cerebral
cortex. The neospinothalamic system, a mammalian pathway, consists of the axons of the tract cells that do not have collateral branches to
the reticular formation. Sensory signals also reach the intralaminar group of thalamic nuclei through the paleospinothalamic system, which
exists in all vertebrate animals. This less direct pathway consists of spinoreticular fibers (i.e., ones that are not collaterals of the spinothalamic
tract) and reticulothalamic fibers, which are the rostrally projecting axons of neurons of the reticular formation. These ascending

fibers form the reticular formation end in the intralaminar nuclei, which project to the cerebral cortex generally. This diffuse pathway
influences levels of consciousness and degrees of alertness, and it is also involved in the awareness (but not the localization) of pain.
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FIGURE 7-5 Medulla at the level of transition between its closed and open parts (Weigert stain). For abbreviations see inside front
cover of book.

Spinocerebellar Tracts

The dorsal and ventral spinocerebellar tracts, which carry proprioceptive signals mainly from the lower limb, are located near the lateral
surface of the medulla (see Figs. 7-2, 7-3, 7-4, 7-5, and 7-6). The dorsal tract, which is uncrossed, originates in the nucleus thoracicus (nucleus
dorsalis or Clarke's column) of the thoracic and upper lumbar segments of the spinal cord. The ventral tract, on the other hand, is largely
crossed, and most of its cells of origin are in the lumbosacral enlargement of the spinal cord. The dorsal spinocerebellar fibers enter the
inferior cerebellar peduncle (see Figs. 7-7 and 7-8), and the ventral spinocerebellar tract continues through the pons and enters the
cerebellum by way of the superior cerebellar peduncle. The spinocerebellar tracts serve the lower limb. For the upper limb, equivalent
pathways involve the external cuneate nucleus.

MEDULLARY NUCLEI CONNECTED WITH THE CEREBELLUM

External Cuneate Nucleus

The external or accessory cuneate nucleus is lateral to the cuneate nucleus (see Fig. 7-5). The afferents to the external cuneate nucleus are
fibers that enter the spinal cord in cervical dorsal roots, and many of them are collateral branches of axons that end in the cuneate nucleus.
Efferents from the external cuneate nucleus enter the cerebellum by way of the inferior peduncle. These cuneocerebellar fibers provide a
pathway to the cerebellum from proprioceptive and other sensory endings in the neck and upper limb. The functions of the

external cuneate nucleus and cuneocerebellar tract are equivalent to those of the nucleus thoracicus and the dorsal spinocerebellar tract:
both transmit proprioceptive signals along rapidly conducting axons to areas of cortex in and near the midline of the cerebellum (see Chapter
10).
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FIGURE 7-6 Medulla at the mid-olivary level (Weigert stain). For abbreviations see inside front cover of book.
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FIGURE 7-7 Rostral end of the medulla (Weigert stain). For abbreviations see inside front cover of book.
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FIGURE 7-8 Caudal region of the pons (Weigert stain). For abbreviations see inside front cover of book.

Inferior Olivary Complex of Nuclei

Several groups of neurons in the medulla and pons are known as precerebellar nuclei. They receive afferents from various sources and project
to the cerebellum. These nuclei include the components of the inferior olivary complex. The largest component is the inferior olivary
nucleus, which is shaped like a crumpled bag or purse with the hilus facing medially (see Figs. 7-5, 7-6, and 7-7). The inferior olivary complex
receives afferents from the contralateral dorsal horn of all levels of the spinal cord and from the ipsilateral red nucleus (in the midbrain) and
cerebral cortex.

The central tegmental tract is in part a pathway from the red nucleus and the periaqueductal gray matter of the midbrain to the inferior
olivary complex. The terminal part of the central tegmental tract forms a dense layer on the dorsal surface of the inferior olivary nucleus, best
seen in Figure 7-7. The tract also contains fibers that ascend to the diencephalon from the reticular formation of the brain stem and from the
solitary nucleus (of the medulla).

Olivocerebellar fibers constitute the projection from the inferior olivary complex. Fibers from the principal nucleus occupy its interior and
leave through the hilus. After decussating in the midline, the strands of myelinated olivocerebellar fibers curve in a dorsolateral direction
through the reticular formation and enter the inferior cerebellar peduncle, of which they are the largest single component (see Fig. 7-7). The
inferior olivary complex is the source of climbing fibers, which terminate on and excite the Purkinje cells in all parts of the cerebellar cortex.
Physiological studies indicate that the inferior olivary complex of nuclei channels into the cerebellum programs of instructions for

subsequent use in the coordination of learned patterns of movement.

Arcuate Nucleus

The arcuate nucleus on the surface of the pyramid (see Fig. 7-4) receives collateral branches of corticospinal fibers. The axons of cells in the
arcuate nucleus enter the cerebellum by way of the inferior cerebellar peduncle, which they reach by two routes. Some travel over the
lateral surface of the medulla as the external arcuate fibers; the remainder run dorsally in the midline of the medulla and then laterally in the
striae medullares in the floor of the fourth ventricle. The connections of the arcuate nucleus are similar to those of the pontine nuclei (in
the ventral part of the pons; see Chapter 10). Both receive afferents from the ipsilateral cerebral cortex and project across the midline to the
cerebellum.



Lateral Reticular Nucleus

This exceptionally distinct group of cells of the reticular formation is dorsal to the inferior olivary nucleus and medial to the spinal lemniscus,
near the surface of the medulla (see Figs. 7-4, 7-5, and 7-6). It receives afferents from the spinal cord and projects to the cerebellum. Other
precerebellar reticular nuclei are described in Chapter 9.

DESCENDING TRACTS

Corticospinal (Pyramidal) Tract

The parent cell bodies of the corticospinal (pyramidal) tract are located in an area of cerebral cortex that occupies adjoining regions of the
frontal and parietal lobes. Their axons traverse the subcortical white matter, the internal capsule, and the brain stem. In the medulla, each
corticospinal tract is a compact body of white matter in the pyramid (see Figs. 7-4, 7-5, 7-6, and 7-7).

In most people, about 85% of corticospinal fibers cross over in the decussation of the pyramids. The rostral end of this decussation appears in
Figure 7-3, and a bundle of axons passing through the gray matter from a pyramid to the opposite lateral corticospinal tract is shown in Figure
7-2. The 15% of nondecussating fibers continue into the ventral funiculus of the cord as the ventral corticospinal tract. Corticospinal fibers
terminate in the base of the dorsal horn, the intermediate gray matter, and the ventral horn; a few synapse directly with motor neurons. Each
pyramid contains approximately 1 million axons of varying size. The widest and most rapidly conducting ones come from the giant pyramidal cells
of Betz in the primary motor area; these are the fibers believed to end in synaptic contact with the cell bodies of spinal motor neurons.

The corticospinal tracts are often thought of as having an exclusively motor function, and this is, indeed, their major function. Many axons of
cortical origin arise in the primary somatosensory area (see Chapter 15); however, these modulate the transmission of sensory signals to the
brain, by synapsing with neurons in the gracile and cuneate nuclei and in the dorsal horn of the spinal cord.

Tracts That Originate in the Midbrain

The central tegmental tract has already been mentioned as arising from the ipsilateral red nucleus and other gray areas of the midbrain. It
terminates in the inferior olivary complex. A tiny bundle of axons from the contralateral red nucleus continues caudally as the rubrospinal
tract, which comes to occupy a position ventral to the lateral corticospinal tract. In humans, this tract ends in the upper two cervical
segments of the spinal cord.

The tectospinal tract originates in the superior colliculus of the midbrain, and the fibers cross at that level to the opposite side of the brain
stem. The tract (see Fig. 5-10) is probably insignificantly small in humans. Tectobulbar fibers go from the superior colliculus to the reticular
formation of the pons and upper medulla. They are involved in the control of eye movements (see Chapter 8).

NUCLEI OF CRANIAL NERVES AND ASSOCIATED TRACTS

Hypoglossal, Accessory, Vagus, and Glossopharyngeal Nerves

The hypoglossal nucleus, which contains motor neurons for the tongue muscles, is near the midline throughout most of the medulla in the
central gray matter of the closed part (see Fig. 7-4) and beneath the hypoglossal trigone of the

rhomboid fossa (see Figs. 7-5, 7-6, and 7-7). The axons leaving the nucleus pass ventrally between the medial lemniscus and the inferior olivary
nucleus (see Figs. 7-5 and 7-6) and then continue lateral to the pyramid, emerging as the rootlets of the hypoglossal nerve along the sulcus
between the pyramid and the olive. The nucleus ambiguus lies within the reticular formation, dorsal to the inferior olivary nucleus (Figs. 7-5, 7-
6, and 7-7). This important cell column supplies the muscles of the soft palate, pharynx, larynx, and upper esophagus through the cranial root
of the accessory nerve and the vagus and glossopharyngeal nerves. It also contains parasympathetic neurons whose axons end in the cardiac
ganglia and control the heart rate. The dorsal nucleus of the vagus nerve is the largest parasympathetic nucleus in the brain stem; it contains
the cell bodies of preganglionic neurons that regulate the activities of smooth muscle and glandular elements of the thoracic and abdominal
viscera. The nucleus lies lateral to the hypoglossal nucleus in the gray matter that surrounds the central canal (see Fig. 7-4) and extends
rostrally beneath the vagal trigone of the rhomboid fossa (see Figs. 7-5, 7-6, and 7-7).

A bundle of visceral afferent fibers known as the solitary tract lies along the lateral side of the dorsal nucleus of the vagus nerve (see Figs. 7-5,
7-6, and 7-7). This tract consists of caudally directed axons from the inferior ganglia of the vagus and glossopharyngeal nerves and the
geniculate ganglion of the facial nerve. The fibers terminate in the solitary nucleus (nucleus of the solitary tract), a column of cells that lies
adjacent to and partly surrounds the tract. The vagal and glossopharyngeal afferents to the caudal part of the solitary nucleus have important
roles in visceral reflexes. Fibers mediating the sense of taste (mostly from ganglia of the facial and glossopharyngeal nerves) go to the rostral
end of the nucleus.

Vestibulocochlear Nerve

Nuclei in the rostral part of the medulla receive afferent axons from the cochlear and vestibular divisions of the eighth cranial nerve. The
dorsal cochlear nucleus, lying on the base of the inferior cerebellar peduncle, is shown in Figure 7-7, and part of the ventral cochlear nucleus
appears lateral to the peduncle in the same figure. Fibers leaving the cochlear nuclei are noted later in the description of the pons.

The vestibular nuclei, beneath the vestibular area of the rhomboid fossa, comprise the superior, lateral, medial, and inferior vestibular
nuclei, which differ in their cytoarchitecture and connections. Whereas the superior nucleus is located in the pons (see Fig. 7-8), the
remaining nuclei are located in the medulla (see Figs. 7-6 and 7-7). The vestibular nerve penetrates the brain stem ventral to the inferior
cerebellar peduncle and medial and slightly rostral to the attachment of the cochlear nerve. Most vestibular nerve fibers end in the vestibular
nuclei, but a few enter the cerebellum through the inferior peduncle. In addition to the primary vestibulocerebellar fibers, numerous



secondary fibers proceed from the vestibular nuclei into the cerebellum through the inferior peduncle.

Vestibular nuclei project to the spinal cord by way of two tracts. The larger is the vestibulospinal tract (sometimes called the lateral
vestibulospinal tract), for which the cells of origin are in the lateral vestibular nucleus. Vestibulospinal fibers run caudally, dorsal to the inferior
olivary nucleus, in the position indicated in Figures 7-4 and 7-5. The tract is deflected ventrally at the level of the pyramidal decussation (see
Figs. 7-2 and 7-3) and continues into the ipsilateral ventral funiculus of the spinal cord.

Fibers from the left and right medial vestibular nuclei account for most of those in each medial longitudinal fasciculus, a bundle that extends
rostrally and caudally adjacent to the midline (see Figs. 7-2, 7-3, 7-4, 7-5, 7-6, and 7-7). The ascending fibers will be identified later in the
discussion of the pons and midbrain. The small bundle of descending fibers, which are mainly from ipsilateral cell bodies, is sometimes called
the medial vestibulospinal tract. Below the pyramidal decussation, it is joined by the nearby ventral corticospinal and tectospinal tracts.

Trigeminal Nerve

The trigeminal nerve contributes a tract and associated nucleus to the internal structure of the medulla. Many fibers of the trigeminal sensory
root turn caudally on entering the pons. They constitute the spinal trigeminal tract, so named because many of these axons extend as far as
the third cervical segment of the spinal

cord. The spinal tract transmits data for pain, temperature, and touch from the extensive area of distribution of the trigeminal nerve (most of
the head; see Chapter 8). The tract also receives primary afferent fibers from the other three cranial nerves (facial, glossopharyngeal, and
vagus) that have general somatic sensory functions. Axons leave the tract at all levels from the caudal pons to the second or third cervical
segment of the spinal cord. They terminate in the spinal trigeminal nucleus (nucleus of the spinal trigeminal tract), which is located alongside
and medial to the tract. The spinal trigeminal tract and its nucleus share several structural and functional characteristics with the dorsolateral
tract of Lissauer and the outermost four laminae of the dorsal horn of the spinal gray matter, with which the nucleus is continuous.

The longest descending fibers in the spinal trigeminal tract are unmyelinated or thinly myelinated, and they carry signals relating to pain and
temperature. The first synapses in the pathway for these types of sensation are, therefore, located in the most caudal part of the spinal
trigeminal nucleus in the closed medulla and the uppermost cervical levels of the spinal cord.

The ventral trigeminothalamic tract (see Fig. 7-6) is a crossed fasciculus that arises from neurons in the spinal (and pontine) trigeminal nuclei
and in the adjacent part of the reticular formation. It ends in the medial division of the ventral posterior nucleus of the thalamus (VPm).
Conducting sensory signals from the opposite side of the head, the ventral trigeminothalamic tract is functionally comparable to the
spinothalamic tract for the parts of the body below the neck.

Dorsal Pons (Tegmentum)

The main features seen in sections through the pons are its division into basal (ventral) and tegmental (dorsal) regions and the prominent
cerebellar peduncles (see Figs. 7-8 and 7-9). The pontine tegmentum is structurally similar

to the medulla and midbrain. There are, therefore, tracts that were encountered in the medulla, together with components of several cranial
nerves.
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FIGURE 7-9 Section through the middle of the pons (Weigert stain). For abbreviations see inside front cover of book.

TRACTS AND CEREBELLAR PEDUNCLES

The medial lemniscus twists as it leaves the medulla, rotating in such a way that in the ventral pontine tegmentum, the fibers from the
cuneate nucleus are medial to those from the gracile nucleus. Therefore, the somatotopic representation is neck, arm, trunk, and leg, in a
medial-to-lateral sequence. The spinal lemniscus is near the lateral edge of the medial lemniscus throughout the pons (see Figs. 7-8, 7-9, and 7-
10). The ventral spinocerebellar tract traverses the most lateral part of the tegmentum (see Fig. 7-8) and then curves dorsally and enters the
cerebellum through the superior peduncle (see Figs. 7-9 and 7-11).

With respect to descending tracts, the central tegmental tract is medial to the fibers of the superior cerebellar peduncle at the level of the
pontine isthmus (see Fig. 7-10), in the central area of the tegmentum at midpontine levels (see Fig. 7-9), and dorsal to the medial lemniscus in
the caudal region of the pons (see Fig. 7-8). As in the medulla and spinal cord, the medial longitudinal fasciculus is located near the midline in
the pontine tegmentum (see Figs. 7-8, 7-9, and 7-10).

The inferior cerebellar peduncles enter the cerebellum from the caudal part of the pons. At this level, they lie medial to the middle
cerebellar peduncles and form the lateral walls of the fourth ventricle (see Fig. 7-8). Olivocerebellar fibers are the most numerous in the
inferior peduncle, followed by fibers of the dorsal spinocerebellar tract. The region of the inferior cerebellar peduncle immediately adjoining
the fourth ventricle consists of fibers that enter the cerebellum from the vestibular nerve and vestibular nuclei, together with fibers that arise
in the parts of the cerebellum concerned with maintaining equilibrium. Most of the latter fibers terminate in the vestibular nuclei.

The superior cerebellar peduncles (see Fig. 7-9) consist mainly of fibers that originate in

cerebellar nuclei and enter the brain stem immediately caudal to the inferior colliculi of the midbrain. The fibers cross the midline at the level
of the inferior colliculi in the decussation of the superior cerebellar peduncles (see Figs. 7-10, 7-12, and 7-13). Most of these fibers continue
rostrally to the thalamus, and the remainder end in the red nucleus and in the reticular formation. The superior cerebellar peduncle also
contains fibers that enter the cerebellum: the ventral spinocerebellar tract and some axons from the mesencephalic trigeminal nucleus and
the red nucleus.
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FIGURE 7-10 Rostral part of the pons, including the isthmus region of the pontine tegmentum (Weigert stain). For abbreviations see
inside front cover of book.
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FIGURE 7-11 Part of a section through the middle of the pons at the level of the pontine and motor trigeminal nuclei (Weigert stain).

NUCLEI OF CRANIAL NERVES AND ASSOCIATED TRACTS

Vestibulocochlear Nerve

Fibers from the dorsal and ventral cochlear nuclei cross the pons to ascend in the lateral lemniscus of the opposite side. Most of the
decussating fibers constitute the trapezoid body (see Fig. 7-8), which intersects the medial lemnisci. It is difficult to distinguish these slender
bundles of acoustic fibers from nearby bundles of pontocerebellar fibers. The axons from the ventral cochlear nuclei end in the superior
olivary nucleus (see Fig. 7-8), from which more ascending fibers are added to the auditory pathway. Fibers from the dorsal cochlear and
superior olivary nuclei turn rostrally in the lateral part of the tegmentum to form the lateral lemniscus (see Fig. 7-8). This tract is lateral to the
medial lemniscus in the first part of its course (see Fig. 7-9) and then moves dorsally to end in the inferior colliculus of the midbrain (see Figs.
7-10 and 7-12). The auditory pathway, which continues to the thalamus and cerebral cortex, is more fully described in Chapter 21.

One of the four vestibular nuclei, the superior vestibular nucleus, extends into the pons (see Fig. 7-8). Fibers from the vestibular nuclei, some
crossed and some uncrossed, ascend in the medial longitudinal fasciculus, which is next to the midline and close to the floor of the fourth
ventricle throughout the pons (see Figs. 7-8, 7-9, 7-10, 7-11, and 7-12). The fibers terminate mainly in the abducens, trochlear, and oculomotor
nuclei, establishing connections that coordinate movements of the eyes with movements of the head.

The medial longitudinal fasciculus also contains other groups of fibers concerned with eye movements; these are discussed in Chapter 8.
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FIGURE 7-12 Section that passes through the rostral end of the basal pons and the caudal ends of the inferior colliculi of the midbrain
(Weigert stain). For abbreviations see inside front cover of book.

Facial and Abducens Nerves

The facial motor nucleus, which supplies the muscles of expression, is a prominent group of typical motor neurons in the ventrolateral part of
the tegmentum (see Fig. 7-8). Axons arising from the nucleus course dorsomedially and then form a compact bundle, the internal genu, which
loops over the caudal end of the abducens nucleus beneath the facial colliculus of the rhomboid fossa. The bundle of fibers that forms the
genu then runs forward along the medial side of the abducens nucleus and curves again over its rostral end (see right side of Fig. 7-8). After
leaving the genu, the fibers pass between the nucleus of origin and the spinal trigeminal nucleus, emerging as the motor root of the facial
nerve at the junction of the pons and medulla.

The abducens nucleus innervates the lateral rectus muscle of the eye and also contains internuclear neurons. It is located beneath the facial
colliculus, as noted previously (see Fig. 7-8). The efferent motor fibers of the nucleus proceed ventrally with a caudal inclination and leave the
brain stem as the abducens nerve between the pons and the pyramid of the medulla (see Fig. 6-1). The internuclear neurons have axons that
travel in the contralateral medial longitudinal fasciculus to the division of the oculomotor nucleus that supplies the medial rectus muscle. This
arrangement provides for simultaneous contraction of the lateral rectus and contralateral medial rectus when the eyes move in the horizontal
plane.

Trigeminal Nerve

The spinal trigeminal tract and nucleus are located in the lateral part of the tegmentum of the caudal half of the pons (see Fig. 7-8), lateral to
the fibers of the facial nerve. The pontine tegmentum also contains two other trigeminal nuclei (see Fig. 7-11). The pontine trigeminal nucleus
(also known as the chief or principal

nucleus) is located at the rostral end of the spinal trigeminal nucleus. It receives fibers for touch, especially discriminative touch. Fibers from
the pontine trigeminal nucleus project to the thalamus, along with fibers from the spinal nucleus, in the ventral trigeminothalamic tract (see
Figs. 7-9 and 7-10). A dorsal trigeminothalamic tract, consisting of crossed and uncrossed fibers, originates exclusively in the pontine trigeminal
nuclei. (Alternatively, all the trigeminothalamic fibers are said to compose the trigeminal lemniscus.) The motor nucleus, which is medial to
the pontine trigeminal nucleus (see Fig. 7-11), contains the motor neurons that supply the muscles of mastication and a few other muscles.



FIGURE 7-13 Midbrain at the level of the rostral ends of the inferior colliculi (Weigert stain). For abbreviations see inside front cover of
book.

The mesencephalic trigeminal nucleus is a slender column of cells beneath the lateral edge of the rostral part of the fourth ventricle (see
Figs. 7-9 and 7-10), extending into the midbrain. These unipolar cells are unusual because they are cell bodies of primary sensory neurons and
the only such cells in the central nervous system. The axons of the unipolar neurons form the mesencephalic tract of the trigeminal nerve
(see Figs. 7-9 and 7-10); most are distributed through the mandibular division of the nerve to proprioceptive endings in the muscles of
mastication.

Ventral or Basal Pons

The basal or ventral part of the pons (see Figs. 7-8, 7-9, and 7-10) is especially large in humans because of its connections with the cortices of
the cerebral and cerebellar hemispheres. The basal part of the pons consists of longitudinal and transverse fiber bundles and the pontine
nuclei, which are collections of neurons that lie among the bundles. The longitudinal bundles are numerous and small at rostral levels (see Figs.
7-9 and 7-10), but many coalesce as they approach the medulla (see Fig. 7-8).

The longitudinal fasciculi are descending fibers that enter the pons from the basis pedunculi

of the midbrain. Many are corticospinal fibers that pass through the pons to reassemble as the pyramids of the medulla. Numerous
corticopontine fibers, which originate in widespread areas of cerebral cortex and establish synaptic contact with cells of the pontine nuclei
of the same side, are also present. Except in the caudal one third of the pons, where large regions of pontine gray matter are present (see Fig.
7-8), the pontine nuclei are small groups of cells scattered among the longitudinal and transverse fasciculi (see Figs. 7-9 and 7-10). The axons of
the neurons of the pontine nuclei cross the midline, forming the conspicuous transverse bundles of pontocerebellar fibers, and enter the
cerebellum through the middle cerebellar peduncle. The activities of the cerebral cortex are thus made available to the cerebellar cortex
through the relay in the pontine nuclei. The cerebellar cortex influences motor areas in the frontal lobe of the cerebral hemisphere through a
pathway that includes the dentate nucleus of the cerebellum and the ventral lateral nucleus of the thalamus. The well-developed circuit
linking the cerebral and cerebellar cortices contributes to the precision and efficiency of voluntary movements.

Midbrain



The internal structure of the midbrain is shown in Figures 7-12, 7-13, 7-14, and 7-15. The sections shown in Figures 7-12 and 7-13 are through
the inferior colliculi. The planes of the sections are such that Figure 7-12 includes the basal pons, and Figure 7-13 shows the extreme rostral lip

of the basal pons (see Fig. 7-1). Figures 7-14 and 7-15 show more rostral levels that include the superior colliculi and certain thalamic nuclei
that are in the same transverse plane.

For descriptive purposes, the midbrain is divided into the following regions (see Fig. 7-14): the tectum, which consists of the paired inferior and
superior colliculi (corpora quadrigemina); the basis pedunculi, which is a dense mass of descending fibers; and the substantia nigra, which is a
prominent zone of gray matter immediately dorsal to the basis pedunculi. The remainder of the midbrain comprises the tegmentum,

which contains fiber tracts, the prominent red nuclei, and the periaqueductal gray matter surrounding the cerebral aqueduct. The term
cerebral peduncle refers to all of the midbrain on each side, exclusive of the tectum.

FIGURE 7-14 Midbrain at the level of the superior colliculi (Weigert stain). For abbreviations see inside front cover of book.




an = PIN

FIGURE 7-15 Midbrain at the level of the rostral ends of the superior colliculi. The section also includes parts of the thalamus and some
cortex of the temporal lobes (Weigert stain). For abbreviations see inside front cover of book.

TECTUM AND ASSOCIATED TRACTS

Inferior Colliculus

The inferior colliculus is a large nucleus of the auditory pathway. Fibers of the lateral lemniscus envelop and enter the nucleus (see Fig. 7-12).
Fibers leaving the inferior colliculus traverse the inferior brachium to reach the medial geniculate body of the thalamus (see Figs. 7-13, 7-14,
and 7-15), which, in turn, projects to the auditory cortex in the temporal lobe. Commissural fibers are present between the inferior colliculi,
accounting partly for the bilateral cortical projection from each ear.

Some axons from the inferior colliculus pass forward into the superior colliculus. From the latter site, through a polysynaptic pathway
described in Chapter 8, auditory signals reach cranial nerve nuclei that supply the extraocular muscles, and a few tectospinal fibers influence
spinal motor neurons in the cervical region. A pathway is thereby established for reflex turning of the eyes and head toward the source of an
unexpected sound.

Superior Colliculus

The superior colliculus (see Figs. 7-14 and 7-15) has a complex structure consisting of seven alternating layers of white and gray matter; its
connections are with the visual system. Corticotectal fibers come from the visual cortex in the occipital lobe, from adjacent parietal cortex,
and from an area of the frontal lobe called the frontal eye field. The corticotectal fibers (which are ipsilateral) make up most of the superior
brachium, which reaches the superior colliculus by passing between the pulvinar and the medial geniculate body of the thalamus (see Figs. 7-14
and 7-15). Through collicular efferents (to be described), this connection between the cortex and the superior colliculus is responsible for
both voluntary and involuntary movements of the eyes and head, as when rapidly shifting the direction of gaze (saccadic movements) or when
following objects passing across the visual field (smooth

pursuit movements). Corticotectal fibers that originate in the occipital cortex also participate in the ocular response of accommodation (i.e.,
thickening of the lens and constriction of the pupil), which accompanies convergence of the eyes when viewing a near object.

Some fibers of the optic tract reach the superior colliculus by way of the superior brachium and constitute the afferent limb of a reflex
pathway that assists in turning the eyes and head to follow an object moving across the field of vision. In addition, spinotectal fibers terminate
in the superior colliculus and transmit data from general sensory endings, especially those in the skin. These connections presumably serve to
direct the eyes and head toward sources of cutaneous stimuli. Another source of afferents to the superior colliculus is the pars reticulata of
the substantia nigra, which thereby connects the corpus striatum (see Chapter 12) with the parts of the midbrain that control movements of
the eyes and head.

Efferents from the superior colliculus are distributed to the spinal cord and nuclei of the brain stem. The few fibers destined for the spinal
cord curve around the periaqueductal gray matter, cross to the opposite side in the dorsal tegmental decussation, and continue caudally near



the midline as the tectospinal tract. Efferents to the brain stem, known as tectobulbar fibers, are, for the most part, directed bilaterally. They
go to the pretectal area, the accessory oculomotor nuclei, and the paramedian pontine reticular formation. These regions project to the
nuclei of the nerves that supply the eye muscles. (Neural control of these muscles is discussed in Chapter 8.) Other efferent fibers from the
superior colliculus terminate in the reticular formation near the motor nucleus of the facial nerve, providing a reflex pathway for protective
closure of the eyelids when there is a sudden visual stimulus.

The superior colliculi are interconnected by the commissure of the superior colliculi (see Fig. 7-14). The posterior commissure is a robust
bundle that runs transversely, just dorsal to the transition between the cerebral aqueduct and the third ventricle. A small piece of this
commissure is included in the section shown in Figure 7-15. Fibers in the posterior commissure come from the superior colliculus and from the
following nearby smaller nuclei: pretectal area, habenular nuclei (in the epithalamus of the diencephalon), and the accessory oculomotor
nuclei of the midbrain (which are reviewed in Chapter 9).

Pretectal Area

The pretectal area consists of four pairs of small nuclei rostral to the lateral edge of the superior colliculus. One of the pretectal nuclei, the
olivary pretectal nucleus, receives fibers from both retinas by way of the ipsilateral optic tract and the superior brachium. Axons arising in the
olivary pretectal nucleus go to the Edinger-Westphal nucleus of each side. The latter nucleus is the source of the preganglionic
parasympathetic fibers in the oculomotor nerve. The pretectal area is thereby included in a reflex pathway for constriction of the pupils in
response to increased intensity of light. The pretectal area also has connections that implicate it in pathways for the control of eye
movements, including convergence (see Chapter 8).

TEGMENTUM

Fasciculi Proceeding to the Thalamus

The medial lemniscus traverses the midbrain in the lateral area of the tegmentum to its termination in the ventral posterior nucleus of the
thalamus (see Figs. 7-13, 7-14, and 7-15). The spinal lemniscus is dorsolateral to the medial lemniscus; this spatial relation is continued from the
pontine tegmentum. Spinotectal fibers leave the spinal lemniscus to enter the superior colliculus and the periaqueductal gray matter. The
spinothalamic fibers continue into the diencephalon, where they end in the ventral posterior and other thalamic nuclei. Some spinothalamic
fibers send branches into the periaqueductal gray matter of the midbrain.

Red Nucleus and Associated Tracts

The red nucleus is egg shaped (round in transverse section) and extends from the caudal limit of the superior colliculus into the subthalamic
region of the diencephalon. The nucleus is more vascular than the surrounding tissue and is named for its pinkish hue in a fresh specimen.
Myelinated axons that pass through the red nucleus give it a punctate appearance in Weigertstained sections (see Figs. 7-14 and 7-15).

Afferent fibers from the contralateral cerebellum reach the red nucleus by way of the superior cerebellar peduncle and its decussation (see
Fig. 7-13). Corticorubral fibers come from the motor areas of the ipsilateral cerebral hemisphere. Many other afferents to the red nucleus have
been detected in animals, but their significance in the human brain is not known.

The red nucleus gives rise to a small number of axons that cross the midline in the ventral tegmental decussation and continue through the
brain stem into the lateral funiculus of the spinal cord as the rubrospinal tract. This is a minor pathway in the human brain, and its few fibers
terminate in the first two segments of the cervical spinal gray matter. In laboratory animals, some descending fibers from the red nucleus end
in the facial motor nucleus and in those nuclei of the reticular formation that project to the cerebellum. In addition to these crossed
projections, large numbers of rubroolivary fibers travel in the ipsilateral central tegmental tract to terminate in the inferior olivary complex of
nuclei, which projects across the midline to the cerebellum.

NUCLEI OF CRANIAL NERVES AND ASSOCIATED TRACTS

The midbrain contains nuclei of three cranial nerves as well as certain tracts that originate in the sensory nuclei of cranial nerves in the
medulla and pons.

Vestibulocochlear Nerve

The lateral lemniscus was identified in the discussion of the inferior colliculus. The medial longitudinal fasciculus is adjacent to the midline
(see Figs. 7-12, 7-13, 7-14, and 7-15) in the same general position as at lower levels. Most of its fibers originate in vestibular nuclei, and those
that reach the midbrain end in the trochlear, oculomotor, and accessory oculomotor nuclei. The fasciculus also contains the axons of
internuclear neurons, which connect the abducens, trochlear, and oculomotor nuclei.

Trigeminal Nerve

The trigeminal lemniscus, comprising fibers from the spinal and pontine trigeminal nuclei, is medial to the medial lemniscus (see Figs. 7-12, 7-13,
7-14, and 7-15). The mesencephalic nucleus of the trigeminal nerve continues from the pons into the lateral region of the periaqueductal gray
matter up to the level of the superior colliculus.

Trochlear and Oculomotor Nerves

The trochlear nucleus is located in the periaqueductal gray matter at the level of the inferior colliculus, where it lies just dorsal to the medial



longitudinal fasciculus (see Fig. 7-13). Fibers from the nucleus curve dorsally around the periaqueductal gray matter, with a caudal slope (see
Figs. 7-10 and 7-12). On reaching the dorsal surface of the brain stem, the fibers decussate in the superior medullary velum and emerge as the
trochlear nerve just below the inferior colliculi. The trochlear nerve supplies the superior oblique muscle of the eye.

The oculomotor nucleus is actually a group of subnuclei in and adjacent to the midline in the ventral part of the periaqueductal gray matter at
the level of the superior colliculus. The paired nuclei have a V-shaped outline in sections (see Figs. 7-14 and 7-15). Bundles of axons from the
nucleus curve ventrally through the tegmentum, with many of them passing through the red nucleus (see Fig. 7-14), and then emerge along the
side of the interpeduncular fossa to form the oculomotor nerve (see Figs. 6-1 and 7-15). The oculomotor nerve supplies four of the six
extraocular muscles (all except the lateral rectus and superior oblique) and the striated fibers of the levator palpebrae superioris muscle,
which raises the upper eyelid. Distinct subnuclei supply the individual muscles. The oculomotor nuclear complex includes a functionally
different parasympathetic component, the Edinger-Westphal nucleus, concerned with the ciliary and sphincter pupillae muscles of the eye
(see Chapter 8).

SUBSTANTIA NIGRA

The substantia nigra is a large nucleus situated between the tegmentum and the basis pedunculi throughout the midbrain (see Figs. 7-13, 7-14,
and 7-15) and extending into the subthalamic region of the diencephalon. The black color is caused by the dopaminergic neurons of the pars
compacta, adjacent to the tegmentum. These cells contain cytoplasmic inclusion granules of melanin pigment. The melanin granules are few at
birth; their numbers increase rapidly during

childhood and then more slowly throughout life. The pigment, which is present in albinos, is also known as neuromelanin to distinguish it from
the pigment of skin. It is probably a byproduct of the metabolism of dopamine, which is the neurotransmitter used by these cells. The
substantia nigra is connected with the corpus striatum, a large body of gray matter in the forebrain, and it is included in the functional system
known as the basal ganglia.

CLINICAL NOTE
Parkinson's Disease

The importance of the substantia nigra is apparent when the disturbances of motor function in Parkinson's
disease (paralysis agitans) are considered. The clinical features of this crippling disorder are muscular rigidity,
a slow tremor, and bradykinesia (or poverty of movement). The last is manifest as a masklike face, difficulty in
initiating movements, and loss of associated involuntary movements such as swinging the arms when
walking. All three features combine to cause a shuffling gait, with a tendency to fall forward and difficulty in
stopping. The most consistent pathological finding in Parkinson's disease is degeneration of the melanin-
containing cells in the pars compacta of the substantia nigra. Most cases of Parkinson's disease have no
known cause, but a few are caused by poisons, including manganese compounds (industrial exposure in
some mines) and MPTP (1-methyl-4-phenyl-1,2,4,6-tetrahydropyridine), a compound present in illegally
manufactured heroin. Some drugs (see below) can cause transient parkinsonian symptoms by blocking the
normal actions of dopamine at synapses.

Biochemical and histochemical research in the 1960s provided the basis for modern medical therapy. The
normally high concentrations of dopamine in the substantia nigra and striatum are greatly reduced in patients
with Parkinson's disease. Administration of dopamine might replace the regulatory action of the substantia
nigra on the striatum, but this amine does not cross the blood-brain barrier. Therefore, a metabolic precursor
that does gain access to brain tissue is used instead. This precursor is L-dopa (L-dihydroxyphenylalanine;
also called levodopa), and its conversion to dopamine occurs in the surviving neurons of the pars compacta.
The administration of L-dopa does not stop the loss of neurons, but it does relieve the motor abnormalities
in Parkinson's disease until there are not enough nigral neurons left to deliver dopamine to the striatum.

Other drugs used to treat parkinsonism include anticholinergic agents and inhibitors of an enzyme that
degrades dopamine. The former work indirectly by suppressing the actions of the cholinergic interneurons of
the striatum.

The traditional surgical treatment of Parkinson's disease consists of destroying parts of the brain that are
overactive when there is not enough dopaminergic modulation of the striatum. Clinical experimentation in the
1940s and 1950s led to the adoption of either the globus pallidus or the ventral lateral nucleus of the
thalamus as the site of choice for such lesions, but transient relief of parkinsonian symptoms followed either
surgical or spontaneous pathological damage almost anywhere in the base of the cerebral hemisphere.
Magnetic resonance imaging (MRI; see Chapter 4) allows for electrical recording and stimulation at
anatomically known sites in the diencephalon and corpus striatum, so it is now possible to locate lesions more
accurately than in earlier years of the disease process. Surgical ablations in the thalamus (thalamotomy)
relieve tremor and rigidity but not bradykinesia. With lesions in the ventral medial part of the globus pallidus
(pallidotomy), relief of rigidity and bradykinesia takes place. In recent years, symptomatic relief has been
achieved with stimulating electrodes chronically implanted in the pallidum, thalamus, or subthalamic nucleus.

In the 1980s and 1990s, many attempts were made to treat patients with Parkinson's disease by
transplanting cells potentially capable of secreting dopamine (taken from aborted human fetuses) into the
corpus striatum. Clinical follow-up and postmortem studies, which became available in the early 1990s,
showed that symptomatic relief was usually transient. Experimentation with human fetal transplants has
continued, and it is now generally agreed that any resulting clinical improvement is minor and seldom lasts for



more than a few months except in some younger patients. Trials involving sham-operated patients indicate
that transient improvement is a placebo effect. Other current research in the field of therapeutic grafting is
directed toward the potential use of genetically modified cells that might produce dopamine and form
appropriate synaptic connections in the corpus striatum.

The major source of fibers afferent to the pars compacta is the striatum (a part of the corpus
striatum comprising the caudate nucleus and the putamen of the lentiform nucleus). The efferent fibers from the pars compacta go to the
striatum. These connections form part of a larger piece of neuronal circuitry, discussed in Chapters 12 and 23.

The region of the substantia nigra bordering the basis pedunculi consists of cells that lack pigment and is called the pars reticulata. It is a
detached part of the internal segment of the globus pallidus, which is part of the corpus striatum (see Chapter 12). The pars reticulata
contains neurons that project to the same thalamic nuclei that receive input from the pallidum, and it also sends fibers to the superior
colliculus, providing a pathway whereby the basal ganglia participate in the control of eye movements.

Ventral Tegmental Area

The ventral tegmental area is another population of dopaminergic neurons, on the medial aspect of the cerebral peduncle, between the
substantia nigra and the red nucleus (see Fig. 7-15). The axons of these cells end in the hypothalamus, amygdala, hippocampal formation,
nucleus accumbens, and elsewhere. These projections, sometimes called the mesolimbic dopaminergic system, have been intensively studied
in animals because their actions are blocked by drugs that are used in the clinical management of patients with schizophrenia and other mental
disorders. The drugs antagonize dopamine at its postsynaptic receptors, and their most serious adverse effect is a syndrome that resembles
Parkinson's disease.

BASIS PEDUNCULI

The basis pedunculi (crus cerebri) consists of fibers of the pyramidal and corticopontine systems (see Figs. 7-13, 7-14, and 7-15 and Chapter 23).

Corticospinal fibers constitute the middle three fifths of the basis pedunculi; the somatotopic arrangement is that of fibers for the neck, arm,
trunk, and leg in a medial-to-lateral direction.

Corticobulbar (corticonuclear) fibers are located between the corticospinal and frontopontine tracts, but many leave the basis pedunculi and
continue to their destinations through the tegmentum of the midbrain and pons. The majority of the corticobulbar fibers end in the reticular
formation near the motor nuclei of cranial nerves (the trigeminal and facial motor nuclei, nucleus ambiguus, and hypoglossal nucleus). A few of
the fibers make direct synaptic contacts with the motor neurons in these nuclei. In addition to these pathways, which have obvious motor
functions, corticobulbar fibers to the pontine and spinal trigeminal nuclei and to the solitary nucleus are present. Axons of cortical origin that
end in the gracile and cuneate nuclei are also classified as corticobulbar. Thus, corticobulbar connections are involved in modulating the
transmission of sensory information rostrally from the brain stem as well as in the control of movement.

Corticopontine fibers are divided into two large bundles. The frontopontine tract occupies the medial one-fifth of the basis pedunculi. The
lateral one fifth consists of the parietotemporopontine tract, which contains fibers from the parietal, occipital, and temporal lobes.
Corticopontine fibers end in the basal pons, synapsing with the neurons of the pontine nuclei.

Visceral Pathways in the Brain Stem

The ascending visceral pathways in the spinal cord are situated in the ventral and ventrolateral funiculi. They may be considered to be parts
of the spinothalamic and spinoreticular tracts. Signals of visceral origin reach the reticular formation, thalamus, and hypothalamus.

Physiologically important visceral sensory fibers reach the solitary nucleus in the medulla by way of the vagus and glossopharyngeal nerves (see
Chapter 8). The solitary nucleus also receives afferents for taste, mainly through the glossopharyngeal and facial nerves. Ascending fibers from
the solitary nucleus travel ipsilaterally in the central tegmental tract and terminate in the hypothalamus and in the most medial part of the
ventral posterior medial nucleus of the thalamus. From the latter site, information with respect to taste is relayed to a cortical taste area in
the parietal and insular lobes. A small solitariospinal tract, which originates in the solitary nucleus and nearby parts of the reticular formation,
terminates on

preganglionic autonomic neurons in the spinal cord and possibly also on neurons that supply respiratory muscles. Some axons ascend from
nuclei of the reticular formation to the hypothalamus in the dorsal longitudinal fasciculus, which also contains descending fibers (see next
paragraph and Chapter 11).

CLINICAL NOTE
Anatomical and Clinical Correlations

Vascular lesions are among the more important causes of damage to the brain. Hemorrhage into the brain
stem usually has serious consequences (such as sudden death or coma) because the escaping blood
destroys regions of the reticular formation that control the vital functions of respiration, circulation, and
consciousness. Some effects of large lesions in the brain stem are discussed in Chapter 9. Vascular
occlusion can cause smaller destructive lesions, resulting in neurological signs that depend on the location
and size of the affected region. Symptoms and clinical signs can indicate the level of a lesion in the brain stem
as well as the medial, lateral, dorsal, or ventral location of the lesion. The level is deduced largely from the
anatomy of the nuclei of the affected cranial nerves. Interruption of motor or sensory pathways or
connections with the cerebellum can establish the lateral, medial, dorsal, or ventral position of a lesion. Clinical



imaging of the brain stem, especially MRI, is valuable but is less precise and, consequently, less accurate than
deductions based on knowledge of neuroanatomy.

There are two descending pathways whose cells of origin are located in the hypothalamus. Mamillotegmental fibers originate in the mamillary
body of the hypothalamus; they terminate in the reticular formation of the midbrain, which projects to autonomic nuclei in the brain stem and
spinal cord. Fibers from other hypothalamic nuclei, notably the paraventricular nucleus, run caudally in the dorsal longitudinal fasciculus, a
bundle of mostly unmyelinated fibers in the periaqueductal gray matter of the midbrain. Some terminate in the reticular formation of the brain
stem and the dorsal nucleus of the vagus nerve, and the hypothalamospinal fibers proceed to autonomic nuclei in the spinal cord. Thus,
impulses of hypothalamic origin reach the preganglionic sympathetic and sacral parasympathetic neurons both directly and through relays in
the reticular formation. Clinical evidence indicates that fibers influencing the sympathetic nervous system descend ipsilaterally through the
lateral part of the medulla.

The following examples are presented to show the correlation between clinical syndromes and the locations of some lesions in the brain stem.
Table 7-1 provides a summary. Information contained in Chapters 8, 9, and 10 is needed in order to appreciate all the data in the table.

The medial medullary syndrome results from occlusion of a medullary branch of the vertebral artery; the size of the infarction depends on
the distribution of the particular artery involved. In the example shown in Figure 7-16, the affected area includes the pyramid and most of the
medial lemniscus on one side. The lesion extends far enough laterally to include fibers of the hypoglossal nerve as they pass between the
medial lemniscus and the inferior olivary nucleus. A patient with this lesion has contralateral hemiparesis as well as impairment of the sensations
of position and movement and of discriminative touch on the opposite side of the body. Paralysis of the tongue muscles is ipsilateral. This is an
example of “crossed” or “alternating” paralysis, in which whereas the body below the neck is affected on the side opposite the lesion, muscles
supplied by a cranial nerve are affected on the same side as the lesion.

Occlusion of a vessel supplying the lateral area of the medulla results in the lateral medullary (Wallenberg's) syndrome. Typically, the
occluded vessel is a medullary branch of the posterior inferior cerebellar artery. The infarcted area (Fig. 7-17) includes (a) the base of the
inferior cerebellar peduncle and vestibular nuclei, causing dizziness, cerebellar ataxia, and nystagmus; (b) the spinal trigeminal tract and its
nucleus, causing ipsilateral loss of pain and temperature sensibility in the area of distribution of the trigeminal nerve; (c) the spinothalamic
tract, causing contralateral loss of pain and temperature sensation below the neck; or (d) the nucleus ambiguus, causing paralysis of the
muscles of the soft palate, pharynx, and

larynx on the side of the lesion, with difficulty in swallowing and phonation. The descending pathway to the intermediolateral cell column of
the spinal cord is usually included in the area of degeneration, thereby causing Horner's syndrome (i.e., constricted pupil and drooping of the
upper eyelid [ptosis]) and warm, dry skin of the face, all on the side of the lesion. Cerebellar signs are more pronounced if infarction of part of
the cerebellum is added to that of the medulla (posterior inferior cerebellar artery thrombosis). Partial syndromes such as that of Avellis (see
Table 7-1) are caused by smaller lesions in the lateral part of the medulla.

TABLE 7-1 Some Clinical Syndromes Caused by Localized Lesions in the Brain Stem

Name of Syndrome

Clinical Features Site of Lesion and Other Comments
Ipsilateral hypoglossal palsy with Ventromedial medulla, including pyramid and axons Medial medullary
contralateral hemiplegia of hypoglossal nerve syndrome (see Fig. 7-16)
Vertigo, ataxia, paralysis of the Lateral medulla (territory of posterior inferior \(f';/::ele;ibe;g_:,f;::grome
ipsilateral palate and vocal cord, loss of cerebellar artery), including the vestibular nuclei s .

. : . - . Chapters 8 and 24);
pain and thermal sensation on the same inferior cerebellar peduncle, nucleus ambiguus, .

. : . . . . - . smaller lesions cause
side of face and opposite side of body, spinal trigeminal tract and nucleus, spinothalamic artial syndromes (see
ipsilateral Horner's syndrome, and loss tract, and fibers descending to preganglionic P M .

- - . next row of this table for
of facial sweating sympathetic neurons

an example)

Paralysis of the ipsilateral palate and Avellis' syndrome; caused

. Lateral medulla, including nucleus ambiguus, spinal o

vocal cord and loss of pain and thermal . : : . by a lesion in the ventral
. : trigeminal tract and nucleus, and spinothalamic .

sensation on same side of face and tract part of the shaded area in

opposite side of body Fig. 7-17




Ipsilateral lower motor neuron facial
paralysis with contralateral hemiplegia

Pons, including facial motor nucleus and
descending motor fibers

Millard-Glbler syndrome
(see Fig. 7-19)

Ipsilateral lower motor neuron facial
paralysis, ipsilateral conjugate gaze
paralysis, and transient contralateral
hemiparesis

Dorsomedial pons, including abducens nucleus,
facial motor nucleus and axons, dorsal to the
descending motor fibers

Foville's syndrome (see
Figs. 7-20 and 8-5)

Ipsilateral abducens nerve palsy with
contralateral hemiparesis

Ventral pons, including axons (not the nucleus) of
the abducens nerve and descending motor fibers

Raymond's syndrome (see
Fig. 7-18)

Ipsilateral oculomotor nerve palsy with
contralateral hemiplegia or hemiparesis

Ventral part of cerebral peduncle, including axons
of oculomotor nerve and descending motor fibers
in the basis pedunculi

Weber's syndrome (see
Fig. 7-21)

Ipsilateral oculomotor nerve palsy with
contralateral hemiparesis and tremor

Cerebral peduncle, with oculomotor axons and
descending motor fibers and extending dorsally to
include the red nucleus and fibers from the
contralateral side of the cerebellum

Benedikt's syndrome (see
Fig. 7-21 and Chapter 10);
the tremor resembles a
cerebellar tremor

Paralysis of conjugate upward gaze
without paralysis of convergence

Dorsal midbrain; typically a pineal tumor pressing on
the posterior commissure, pretectal area, and
superior colliculi

Parinaud's syndrome (see
Chapter 8 and Fig. 8-6)




FIGURE 7-16 Site of a lesion producing the medial medullary syndrome. This lesion transects axons of the medial lemniscus, the pyramid,
and the hypoglossal nerve.

Lesions in the basal region of the pons or the midbrain may produce alternating paralysis, similar to that described for the medial medullary
syndrome. Figure 7-18 shows an area of infarction in one side of the caudal region of the pons, resulting from occlusion of a pontine branch of
the basilar artery, causing Raymond's syndrome. Interruption of corticospinal and other descending motor fibers causes contralateral
hemiparesis. Inclusion of abducens nerve fibers in the lesion causes paralysis of the lateral rectus muscle on the ipsilateral side, resulting in a
medial strabismus or squint. More laterally and dorsally located lesions (Fig. 7-19) involve descending motor fibers and the motor nucleus and
axons of the facial nerve. In the resulting Millard-Giibler syndrome, contralateral hemiparesis and ipsilateral facial paralysis are present.




FIGURE 7-17 Site of a lesion producing a lateral medullary syndrome. This lesion (the one described by Wallenberg) involves the
vestibular nuclei and inferior cerebellar peduncle, spinal trigeminal tract and nucleus, spinothalamic tract, and nucleus ambiguus and
descending fibers that control the sympathetic innervation of the eye and face. Smaller lesions spare certain functions such as those of
the vestibular system and cerebellum, the laryngeal and pharyngeal muscles, or the sympathetic control of the iris.

A more dorsally and medially located pontine lesion can involve the abducens nucleus together with the nearby motor fibers of the facial nerve
or the facial motor nucleus (see Fig. 7-8). In the resulting Foville's syndrome, patients have ipsilateral paralysis of the facial muscles and of the
lateral rectus muscle, which is supplied

by the abducens nerve. In addition, the medial rectus muscle of the contralateral eye fails to contract when a conjugate lateral eye movement
is attempted but does contract when the eyes converge to look at a near object. The effect of the lesion on the contralateral medial rectus
is caused by destruction of internuclear neurons. These, which occur alongside the motor neurons in the abducens nucleus, have axons that
cross the midline, ascend in the medial longitudinal fasciculus, and stimulate the motor neurons in the oculomotor subnucleus for the medial
rectus muscle. (The complex neural connections for conjugate eye movements are explained in Chapter 8 and summarized in Fig. 8-5.) Sensory
and motor tracts are ventral to a lesion causing Foville's syndrome and, typically, there is a contralateral hemiparesis of brief duration caused
by transient ischemia or pressure (Fig. 7-20).




FIGURE 7-18 Site of a lesion in the basal pons involving corticospinal and other descending motor fibers and fibers of the abducens
nerve. This lesion results in Raymond's syndrome. This lesion spares the abducens nucleus and the nucleus and axons of the facial
nerve.




FIGURE 7-19 Site of a lesion in the caudal part of the pons involving descending motor fibers and the axons and nucleus of the facial
nerve but sparing the nucleus and axons of the abducens nerve. This lesion results in the Millard-Giibler syndrome.




FIGURE 7-20 Site of a lesion causing Foville's syndrome. Involvement of the abducens nucleus causes paralysis of the contralateral medial
rectus in addition to the ipsilateral lateral rectus muscle. The motor nucleus and axons of the facial nerve are also destroyed, and the
lesion extends ventrally to cause partial damage to corticospinal and other descending motor tracts.

FIGURE 7-21 Site of a lesion in the rostral midbrain involving corticospinal and other descending motor fibers and the axons of the
oculomotor nerve. This lesion results in Weber's syndrome.

The position of a vascular lesion in the basal region of a cerebral peduncle, which can follow occlusion of a branch of the posterior cerebral
artery, is shown in Figure 7-21. This causes Weber's syndrome, consisting of contralateral hemiparesis caused by interruption of corticospinal
and other descending motor fibers and ipsilateral paralysis of ocular muscles because of inclusion of oculomotor nerve fibers in the infarcted
area. Affected patients have paralysis of all the extraocular muscles except the lateral rectus and superior oblique. The most obvious signs are
loss of ability to raise the upper eyelid and lateral strabismus, together with dilatation of the pupil because of interruption of parasympathetic
fibers that control the sphincter pupillae muscle. A lesion that extends farther dorsally than the one in Figure 7-21 involves cerebellar efferent

fibers, causing a tremor, similar to that associated with cerebellar disorders, in the paretic contralateral limbs. The condition is then known as
Benedikt's syndrome.
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Chapter 8

Cranial Nerves

Important Facts
e The cranial nerves (I-XII) have motor, parasympathetic, and sensory functions.
Eye Movements

e Cranial nerves III, IV, and VI supply the extraocular muscles, which can be paralyzed by transection of
motor axons in the nerves or in the brain stem.

e Voluntary saccadic eye movements are controlled by the frontal eye field, and smooth pursuit movements
are controlled by the posterior parietal and occipital cortex.

e The pathways for conjugate horizontal gaze descend from the cortex and superior colliculus to the
contralateral paramedian pontine reticular formation (PPRF) and abducens nucleus and then ascend in the
ipsilateral medial longitudinal fasciculus (MLF) to the medial rectus subnucleus of the oculomotor nucleus.
Lateral gaze palsies follow damage to the PPRF or nucleus of VI; internuclear ophthalmoplegia follows
interruption of the MLF.

e Nuclei in the rostral midbrain are involved in vertical eye movements.
Other Motor Functions

e The trigeminal motor nucleus supplies masticatory and a few other muscles through the mandibular
division of cranial nerve V.

e The facial motor nucleus supplies the facial muscles and the stapedius. The lower half of the face is
controlled by the contralateral cerebral hemisphere. The upper half is bilaterally controlled and therefore
not paralyzed by an “upper motor neuron” lesion.

e The muscles of the larynx, pharynx, and upper esophagus are supplied by neurons in the nucleus
ambiguus, mostly by way of cranial nerve X.

e Cranial nerve XI consists largely of motor fibers from spinal cord segments C1 to C5 for the trapezius and
sternocleidomastoid muscles.

e The protruded tongue deviates toward the abnormal side if the patient has weakness of the muscles
supplied by XII.

Preganglionic Parasympathetic Fibers

e Cranial nerve III contains preganglionic fibers from the Edinger-Westphal nucleus. They end in the ciliary
ganglion, which supplies the sphincter pupillae and ciliary smooth muscles. Loss of the light reflex is the
first sign of compression of cranial nerve III.

e The salivary and lacrimal glands are supplied by parasympathetic ganglia, which receive preganglionic
innervation from cranial nerves VII and IX. Preganglionic axons in cranial nerve X are from two nuclei in the
medulla.

General Sensory Functions

e All general somatic sensory fibers from cranial nerve ganglia (V and IX; some from VII and X) end in
trigeminal nuclei.

e Touch sensation is relayed through the pontine trigeminal nucleus and the rostral part of the spinal
trigeminal nucleus.



e Pain and temperature fibers descend ipsilaterally in the spinal trigeminal tract and end in the caudal part of
its nucleus.

e Trigeminothalamic fibers cross the midline in the brain stem and ascend to the contralateral thalamus
(ventral posterior medial [VPm] nucleus).

e The caudal part of the solitary nucleus receives visceral afferent fibers (IX and X) for cardiovascular and
respiratory reflexes.

Special Senses
e Cranial nerves I, II, and VIII are discussed in Chapters 17 and 20, and 22.

e Taste fibers (cranial nerves VII, IX, and a few from X) go in the solitary tract to the rostral end of the
solitary nucleus. Solitariothalamic fibers go to the most medial part of the VPm thalamic nucleus.

The cranial nerves, listed in the order in which numbers are assigned to them, are as follows. These numbers were introduced by von
Sommering in 1798.
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. (or I) Olfactory
(or 1) Optic

(or 1ll) Oculomotor
or IV) Trochlear
or V) Trigeminal
or VI) Abducens
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or IX) Glossopharyngeal
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(or VIII) Vestibulocochlear
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(

(or XI) Accessory

(

or XIl) Hypoglossal

An extremely thin nervus terminalis, which lies along the medial side of the olfactory bulb and tract, is sometimes numbered as cranial nerve 0.
The nervus terminalis serves as the conduit along which a population of neurons migrates from the olfactory placode (a region of ectoderm of
the embryonic nose) into the preoptic area and hypothalamus. These neurons are essential for reproductive function in both sexes (see
Chapter 11).

Cranial nerves I, Il, and VIl serve the olfactory, visual, auditory, and vestibular systems and are therefore discussed in Chapters 17, 20, 21, and
22, respectively. The special sense of taste (i.e., from the gustatory system) is dealt with in this chapter because the primary sensory neurons
for taste are located in the same ganglia as sensory neurons that have other functions in cranial nerves VI, IX; and X.

This chapter has two major parts. The first is devoted to eye movements, and it includes information about the control of muscles supplied by
cranial nerves lll, IV, and VI. The second part of the chapter is concerned with the other cranial nerves, with the exceptions of I, Il, and VIII,
noted in the preceding paragraph. The central gustatory pathway is described in association with the facial nerve.

The Ocular Motor System

The control of eye movements, a complicated subject, is treated partly in this chapter and partly in Chapter 22. For the benefit of those who
are unfamiliar with the anatomy of the muscles that move the eyeball, the actions of

these muscles are reviewed in Figure 8-1. The lateral rectus muscle is supplied by the abducens nerve, and the superior oblique muscle is
supplied by the trochlear nerve. All the other muscles are supplied by branches of the oculomotor nerve, which also supplies the levator
palpebrae superioris.



_Pulley (trochlea)
for tendon of
superior oblique

H_,./-"'

Medial
rectus

Lateral rectus

Origins of
extraocular
muscles from
S
bor_ne around S
optic foramen

Superior rectus

Superior oblique

Bony walls
of orbit

FIGURE 8-1 Muscles acting on the right eye, viewed from above. (The inferior rectus and inferior oblique are not visible.) Note that with
the eye looking forward, as shown, contraction of the superior oblique muscle will cause the pupil to move downward and laterally. If
the eye were looking medially, the superior oblique muscle would move the pupil downward. If the eye were looking laterally, the
superior oblique muscle would rotate the eyeball but would not change the direction of gaze.

Cranial nerves lll, IV, and VI provide motor innervation of the extraocular muscles. Their nuclei of origin, collectively called the ocular motor
nuclei, contain motor neurons and internuclear neurons, with axons that contact the motor neurons for muscles that move the opposite eye
in the same direction. Internuclear neurons constitute part of the circuitry that coordinates the conjugate (yoked) movements of the two
eyes. The oculomotor nucleus also includes a parasympathetic component. Functional impairment of any of the extraocular muscles causes
misalighment of the eyes with consequent double vision (diplopia).

OCULOMOTOR NERVE

The oculomotor nucleus is in the periaqueductal gray matter of the midbrain, ventral to the aqueduct at the level of the superior colliculus
(see Figs. 7-14, 7-15, and 8-2). Myelinated axons from each oculomotor nucleus curve ventrally through the tegmentum and emerge from the
medial side of the cerebral peduncle, in the interpeduncular fossa. The nerve traverses the subarachnoid space, the cavernous sinus, and the
superior orbital fissure. In the orbit, branches supply the superior, medial, and inferior rectus muscles; the inferior oblique muscle; and the
levator palpebrae superioris muscle (which lifts the upper eyelid).

In the oculomotor nucleus, the motor neurons for individual muscles are localized in distinct groups or subnuclei. The small sizes of the motor
units, in which about six muscle fibers are supplied by one neuron, attest to the high degree of precision required for coordinated movement
of the eyes in binocular vision.

The Edinger-Westphal nucleus is situated dorsally to the main oculomotor nucleus, and its smaller cells are preganglionic parasympathetic
neurons. Axons from the Edinger-Westphal nucleus accompany the other oculomotor fibers into the orbit, where they terminate in the ciliary
ganglion, behind the eye. Postganglionic fibers (the axons of the neurons in the ganglion) pass through the short ciliary nerves to the eyeball,
where they supply the sphincter pupillae muscle of the iris and the ciliary muscle.
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FIGURE 8-2 Origins of the oculomotor nerves in the midbrain at the level of the superior colliculus. Motor neurons are red;
preganglionic parasympathetic neurons are green.

TROCHLEAR NERVE

The trochlear nucleus for the superior oblique muscle is immediately caudal to the oculomotor nucleus, at the level of the inferior colliculus
(see Figs. 7-13 and 8-3). Trochlear nerve fibers have an unusual course, and this is the only nerve to emerge from the dorsum of the brain stem.
Small bundles of fibers curve around the periaqueductal gray matter with a caudal slope and decussate in the superior medullary velum. The
slender nerve emerges immediately caudal to the inferior colliculus. The function of the superior oblique muscle is to depress and inwardly
rotate the eyeball (see Fig. 8-1). If the eye is initially looking forward, the superior oblique also causes abduction.

ABDUCENS NERVE

The abducens nucleus for the lateral rectus muscle is situated beneath the facial colliculus in the floor of the fourth ventricle (see Figs. 7-8
and 8-4). A bundle of facial nerve fibers (known as the internal genu) curves over the nucleus, contributing to the facial colliculus. The motor
neurons in the abducens nucleus give rise to axons that pass through the pons in a ventrocaudal direction, emerging from the brain stem at
the junction of the pons and the pyramid. The abducens nucleus also contains internuclear neurons whose axons cross into the contralateral
medial longitudinal fasciculus and travel rostrally to the oculomotor subnucleus that supplies the medial rectus muscle (Fig. 8-5).
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FIGURE 8-3 Origins of the trochlear nerves in the midbrain. The axons from the left and right trochlear nuclei are directed dorsally and
caudally; they decussate in the superior medullary velum, which is below the inferior colliculi.

COORDINATED MOVEMENTS OF BOTH EYES

Voluntarily initiated conjugate movements of the eyes include those that occur when scanning a landscape or reading a printed page. These
movements, known as saccadic eye movements, are rapid, with each being completed in 20 to 50 msec. A saccade serves to aim the eye at a
seen or remembered object in the visual field. Frequent saccades, made when the image on the retina is continuously changing, are called
optokinetic movements. Slower

conjugate movements of the eyes are possible only when tracking a moving object in the visual field. These largely involuntary P.118
smooth pursuit movements are mentioned later in connection with visual fixation. Vergence movements, in which both eyes move medially to
look at a near object or laterally to look into the distance, can also occur slowly. Vestibular eye

movements, which are driven by sensory input from the vestibular apparatus of the inner ear, are described in Chapter 22.

CLINICAL NOTE
Extraocular Muscle Weakness

All the extraocular muscles are sensitive to diseases that afflict the skeletal muscle in a general way.
Myasthenia gravis is a disease in which neuromuscular transmission is inhibited (see Chapter 3). Weakness of
the levator palpebrae superioris is often the first symptom, causing ptosis. Weaknesses of the other
extraocular muscles follow.

Sometimes cranial nerves III, IV, and VI are all involved in a single destructive lesion. This can be caused by
inflammation of unknown cause in the region of the superior orbital fissure or by compression of the nerves
in the cavernous sinus (see Chapter 26).

Defective alignment of the eyes is called squint or strabismus. Most often, squint is not caused by paralysis
or weakness of muscles. In such cases, both eyes can move through a full range of positions. If one eye fails
to converge, it will do so if the other eye is covered. This common condition is called a concomitant squint.

A malfunction of one or more of the extraocular muscles causes a paralytic squint. If paralysis is complete, it
is not usually difficult to decide which muscle or group of muscles is not working. When only weakness
(paresis) is present, however, the squint may be apparent only when the eye is attempting to move in the




direction of action of the affected muscle. The first symptom is diplopia (double vision), which occurs because
the central foveae of the two eyes cease to receive images of the same object. With time, the brain
suppresses the false image, so the symptom of diplopia disappears. The two golden rules in the diagnosis of
diplopia are:

1. The separation of the images increases with the amount of movement in the direction of pull of the weak
muscle (or muscles).

2. The false image (the one in the abnormally moving eye) is displaced in the direction of action of the weak
or paralyzed muscle (or muscles).

If the patient cannot be sure which eye produces which image, the uncertainty can be resolved by placing
colored glass in front of one eye.

THIRD NERVE PALSY

“Palsy” is an old word for paralysis, often used for disorders of single nerves or muscles. A lesion that
interrupts fibers of the oculomotor nerve causes paralysis of all extraocular muscles except the superior
oblique and lateral rectus muscles. The sphincter pupillae muscle in the iris and the ciliary muscle in the ciliary
body are functionally paralyzed, although they are not denervated. The consequences of such a lesion are:

drooping of the upper eyelid (ptosis);
lateral strabismus caused by unopposed action of the lateral rectus muscle;
inability to direct the eye medially or vertically; and

dilatation of the pupil, enhanced by unopposed action of the dilator pupillae muscle in the iris, which has a
sympathetic innervation.

=l R

The pupil no longer constricts, either in response to an increase of light intensity or in accommodation for
near objects. The ciliary muscle does not contract to allow the lens to increase in thickness for focusing on
near objects.

The preganglionic parasympathetic fibers run superficially in the nerve and are therefore the first axons to
suffer when a nerve is affected by external pressure. Consequently, the first sign of compression of the
oculomotor nerve is ipsilateral slowness of the pupillary response to light.

FOURTH NERVE PALSY

Paralysis of the superior obligue muscle, as in the rare occurrence of an isolated lesion of the trochlear nerve,
causes vertical diplopia, which is maximal when the eye is directed downward and inward. A person so
affected experiences difficulty in walking down stairs. The condition can occur as a manifestation of a
peripheral neuropathy (e.g., in diabetes mellitus). It is an occasional persistent complication of head injury.
Tiny vascular lesions in the midbrain may be the most common cause of isolated, nontraumatic oculomotor
and trochlear palsies in the elderly.

SIXTH NERVE PALSY

The abducens nerve may be affected by a peripheral neuropathy, or the lateral rectus muscle itself may
degenerate for an unknown reason. The consequence is a medial squint with an inability to direct the affected
eye laterally because the lateral rectus is the principal muscle that abducts the eyeball. Destruction of the
abducens nucleus also causes paralysis of the contralateral medial rectus muscle, so that the patient cannot
direct his or her gaze to the side of the lesion. A nuclear lesion may also involve the nearby nucleus or axons
of the facial nerve, causing paralysis of all the ipsilateral facial muscles.
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FIGURE 8-4 Origins of the abducens nerves in the caudal part of the pons.
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FIGURE 8-5 Some pathways involved in conjugate lateral movements of the eyes. Motor neurons are red, internuclear neurons are
green, other preoculomotor neurons are blue, and other neurons are black.

The precise timing of contractions of extraocular muscles is determined by activity of neurons whose axons end in the nuclei of cranial nerves

Ill, IV, and VI. An understanding of the neuroanatomical basis of ocular movements, discussed later in this chapter and in Chapter 22, is
essential for the clinical analysis of impairments more complex than damage to a single muscle or cranial nerve.

Voluntary Eye Movements

The area of the cerebral cortex that controls voluntary eye movements is the frontal eye field, located anterior to the general motor cortex




and known as Brodmann's area 8 (see Chapter 15). Stimulation of the frontal eye field results in conjugate deviation of the eyes to the opposite
side. The voluntary control of eye movements is mediated by a polysynaptic pathway that involves the prefrontal cortex; frontal eye field;
superior colliculus; various other groups of neurons in the brain stem; and the oculomotor, trochlear, and abducens nuclei (see Fig. 8-5). The
“various other groups of neurons in the brain stem” include the pretectal area, superior colliculus, paramedian pontine reticular formation
(PPRF), nucleus prepositus hypoglossi, rostral interstitial nucleus of the medial longitudinal fasciculus, and interstitial nucleus of Cajal. These
nuclei, whose locations are illustrated in Chapter 9, are variously involved in maintaining the position of the eyes (tonic activity), generating
saccades (phasic activity), and determining whether the eyes will move in the horizontal or vertical plane.

The PPRF has been called a “center for lateral gaze.” It receives afferents from the contralateral cerebral cortex (including the frontal eye
field), contralateral superior colliculus, and ipsilateral vestibular nuclei. Some of its neurons send their axons into the ipsilateral abducens
nucleus, and the axons terminate on both motor neurons and internuclear neurons (see Fig. 8-5). The internuclear neurons have axons that
cross the midline and ascend through the contralateral medial longitudinal fasciculus to the cells of the contralateral oculomotor nucleus that
supply the medial rectus muscle. The actions of the medial and lateral recti are thereby coordinated in horizontal movements of the eyes.

Neurons in the PPRF send bursts of impulses (as many as 1,000/sec) to the motor and internuclear neurons, causing rapid contraction of the
lateral rectus and contralateral medial rectus muscles. Slower tonic stimulation of the ocular motor neurons, with impulses at a rate just
sufficient to maintain the direction of gaze, comes from the nucleus prepositus hypoglossi, which is rostral to the hypoglossal nucleus in the
medulla. The neurons in this nucleus receive afferents from the contralateral cerebral cortex and superior colliculus and have axons that
project rostrally in the medial longitudinal fasciculus to all the ocular motor nuclei.

Conjugate movement of the eyes in the vertical plane is controlled by cell groups in the upper midbrain. Bursts of impulses that stimulate
vertical saccades arise in the rostral interstitial nucleus of the medial longitudinal fasciculus (see Fig. 9-7), which contains neurons with axons
that end in the trochlear nucleus and the oculomotor subnuclei for the superior and inferior rectus and inferior oblique muscles. The axons
that go to contralateral ocular motor nuclei decussate in the posterior commissure. Tonic neurons that maintain the vertical component of
the direction of gaze are located in the interstitial nucleus of Cajal (see Fig. 9-7). Some of the neural connections mediating voluntary vertical
eye movements are shown in Figure 8-6.

Smooth Pursuit Movements

The eyes are normally directed toward some object in the center of the field of vision. If the object moves, both eyes will execute smooth
pursuit movements to maintain visual fixation, which contributes importantly to awareness of the position of the head and, integrated with
other sensory information, helps in the maintenance of the body's equilibrium. These slow eye movements are largely involuntary. They are
controlled principally by the posterior parietal eye field, which is adjacent to the visual association cortex of the lateral aspect of the
occipital lobe. The descending connections of this parietal eye field are essentially the same as those of the frontal eye field (see Fig. 8-5). The
direct visual input from the retina to the superior colliculus is also involved in reflex eye movements for visual fixation. The neural circuitry for
pursuit movements involves the cerebellum and vestibular nuclei. The connections are summarized in Figure 8-7. This diagram includes some
connections of the pretectal area that mediate

the short saccades (optokinetic movements) that occur when the point of visual fixation is continuously shifting, as when looking out of the
side window of a moving vehicle. Eye movements driven primarily by sensory input from the vestibular nerve are explained in Chapter 22.
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FIGURE 8-6 Some pathways involved in vertical eye movements. The connections are shown for only the left eye. Motor neurons are



red, preoculomotor neurons are blue, and other neurons are black.

Vergence Movements

Convergence occurs when both eyes are focused on a near object. This nonconjugate movement is accompanied by constriction of the pupil
and accommodation (focusing) of the lens. The neuronal pathways of convergence are similar to those described for visual fixation.
Convergence requires the integrity of the occipital cortex but not that of the frontal eye field or the PPRF. Visual guidance is also provided
through the superior colliculus. This projects to the pretectal area, which contains at least one group of cells (the nucleus of the optic tract)
with axons that contact medial rectus motor neurons in the oculomotor nuclei of both sides (see Fig. 8-7).

LIGHT AND ACCOMMODATION REFLEXES

The Edinger-Westphal nucleus contains preganglionic parasympathetic neurons concerned with reflex responses of the smooth muscles of the
eye to light and accommodation. The light reflex occurs when an increased intensity of light falling on the retina causes constriction of the
pupil. The afferent limb of the reflex arc involves fibers in the optic nerve and optic tract that reach one of the nuclei of the pretectal area
(the olivary pretectal nucleus) by way of the superior brachium (Fig. 8-8). This part of the pretectal area projects to the Edinger-Westphal
nucleus, from which fibers traverse the oculomotor nerve to the ciliary ganglion in the orbital cavity. Postganglionic fibers travel through the
short ciliary nerves to the sphincter pupillae muscle of the iris. Some pretectal neurons send their axons across the midline in the posterior
commissure to the contralateral Edinger-Westphal nucleus.

Both pupils constrict when a light is shone into only one eye. The response of the contralateral iris is known as the consensual light reflex.
There are two reasons for the response of the other eye: (a) each optic tract contains fibers from both retinas (see Chapter 20) and (b) the
pretectal area projects to the contralateral as well as to the ipsilateral Edinger-Westphal nucleus.

Accommodation of the lens accompanies ocular convergence produced by visual fixation on a near object. Both actions are triggered

by signals that originate in the retina and in the occipital cortex and are relayed through the superior colliculus to the Edinger-Westphal
nucleus. The efferent part of the pathway consists of preganglionic and postganglionic fibers from the Edinger-Westphal nucleus and the ciliary
ganglion, respectively. The postganglionic fibers supply the ciliary muscle, which, on contraction, allows the lens to increase in thickness and
thereby increases refractive power for focusing on a near object. The sphincter pupillae muscle contracts at the same time, sharpening the
image by decreasing the diameter of the pupil and reducing spherical aberration in the refractive media of the eye.

CLINICAL NOTE
Cortical Lesions Affecting Conjugate Gaze

Destruction of the frontal eye field causes deviation of both eyes toward the side of the lesion. Voluntary
(saccadic) movements of the eyes away from the side of the cortical lesion cannot be made. Commonly, this
condition is caused by ischemic damage to a larger area of cerebral cortex, which also includes the motor and
premotor areas, with consequent paralysis of the limbs and lower half of the face on the contralateral side.
The deviated eyes look away from the paralyzed side of the body.

A destructive lesion in the posterior parietal lobe can impair the ability to make smooth pursuit movements
away from the side of the lesion. Voluntary saccades are unaffected, and the attempt to pursue a target in
the visual field becomes a series of small, rapid movements of the eyes.

LESIONS IN THE BRAIN STEM THAT AFFECT GAZE

Lesions that destroy the abducens nucleus have already been described and contrasted with the
consequence of severing the motor axons of the abducens nerve, either in the ventral part of the pons or in
the nerve itself. Foville's syndrome, which is caused by a dorsally located infarction in the caudal part of the
pons, comprises ipsilateral nuclear sixth nerve palsy and lower motor neuron facial palsy, with contralateral
hemiplegia. The limb paralysis recovers because most of the descending motor fibers are ventral to the
infarct.

Internuclear ophthalmoplegia is caused by a tiny lesion in one medial longitudinal fasciculus at a level
between the nuclei of cranial nerves III and VI. The usual cause is multiple sclerosis. Interruption of the fibers
going from the abducens nucleus of the opposite side to the oculomotor nucleus of the same side causes an
inability to adduct the eye on the side of the lesion. The patient will also have nystagmus of the abducting
eye, which is a useful diagnostic sign even though the mechanism producing the nystagmus is not fully
understood. These abnormalities are evident only when the patient is asked to gaze to the side opposite that
of the lesion; contraction of the medial rectus occurs normally with convergence of the eyes for looking at a
near object. A somewhat larger lesion can involve both medial longitudinal fasciculi, causing bilateral
internuclear ophthalmoplegia.

A lesion that destroys the PPRF prevents saccadic contractions of the lateral rectus and the contralateral
medial rectus muscles, but pursuit and vergence movements are preserved. An incomplete lesion causes
abnormally small, slow saccades.

Paralysis of vertical gaze is caused by a lesion in the rostral midbrain. Causes include pressure from a
nearby tumor and isolated lesions of various diseases that produce widespread changes in the brain. A tumor



arising from the pineal gland compresses the posterior commissure and nearby structures and causes
paralysis of upward gaze (Parinaud's syndrome). In monkeys, a tiny lesion confined to the rostral
interstitial nucleus of the medial longitudinal fasciculus causes selective paralysis of downward gaze; this
condition has been described in humans but is extremely rare.

Other Cranial Nerves

TRIGEMINAL NERVE

The trigeminal nerve is so named because it branches intracranially into three divisions. These provide general sensory innervation for most of
the head (Fig. 8-9) and motor fibers to the muscles of mastication and several smaller muscles.

Sensory Components

The cell bodies of most of the primary sensory neurons are located in the trigeminal (semilunar or gasserian) ganglion, with the remainder
located in the mesencephalic trigeminal

nucleus. The peripheral processes of trigeminal ganglion cells constitute the ophthalmic and maxillary nerves and the sensory component of
the mandibular nerve. The trigeminal nerve is responsible for sensation from the skin of the face and forehead, the scalp as far back as the
vertex of the head, the mucosa of the oral and nasal cavities and the paranasal sinuses, and the teeth (see Fig. 8-9). The trigeminal nerve also
contributes sensory fibers to most of the dura mater (see Chapter 26) and to the cerebral arteries.

CLINICAL NOTE

Abnormal Pupillary Reflexes

No pupillary reflexes can be elicited by light shone into an eye that is blind for any reason. Both pupils
constrict briskly when light is shone in the normal eye, however. If the light is then quickly moved to the blind
eye (the “swinging flashlight test”), both pupils dilate. This apparently paradoxical light reflex is known as the
Marcus Gunn pupil. It is seen especially in patients with optic neuritis, a condition in which a demyelinating
lesion in an optic nerve causes visual failure in one eye, developing in the course of a few days. Optic neuritis
is often a manifestation of multiple sclerosis, a disease in which foci of demyelination occur in scattered
locations in the brain and spinal cord.

The most common abnormal visual reflex is impairment of the pupillary reaction to light in patients with
deteriorating conscious level after a head injury. The usual cause is compression of the oculomotor nerve by
the uncus, which is forced over the free edge of the tentorium cerebelli as a result of pressure from a
subdural or extradural hemorrhage (see Chapter 26).

An aneurysm of the posterior communicating artery can injure the nearby oculomotor nerve.

The Holmes-Adie pupil, seen most frequently in young women, responds more slowly than the other pupil
to both light and accommodation. It is attributed to the death of some neurons in the ciliary ganglion,
perhaps as a result of viral infection, and it may be associated (for no known reason) with sluggish stretch
reflexes throughout the body. The small pupil of Horner's syndrome is explained in Chapter 24.

The different pathways for pupillary responses to light and accommodation may be differently affected by
disease. For example, in the Argyll Robertson pupil, constriction occurs when attention is directed to a near
object, but no pupillary constriction occurs in response to light. The Argyll Robertson pupil is characteristically
seen in patients with syphilitic disease of the central nervous system (CNS). Loss of the pupillary light reflex
alone is probably the result of a small lesion in the pretectal or periaqueductal region, but pathological
changes cannot always be found in these sites. An Argyll Robertson pupil is irregular and smaller than

normal, probably because of disease in the iris itself.

Trigeminal Sensory Nuclei

The central processes of trigeminal ganglion cells make up the large sensory root of the nerve; these fibers enter the pons and terminate in
the pontine and spinal trigeminal nuclei. The pontine trigeminal nucleus (also called the chief, principal, or superior sensory nucleus) is
located in the dorsolateral area of the tegmentum at the level of entry of the sensory axons (see Figs. 7-11 and 8-10). Large-diameter fibers for
discriminative touch terminate in the pontine trigeminal nucleus. Other entering axons divide, with one branch ending in the pontine
trigeminal nucleus and the other turning caudally in the spinal tract and ending in the rostral end of the spinal trigeminal spinal nucleus. These
afferents are mainly for light touch, and both nuclei, therefore, participate in this sensory modality. The pontine trigeminal nucleus also
receives some branches of the axons of neurons of the mesencephalic trigeminal nucleus.

Large numbers of sensory root fibers of intermediate size and many fine, unmyelinated fibers turn caudally on entering the pons. These fibers
for pain, temperature, and light touch form the spinal trigeminal tract (see Fig. 8-10). The tract also acquires incoming fibers from the facial,
glossopharyngeal, and vagus nerves. These are for general somatic sensation from part of the external ear, the mucosa of the posterior part of
the tongue, the pharynx, and



the larynx. Some fibers of the spinal tract descend as far as the upper two or three segments of the cord, where they intermingle with axons
in the dorsolateral tract of Lissauer.
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FIGURE 8-7 Some pathways involved in ocular pursuit and vergence movements. The pathways marked with green are used when the
eyes converge to look at a near object.

The axons in the spinal tract terminate in the subjacent spinal trigeminal nucleus (see Fig. 8-10). The spinal nucleus extends from the pontine
trigeminal nucleus to the caudal limit of the medulla, where it blends with the dorsal horn of the spinal gray matter. Based on
cytoarchitecture, the spinal nucleus is divided into three parts (see Fig. 8-10). The pars caudalis, which extends from the level of the pyramidal
decussation to spinal segment C3, receives fibers for pain and temperature. The integrity of the pars caudalis and of the caudal end of the
spinal trigeminal tract is essential for the perception of pain that originates in the same side of the head. The pars interpolaris extends from
the level of the rostral third of the inferior olivary nucleus to that of the pyramidal decussation. The pars oralis extends from the pars
interpolaris rostrally to the pontine trigeminal nucleus, which it resembles in its cellular architecture and its involvement in tactile sensation.

Some efferent fibers from the sensory trigeminal nuclei terminate in motor nuclei of the trigeminal and facial nerves, the nucleus ambiguus,
and the hypoglossal nucleus. These mediate reflex responses to stimuli applied to the area of distribution of the trigeminal nerve. An example is
the corneal reflex: touching the cornea causes both of the eyelids to close; the afferent fibers are located in the ophthalmic nerve, and the
efferent fibers of the reflex arc are located in the facial nerve. Bilateral closure (blinking) follows a noxious stimulus anywhere near the eyes.
Studies of patients with small lesions in the brain stem indicate that the reflex pathway begins in the caudal part of the spinal trigeminal
nucleus and passes in the lateral parts of the tegmentum to both facial motor nuclei. The projection to the contralateral facial

motor nucleus crosses the midline in the lower medulla. As a further example, irritation of the nasal mucosa causes sneezing. For this reflex,
afferent impulses in the maxillary nerve are relayed to motor nuclei of the trigeminal and facial nerves, the nucleus ambiguus, the hypoglossal
nucleus, and (through a reticulospinal relay) the phrenic nucleus and motor cells in the spinal cord that supply the intercostal and other
respiratory muscles.
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FIGURE 8-9 Cutaneous innervation of the head and neck. The boundaries between the territories of the three divisions of the trigeminal
nerve do not overlap appreciably, as do the boundaries between spinal dermatomes.
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FIGURE 8-10 Nuclei of the trigeminal nerve and their connections. Primary sensory neurons are blue, trigeminothalamic neurons are
green, and motor neurons are red.

The principal pathway from the pontine and spinal trigeminal nuclei to the thalamus is the crossed ventral trigeminothalamic tract (see Fig. 8-
10 and Chapter 7), which ascends close to the medial lemniscus. Smaller numbers of fibers, crossed and uncrossed, proceed from the pontine
trigeminal nucleus to the thalamus in the dorsal trigeminothalamic tract. In the rostral pons and midbrain, the combined tracts are commonly
called the trigeminal lemniscus. These axons end in the medial division of the VPm of the thalamus, which projects to the inferior end of the
primary somatosensory area of the cerebral cortex.

The slender mesencephalic trigeminal nucleus is a strand of large unipolar neurons extending from the pontine trigeminal nucleus into the
midbrain (see Fig. 8-10). These cells are primary sensory neurons in an unusual location; they are the only such cells that are incorporated
into the CNS rather than being in ganglia. Their myelinated axons constitute the mesencephalic tract of the trigeminal nerve, which runs
alongside the nucleus. Each axon divides into a peripheral and a central branch. Most of the peripheral branches enter the motor root of the
trigeminal nerve and are distributed within the mandibular division. These fibers end in deep proprioceptive-type receptors adjacent to the
teeth of the lower jaw and in neuromuscular spindles in the muscles of mastication. Some axons from the mesencephalic nucleus enter the
maxillary division and go to endings around the roots of the upper teeth. Central branches of the axons of mesencephalic trigeminal neurons
end in the motor nuclei of the trigeminal nerve. This connection establishes the stretch reflex that originates in neuromuscular spindles in the



masticatory muscles, together with a reflex for control of the force of the bite. Other central branches synapse with neurons in the reticular
formation and the pontine trigeminal nucleus, and a few enter the cerebellum through its superior peduncle.

Motor Component

The trigeminal motor nucleus is medial to the pontine trigeminal nucleus (see Figs. 7-11 and 8-10). The axons of its neurons enter the motor
root, which joins sensory fibers of the mandibular nerve just distal to the trigeminal ganglion. This nerve supplies the muscles of mastication
(i.e., masseter, temporalis, and lateral and medial pterygoid muscles) and several smaller muscles (i.e., tensor tympani, tensor

veli palatini, anterior belly of digastric, and mylohyoid). The motor nucleus receives descending afferents from the cortex of both cerebral
hemispheres by way of the corticobulbar tract.

CLINICAL NOTE
Disorders Affecting the Trigeminal Nerve and Its Nuclei

Of the diseases that affect the trigeminal nerve, trigeminal neuralgia, or tic douloureux, is of special
importance. In this disorder, demyelination of axons in the sensory root takes place, caused in most cases by
pressure of a small aberrant artery. There are paroxysms of excruciating pain in the area of distribution of
one of the trigeminal divisions, usually with periods of remission and exacerbation. The maxillary nerve is
most frequently involved, then the mandibular nerve, and, least frequently, the ophthalmic nerve. The
paroxysm is often set off by touching an especially sensitive area of skin. The abnormal signaling of pain is
thought to be amplified by ephaptic (electrical) communication among the demyelinated axons, which are
tightly packed, without intervening glial cytoplasm. In most patients, the symptoms are relieved by
carbamazepine, a drug otherwise used to treat epilepsy. If medical treatment fails, intracranial surgery is
warranted because of the severity of the pain. Moving the aberrant artery away from the sensory root of the
nerve is usually curative. Other procedures interrupt the pain pathway from the affected cutaneous area to
the spinal trigeminal nucleus. Lesions may be placed in the trigeminal ganglion or in the sensory root of the
nerve, but these can impair corneal sensitivity, which affords protection from damage that might lead to
corneal ulceration. Transection of the spinal trigeminal tract in the lower medulla abolishes the ability to feel
pain in the face. The somatotopic lamination of the tract permits placement of a small lesion that restricts the
analgesic area to the territory of a single division of the trigeminal nerve.

Another painful disorder that commonly affects the trigeminal nerve is herpes zoster (see Chapters 3 and
19).

The sensory and motor nuclei and the intracranial fibers of the trigeminal nerve may be included in areas
damaged by vascular occlusion, trauma, tumor growth, or the presence of lesions in or near the brain stem.
Interruption of the motor fibers causes paralysis and eventual atrophy of the muscles of mastication. The
mandible deviates to the affected side because of the unopposed action of the contralateral lateral pterygoid
muscle, which protrudes the jaw. Interruption of corticobulbar fibers does not cause paralysis of the
masticatory muscles on the side opposite the lesion because the motor nucleus also receives some uncrossed
fibers from the motor cortex. Laterally located lesions in the medulla interrupt the spinal trigeminal tract and
impair facial and oral sensation of pain and temperature; this is part of Wallenberg's syndrome (explained in
Chapter 7).

CLINICAL NOTE
The Facial Nerve and the Middle Ear

The facial nerve is vulnerable in the middle ear, which is a region commonly invaded by bacteria and surgery.
The exact site of a lesion can be determined by applying knowledge of the branches containing different
functional components (Fig. 8-11).
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FIGURE 8-11 Components of the peripheral parts of the facial nerve. Primary sensory neurons are blue, motor neurons are red, and
preganglionic and postganglionic parasympathetic neurons are green.

Afferents for reflexes come mainly from the sensory trigeminal nuclei, including the mesencephalic nucleus. The bilateral stretch reflexes of
the jaw-closing muscles are tested clinically as the jaw jerk, elicited by tapping downward on the chin; the reflex arc passes through the
mandibular nerve and the mesencephalic and motor trigeminal nuclei. In the jaw-opening reflex, the contractions of the masseter, temporalis,
and medial pterygoid muscles are inhibited as a result of painful pressure applied to the teeth. This reflex passes through the pars caudalis of
the spinal trigeminal nucleus and the motor nucleus, with intervening neurons in the reticular formation. Cells that supply the tensor tympani
muscle receive acoustic fibers from the superior

olivary nucleus. The tensor tympani, by reflex contraction, checks excessive movement of the tympanic membrane caused by loud sounds.

FACIAL NERVE

The facial nerve has two sensory components: one supplies taste buds, and the other contributes cutaneous fibers to part of the external ear.
Motor axons in the nerve supply the muscles of facial expression, and preganglionic parasympathetic fibers go to ganglia that supply the
lacrimal, submandibular, and sublingual glands. The sensory and preganglionic parasympathetic axons are located in the nervus intermedius,
which is located between the motor root and the vestibulocochlear nerve (see Chapter 6).

Branches of the Facial Nerve

After traversing the internal acoustic meatus, the two roots of the facial nerve enter the facial canal and join at the geniculate ganglion,
which contains the cell bodies of all the sensory fibers. The greater petrosal nerve, containing taste and preganglionic fibers, leaves the facial
nerve at the level of this ganglion. Distal to the ganglion, the facial canal and its contained nerve bend sharply backward and downward, being
now in the medial wall of the tympanic (middle ear) cavity, separated from the air by only the mucous membrane and a very thin layer of bone.
A motor branch goes to the stapedius muscle. Near the floor of the posterior part of the tympanic cavity, the chorda tympani nerve,
containing taste and preganglionic fibers, passes anteriorly beneath the mucous membrane of the inner surface of the tympanic membrane (ear
drum) and then through a tiny canal in the tympanic part of the temporal bone to the infratemporal fossa. The main trunk of the facial nerve



descends from the middle ear into the stylomastoid foramen, within which the single somatic sensory branch passes into the surrounding bone
and joins small branches of the glossopharyngeal and vagus nerves. These three intermingled small populations of axons supply some of the skin
of the tympanic membrane and external acoustic meatus as well as a small area of nearby skin behind the ear. After the departure of these
sensory fibers, all the axons in the facial nerve are those of motor neurons. On emerging from the base of the skull between the styloid and
mastoid processes, the facial nerve sends branches to the stylohyoid and the posterior belly of the digastric muscle and then splits into five
branches (temporal, zygomatic, buccal, marginal mandibular, and cervical), which are distributed to the muscles of the scalp and face.

Sensory Components

The cell bodies of primary sensory neurons are in the geniculate ganglion, situated at the bend of the nerve as it traverses the facial canal in
the petrous temporal bone.

Gustatory Receptors and Their Innervation

The structure of the gustatory sense organ, the taste bud, is shown in Figure 8-12. Taste buds are derived from cells of the pharyngeal
endoderm, and they first appear in the 8th week of intrauterine life. By 5 months, they are present throughout the oral cavity and pharynx,
but the numbers then decrease. Shortly after birth, the distribution of taste buds is the same as in the adult: the soft palate; the epiglottis;
and, most abundantly, certain of the papillae of the tongue. About 10 large vallate papillae, each surrounded by deep trench, are aligned
across the most posterior part of the tongue. Microscopic fungiform papillae occur all over the dorsal surface, among the more numerous
filiform papillae. The latter give the tongue a rough texture and do not bear taste buds. Flattened, longitudinally aligned foliate papillae
support taste buds on the sides of the tongue.

The cilia of the taste cells (see Fig. 8-12) bear surface receptors that bind substances with specific flavors. Activation of the receptors results
in depolarization of the cell membrane. This event activates chemical transmission: the taste cells are presynaptic to the sensory axons that
innervate them. Individual taste buds respond to different kinds of chemical stimuli. Physiological, pharmacological, and biochemical studies
indicate that individual taste cells respond to one of five elementary flavors: salty (e.g., sodium ions), sour (acidity), sweet (e.g., sugar), bitter
(alkalinity, also many organic compounds), and umami (amino acids, especially glutamate). Taste buds that respond to sweetness are most
abundant on the tip of the tongue. Sour tastes are detected especially at the lateral edges, and bitter substances at the back of the tongue.
Receptors for other flavors are generally

distributed. Ordinary tastes are thought to result from mixed neural signals from at least four types of taste buds, integrated in the brain with
the input from the olfactory system.
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FIGURE 8-12 Structure of a taste bud. The chemical sensors are the apical microvilli of the taste cells. Chemical synapses communicate
with the sensory axons. Taste cells and supporting cells are renewed every few days from the population of dividing basal cells.

The sense of taste is served by cranial nerves VI, IX, and X. Primary sensory neurons for taste account for most of the cell bodies in the
geniculate ganglion. The peripheral branches of their axons enter either of two branches of the facial nerve (Fig. 8-11):

1. The greater petrosal branch proceeds into the pterygopalatine fossa above the palate, where the taste axons join palatine branches of the
maxillary division of the trigeminal nerve and are distributed to palatal taste buds, most of which are in the mucosa of the soft palate (see
Fig. 8-11).

2. The chorda tympani branch of the facial nerve joins the lingual branch of the mandibular nerve. These fibers are distributed to taste buds
in the anterior two thirds of the tongue, most of which are on its tip and along its lateral border. (Other gustatory nerves are reviewed in
conjunction with the glossopharyngeal and vagus nerves, later in this chapter.)

The axons of geniculate ganglion cells that subserve taste enter the brain stem in the nervus intermedius and turn caudally in the solitary
tract (see Figs. 7-6 and 8-13). The facial nerve fibers in this fasciculus are joined more caudally by gustatory axons from the glossopharyngeal
and vagus nerves. Fibers from all three sources terminate in the solitary nucleus, a column of cells adjacent to and partly surrounding the
tract. Only the large-celled rostral part of the solitary nucleus receives taste fibers; this part is sometimes called the gustatory nucleus. (The
caudal part, whose cells are smaller, receives general visceral afferents.)

Ascending Pathway for Taste

Fibers from the gustatory nucleus run rostrally in the ipsilateral central tegmental tract, through the midbrain and subthalamic region, to their
site of termination in the most medial part of the ventral posterior nucleus of the thalamus. This thalamic nucleus projects to

the cortical area for taste, which is adjacent to the general sensory area for the tongue and extends onto the insula and forward to the
frontal operculum. Physiological evidence has shown that in animals, gustatory stimuli influence the hypothalamus, amygdala, and cortex of the
limbic system but probably not through specific ascending projections from the brain stem. Similar to the functionally related olfactory system
(see Chapter 17), the pathway for taste does not cross the midline (Fig. 8-14).
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FIGURE 8-13 Components of the facial nerve in the brain stem. Primary sensory neurons are blue, motor neurons are red, and
preganglionic and postganglionic parasympathetic neurons are green.

Cutaneous Fibers

Cutaneous sensory axons leave the facial nerve at the junction of the facial canal with the stylomastoid foramen (see Fig. 8-11). These fibers
are distributed to the skin of the concha of the auricle, a small area behind the ear, the wall of the external acoustic meatus, and the
external surface of the tympanic membrane. The central processes of the geniculate ganglion cells for cutaneous sensation enter the brain
stem in the nervus intermedius. They continue into the spinal trigeminal tract (see Fig. 8-13) and terminate in the subjacent spinal trigeminal
nucleus.

Efferent Components

For Supply of Striated Muscles

The motor component is the most important part of the nerve from the clinical viewpoint. The facial motor nucleus is located in the caudal
one third of the ventrolateral part of the pontine tegmentum (see Figs. 7-8 and 8-13). Axons leaving the nucleus pursue an unexpected course.
Directed initially toward the floor of the fourth ventricle, these fibers loop over the caudal end of the abducens nucleus, run forward along its
medial side, and loop again over the rostral end of the nucleus. The axons then proceed to the point of emergence of the motor root of the
facial nerve by passing between their nucleus of origin and the spinal trigeminal nucleus. The configuration of the fiber bundle around the
abducens nucleus is called the internal genu. (The external genu of the facial nerve is located in the facial canal at the level of the geniculate
ganglion.)

The motor root of the facial nerve consists entirely of fibers from the motor nucleus. These fibers supply the muscles of expression (mimetic
muscles), the platysma and stylohyoid muscles, and the posterior belly of the digastric muscle. The facial nerve also supplies the stapedius
muscle of the middle ear; by reflex contraction in response to loud sounds, this small muscle prevents excessive movement of the stapes.

The facial motor nucleus receives afferents from several sources, including important connections for reflexes:



. Tectobulbar fibers from the superior colliculus complete a reflex pathway that provides for closure of the eyelids in response
to intense light or a rapidly approaching object.

. Fibers from trigeminal sensory nuclei function in the corneal reflex and in chewing or sucking responses on placing food in the mouth.

. Fibers from the superior olivary nucleus (which is part of the auditory pathway) permit reflex contraction of the stapedius muscle.
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FIGURE 8-14 Central pathway for taste sensation, from taste buds to the ipsilateral cerebral cortex.




Parasympathetic Nucleus

The salivary and lacrimal glands are supplied by parasympathetic ganglia. Neurons in the brain stem that supply these ganglia have been
identified in laboratory animals, and structurally similar cells with the same histochemical properties (they contain the enzymes
acetylcholinesterase and NADPH diaphorase) occur in corresponding locations in the human brain. Most are located dorsomedial and
ventrolateral to the facial motor nucleus (Fig. 8-13). These groups of cells constitute the salivatory nucleus, which is the probable source of
preganglionic parasympathetic fibers in the facial and glossopharyngeal nerves. (Traditionally a lacrimal nucleus and superior and inferior
salivatory nuclei, in vaguely specified positions, were named as the sources of preganglionic fibers to the pterygopalatine, submandibular, and
otic ganglia. The traditional notion is not supported by observations or experimental data.)

The salivatory nucleus contains the cell bodies of preganglionic parasympathetic fibers that control the submandibular and sublingual salivary
glands and the lacrimal gland. Axons from the salivatory nucleus leave the brain stem in the nerwus intermedius and continue in the facial nerve
until branches are given off in the facial canal in the petrous temporal bone (see Fig. 8-11). The preganglionic fibers follow devious routes to
their destinations, running part of the way in branches of the trigeminal nerve.

CLINICAL NOTE
Descending Control of Facial Movements

Corticobulbar afferents are crossed, except for those that terminate on cells supplying the frontalis and
orbicularis oculi muscles, which receive both crossed and uncrossed fibers. Contralateral voluntary
paralysis of only the lower facial muscles is, therefore, a feature of upper motor neuron lesions.
Under such circumstances, however, the facial muscles continue to respond involuntarily—and often
excessively—to changing moods and emotions. In contrast, emotional changes of facial expression are
typically lost in patients with Parkinson's disease (masklike face), although voluntary use of the facial muscles
is retained. The neuroanatomical basis of controlling voluntary and emotionally driven facial movement is not
known; it must involve different descending pathways from the cerebral hemispheres.

Fibers that control lacrimal secretion pass into the greater petrosal nerve and terminate in the pterygopalatine ganglion (also called the
sphenopalatine ganglion) in the pterygopalatine fossa. Postganglionic fibers, which stimulate secretion and cause vasodilation, reach the
lacrimal gland through the zygomatic branch of the maxillary nerve. Other secretomotor postganglionic fibers are distributed to mucous glands
in the mucosa that lines the nasal cavity and the paranasal sinuses.

Other axons from the salivatory nucleus leave the facial nerve in the chorda tympani branch and are then carried in the lingual branch of the
mandibular nerve to the floor of the oral cavity. There they terminate in the submandibular ganglion and on scattered neurons within the
submandibular gland. Short postganglionic fibers are distributed to the parenchyma of the submandibular and sublingual glands, where they
stimulate secretion and cause vasodilation.

The salivatory nucleus is influenced by the hypothalamus, perhaps through the dorsal longitudinal fasciculus, and by the olfactory system
through relays in the reticular formation. Taste and general sensation from the mucosa of the oral cavity promote salivation through
connections of the solitary nucleus and sensory trigeminal nuclei, respectively.

GLOSSOPHARYNGEAL, VAGUS, AND ACCESSORY NERVES

Cranial nerves IX, X, and XI have much in common functionally and share certain nuclei in the medulla. To avoid repetition, it is convenient to
consider them together.

Sensory Components

The glossopharyngeal and vagus nerves include sensory fibers for the special visceral sense of taste; general visceral afferents from baro- and
chemoreceptors and from viscera of the thorax and abdomen; and general sensory fibers for pain, temperature, and touch from the back of
the tongue, pharynx and nearby regions, the skin of part of the ear, and parts of the dura mater. The cell bodies of primary sensory neurons
are located in the superior and inferior ganglia of cranial nerves IX and X.

CLINICAL NOTE
Facial Paralysis

Facial paralysis commonly accompanies hemiplegia caused by occlusion of an artery supplying the contralateral
internal capsule or the motor areas of the cerebral cortex. For reasons already stated, only the lower half of
the face is affected. When a unilateral facial paralysis involves the musculature around the eyes and in the
forehead in addition to that around the mouth, the lesion must involve either the cell bodies in the facial
nucleus or their axons. In a common condition known as Bell's palsy, the facial nerve is affected as it
traverses the facial canal in the petrous temporal bone, with rapid onset of weakness (paresis) or paralysis of
all the facial muscles on the affected side. The cause is edema (perhaps caused by a viral infection) of the
facial nerve and adjacent tissue in the facial canal. The signs of Bell's palsy depend not only on the severity of
the axonal compression but also on where the nerve is affected in its passage through the facial canal (see
Fig. 8-11). All functions of the nerve are lost if the damage is at or proximal to the geniculate ganglion. In
addition to the paralysis of facial muscles, there is a loss of taste (ageusia) in the anterior two thirds of the



tongue and in the palate of the affected side, together with impairment of secretion by the submandibular,
sublingual, and lacrimal glands. Also, sounds seem abnormally loud (hyperacusis) because of paralysis of the
stapedius muscle. In contrast, compression near the stylomastoid foramen affects only the motor fibers of
the nerve.

In mild cases of Bell's palsy, the axons are not damaged severely enough to result in Wallerian degeneration,
and the prognosis is favorable. Recovery is slow and frequently incomplete when it must rely on axonal
regeneration. There is no regeneration into the brain stem of sensory fibers that have been interrupted on
the central side of the geniculate ganglion. In the case of such a lesion in the proximal part of the nerve,
some regenerating salivatory fibers may find their way into the greater petrosal nerve and reach the
pterygopalatine ganglion. This results in lacrimation (crocodile tears) instead of salivation when aromas and
taste sensations cause stimulation of cells in the superior salivatory nucleus.

Visceral Afferents

The unipolar cell bodies for the gustatory fibers are situated in the two glossopharyngeal ganglia (a tiny superior ganglion and a larger inferior
ganglion) and in the inferior ganglion of the vagus nerve. The last of these is frequently called the nodose ganglion. The distal axonal branches
are distributed through the glossopharyngeal nerve to taste buds on the posterior two thirds of the tongue as well as to the few that occur in
the pharyngeal mucosa. Vagal fibers supply taste buds present on the epiglottis. Central processes of the ganglion cells join the solitary tract
and terminate in the rostral portion of the solitary nucleus, the gustatory nucleus (see Fig. 7-6 and 8-15). The ascending pathway for taste is
described and illustrated in Figure 8-14 in conjunction with the visceral afferent component of the facial nerve.

General visceral afferent neurons receive signals used for reflex regulation of cardiovascular, respiratory, and alimentary function. Their cell
bodies are located in the glossopharyngeal and inferior vagal ganglia, together with the neurons for taste. These fibers in the glossopharyngeal
nerve supply the carotid sinus at the bifurcation of the common carotid artery and the adjacent carotid body. Sensory endings in the wall of
the carotid sinus function as baroreceptors, which monitor arterial blood pressure. The carotid body contains chemoreceptors, which monitor
the concentration of oxygen in the circulating blood. Vagal fibers similarly supply baroreceptors in the aortic arch and chemoreceptors in the
small aortic bodies adjacent to the aortic arch. The vagus nerve also contains many afferent fibers that are distributed to the viscera of the
thorax and abdomen; impulses conveyed centrally are important in reflex control of cardiovascular, respiratory, and alimentary functions. The
central branches of the axons of the general visceral afferent neurons descend in the solitary tract and end in the more caudal part of the
solitary nucleus (see Figs. 8-15 and 8-16). Connections from the latter site are established bilaterally with several regions of the reticular
formation. Reticulobulbar and reticulospinal projections, together with a small solitariospinal tract, provide pathways for reflex responses
mediated by the parasympathetic and sympathetic nervous systems and by somatic motor neurons that supply the muscles of respiration.
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FIGURE 8-15 Components of the glossopharyngeal nerve in the medulla. Primary sensory neurons are blue, motor neurons are red, and
preganglionic parasympathetic neurons are green.
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FIGURE 8-16 Components of the vagus nerve in the medulla. Primary sensory neurons are blue, motor neurons are red, and
preganglionic parasympathetic neurons are green.

Some axons from the solitary nucleus proceed rostrally to the hypothalamus. Others probably go to the ventral posteromedial nucleus of the
thalamus, providing for conscious sensations other than pain, such as fullness or emptiness of the stomach.

Somatic Afferent Fibers

The glossopharyngeal nerve includes fibers for the general sensations of pain, temperature, and touch in the mucosa of the posterior one
third of the tongue, upper part of the pharynx (including the tonsillar area), auditory or eustachian tube, and middle ear. The vagus nerve
carries fibers with the same functions to the lower part of the pharynx, the larynx, and the esophagus. The cell bodies of these sensory
neurons are located in the glossopharyngeal ganglia and in the superior ganglion of the vagus nerve, which is also called the jugular ganglion.
The central branches of their axons enter the spinal trigeminal tract and terminate in the spinal trigeminal nucleus (see Figs. 8-15 and 8-16).
The afferents for touch from the pharynx are important in the gag reflex: touching the pharynx causes elevation of the soft palate and
movement of the tongue through a pathway that includes the nucleus ambiguus and the hypoglossal nucleus.

The vagus nerve sends general sensory (pain) fibers to the dura that lines the posterior fossa of the cranial cavity. Through its auricular
branch, it contributes sensory fibers to the concha of the external ear, a small area behind the ear, the wall of the external acoustic meatus,
and the tympanic membrane. The cell bodies are located in the superior ganglion of the nerve, and the central processes join the spinal
trigeminal tract. The area of skin and tympanic membrane supplied by the auricular branch of the vagus nerve is coextensive with that supplied
by the facial nerve. The vagus nerve also sends general sensory fibers to the larynx, trachea, bronchi, and esophagus.



Efferent Components
Cranial nerves IX, X, and Xl include motor fibers for striated muscles, and cranial nerves IX and X contain parasympathetic efferents.

For Supply of Striated Muscles

The nucleus ambiguus is a slender column of motor neurons situated dorsal to the inferior olivary nucleus (see Figs. 7-5, 7-6, and 7-7

and 8-15, 8-16, and 8-17). Axons from this nucleus are directed dorsally at first. They then turn sharply to mingle with other fibers in the
glossopharyngeal and vagus nerves, and some of them constitute the entire cranial root of the accessory nerve. The nucleus ambiguus supplies
muscles of the soft palate, pharynx, and larynx, together with striated muscle fibers in the upper part of the esophagus. (The only muscle in
these regions not supplied by this nucleus is the tensor veli palatini, which is innervated by the trigeminal nerve.)

A small group of cells in the rostral end of the nucleus ambiguus supplies the stylopharyngeus muscle through the glossopharyngeal nerve (see
Fig. 8-15). A large region of the nucleus supplies the remaining pharyngeal muscles, the cricothyroid (an external muscle of the larynx), and the
striated muscle of the esophagus, through the vagus nerve (see Fig. 8-16). Fibers from the caudal part of the nucleus ambiguus leave the brain
stem in the cranial root of the accessory nerve (see Fig. 8-17). These fibers temporarily join the spinal root of the accessory nerve and then
constitute the internal ramus of the nerve, which passes over to the vagus nerve in the region of the jugular foramen. These fibers supply
muscles of the soft palate and the intrinsic muscles of the larynx.

The nucleus ambiguus receives afferents from sensory nuclei of the brain stem, most importantly from the spinal trigeminal and solitary nuclei.
These connections establish reflexes for coughing, gagging, and vomiting, with the stimuli arising in the mucosa of the respiratory and
alimentary passages. Corticobulbar afferents are both crossed and uncrossed; muscles supplied by the nucleus ambiguus are, therefore, not
paralyzed in the event of a unilateral lesion of the upper motor neuron type. The nucleus ambiguus is

not composed solely of motor neurons. As described later, some of its cells are preganglionic parasympathetic neurons for control of the heart
rate.
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Motor neurons for the sternocleidomastoid and trapezius muscles are located in the spinal cord (segments C1 to C5) and constitute the
accessory nucleus in the ventral gray horn. Arising as a series of rootlets along the side of the spinal cord, just dorsal to the denticulate
ligament, the spinal root of the accessory nerve ascends next to the spinal cord (see Fig. 8-17). On reaching the side of the medulla by passing
through the foramen magnum, the spinal and cranial roots unite and continue as the accessory nerve, but only as far as the jugular foramen.
Fibers from the nucleus ambiguus then join the vagus nerve, as already noted. Those of spinal origin proceed through the posterior triangle of
the neck and supply the sternocleidomastoid and trapezius muscles.

Parasympathetic Nuclei

Preganglionic parasympathetic fibers are present in the glossopharyngeal and vagus nerves. The salivatory nucleus consists of groups of
neurons located lateral and medial to the facial motor nucleus and is the source of preganglionic fibers in the facial and glossopharyngeal
nerves. (There is no evidence for the existence of distinct superior and inferior salivatory nuclei.) Axons from the salivatory nucleus pass into
the tympanic branch of the glossopharyngeal nerve, the tympanic plexus, and the lesser petrosal nerve to the otic ganglion, which lies
beneath the foramen ovale, close to the mandibular division of the trigeminal nerve. The neurons in the otic ganglion have axons (i.e.,
postganglionic fibers) that join the auriculotemporal branch of the mandibular nerve and thus reach the parotid gland. The parasympathetic
supply to the parotid gland stimulates secretion and vasodilation. The salivatory nucleus is influenced by stimuli from the hypothalamus,
olfactory system, solitary nucleus, and sensory trigeminal nuclei.

CLINICAL NOTE
Accessory Nerve Palsy

If the accessory nerve is injured (typically by an object falling onto the back of the shoulder or neck), the
sternocleidomastoid and trapezius muscles will be paralyzed or weakened ipsilaterally.

Corticospinal fibers that control the spinal accessory neurons are both crossed and uncrossed. Those for the
trapezius are from the contralateral cerebrum. Those for the sternocleidomastoid are from the ipsilateral
cerebrum, an arrangement consistent with the action of this muscle, which turns the head toward the
opposite side. An upper motor neuron lesion, therefore, causes weakness paresis) of the
contralateral trapezius and of the ipsilateral sternocleidomastoid muscle.

The largest parasympathetic nucleus is the dorsal nucleus of the vagus nerve (also called dorsal motor nucleus, but it does not directly
innervate muscles). This column of cells is situated in the gray matter lateral to the central canal and extending beneath the vagal triangle in
the floor of the fourth ventricle (see Figs. 7-4, 7-5, 7-6, and 7-7). The axons of the cells in the dorsal nucleus constitute the majority of the
preganglionic parasympathetic fibers of the vagus nerve. They end in tiny ganglia in the pulmonary plexus and in abdominal viscera, notably
the stomach. For details, see Chapter 24.

Other vagal parasympathetic neurons have their cell bodies near and among the motor neurons of the nucleus ambiguus. The axons of these
neurons terminate in small ganglia associated with the heart. In some laboratory animals, about 10% of the cardioinhibitory neurons are located
in the dorsal nucleus of the vagus. In others, the cardiac ganglia receive all their afferent fibers from the nucleus ambiguus and none from the
dorsal nucleus. It seems likely that the nucleus ambiguus contains most or all of the vagal neurons that control the human heart.

The dorsal nucleus of the vagus nerve and the visceral efferent neurons of the nucleus ambiguus

are influenced, directly or indirectly, by the solitary nucleus, hypothalamus, olfactory system, and autonomic “centers” in the reticular
formation (see Chapter 9). Despite the functional importance of the visceral afferent and preganglionic parasympathetic fibers, transection of
the vagus nerve does not cause cardiovascular symptoms. Vagal denervation of the stomach suppresses acid secretion there and causes gastric
distention caused by inadequate emptying through the pylorus.

CLINICAL NOTE
Hypoglossal Nerve Palsy

Destruction of the hypoglossal nucleus or interruption of the motor axons in the medulla or in the nerve is
followed by paralysis and eventual atrophy of the affected muscles. The tongue deviates to the weak side on
protrusion because of the unopposed action of the contralateral genioglossus muscle.

Corticobulbar afferents to the hypoglossal nucleus are predominantly but not exclusively crossed. A unilateral
upper motor neuron lesion causes paresis of the opposite side of the tongue, which usually recovers quite
quickly as the ipsilateral cerebral hemisphere assumes the functions of the damaged descending pathway.

HYPOGLOSSAL NERVE

The hypoglossal nucleus lies between the dorsal nucleus of the vagus nerve and the midline of the medulla (see Figs. 7-4, 7-5, 7-6, and 7-7 and
8-18). The hypoglossal triangle in the floor of the fourth ventricle marks the position of the rostral part of the nucleus. The axons of
hypoglossal neurons course ventrally on the lateral side of the medial lemniscus and emerge along the sulcus between the pyramid and the
olive. The hypoglossal nerve supplies the intrinsic muscles of the tongue and the three extrinsic muscles (genioglossus, styloglossus, and
hyoglossus). The nucleus receives afferents from the solitary nucleus and the sensory trigeminal nuclei for reflex movements of the tongue in
swallowing, chewing, and sucking in response to gustatory and other stimuli from the oral and pharyngeal mucosae.



Summary of Cranial Nerve Nuclei and Components

Distinct functions are associated with the nuclei of origin or termination of the component fibers of cranial nerves. Table 8-1 summarizes the
functions of the nuclei and emphasizes the sharing of nuclei by different cranial nerves.
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FIGURE 8-18 Right hypoglossal nerve and origin of the cranial root of the left accessory nerve in the medulla.

TABLE 8-1 Cranial Nerve Nuclei, Associated Ganglia, and Their Functions

Nucleus Nerve Ganglion Muscles, Glands, or Sensory Functions

Levator palpebrae superioris and all
Oculomotor 1l extraocular muscles except superior
oblique and lateral rectus

Edinger- " . . .

Westphal 1] Ciliary Sphincter pupillae and ciliary muscle
Trochlear v Superior oblique muscle

Motor V (mandibular) Chewing muscles; tensor tympani

trigeminal




Mesencephalic V (maxillary and mandibular) None Proprioception from muscles of
trigeminal mastication and temporomandibular
joint; pressure around roots of teeth
Pqntmg V (all divisions) Trigeminal Touch (face, mouth, and so on)
trigeminal
Sp'lnal' V (all divisions) Trigeminal Touch, pain, temperature (face, mouth,
trigeminal and so on)
Cutaneous sensation from parts of
Vil Geniculate external ear (together with cranial
nerve X)
. General sensation from pharynx,
X Glossopharyngeal ganglia posterior third of tongue, middle ear
Supeﬁor vagal (J.u.gular.) General sensation from parts of external
X ganglion for ear; inferior
. ear, larynx, and so on
(nodose) ganglion for others
Abducens Vi Lateral rectus muscle
Facial motor Vil Facial muscles and stapedius

VIl (greater petrosal and

Salivatory nervus inter-medius) Pterygopalatine Lacrimal and nasal glands
Vi (cho'rda tympqm and Submandibular Submandibular and sublingual glands
nerwus inter-medius)
IX Otic Parotid gland
Cochlear . .
VIIl (cochlear) Spiral Hearing (see Chapter 21)

nuclei




Vestibular VIII (vestibular) Vestibular Equilibration (see Chapter 22)
nuclei
Nucleus IX Stylopharyngeus
ambiguus
X and cranial root of XI Muscles of larynx, pharynx, esophagus
Solitary: VII (greater petrosal and
rostral end s pet . Taste, soft palate and anterior two
chorda tympani branches Geniculate :
(gustatory - : thirds of tongue
and nerwus inter-medius)
nucleus)
IX Glossopharyngeal Taste, posterior third of tongue
Solitary: Sy
caudal end IX Glossopharyngeal Carotid sinus and body
X Inferior vagal (nodose) Regula’gory sensat1on_ (not pain) from
thoracic and abdominal organs
Dorsal nucleus X Numerous,_near thoracic See Chapter 24
of vagus and abdominal organs
Nucleus . .
ambiguus X Cardiac ganglia Heart (reduced rate and output)
Accessory XI (spinal root) Sternocleidomastoid and trapezius
nucleus
Hypoglossal Xl Tongue muscles
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Chapter 9

Reticular Formation

Important Facts

e The reticular formation of the brain stem contains several populations of neurons with long dendrites
surrounded by interlacing bundles of myelinated axons.

e The precerebellar reticular nuclei are probably concerned with coordination of muscle contractions.

e The raphe nuclei include many serotonergic neurons, with extensively distributed axons. Rostrally
projecting serotonergic neurons are active in sleep. Caudally projecting neurons, which receive afferents
from the periaqueductal gray matter, modulate pain sensation.

e The central group of nuclei includes the cells of origin of motor reticulospinal fibers. Rostral projections
are concerned with eye movements and with the conscious state.

e Cholinergic reticular nuclei influence stereotyped movements through connections with the central
group and the basal ganglia of the forebrain. They are also active in rapid eye movement sleep. Neuronal
circuitry for consciousness and sleep also involves the hypothalamus, thalamus, and cerebral cortex.

e Catecholaminergic neurons in the locus coeruleus and elsewhere have axons that go to most parts of
the brain and spinal cord, probably to increase the speed of reflex responses and the general level of
alertness.

e Through connections with appropriate sensory, motor, and autonomic neurons, the laterally located
parvocellular, parabrachial, and superficial medullary reticular areas are concerned with the regulation of
feeding and of the respiratory and circulatory systems.

e The area postrema, which contains permeable blood vessels, is a chemoreceptor that mediates some
physiological responses to bloodborne stimuli, including drug-induced vomiting.

e The paramedian pontine reticular formation, the perihypoglossal nuclei, and the accessory oculomotor
nuclei are involved in the control of eye movements.

This chapter describes the anatomy and connections of the groups of neurons that constitute the reticular formation of the brain stem and
reviews the involvement of the reticular formation in sleep and consciousness as well as in sensory and motor functions. The chapter also
provides descriptions of a few other nuclei in the brain stem that are not discussed in Chapters 7 and 8.

Broadly defined, the reticular formation consists of a substantial part of the dorsal part of the brain stem in which the groups of neurons and
intersecting bundles of fibers present a netlike (reticular) appearance in transverse sections. It excludes nuclei of cranial nerves, long tracts
that pass through the brain stem, and the more conspicuous masses of gray matter. Some “excluded” structures, however, such as the medial
lemniscus and the nucleus ambiguus, are located within the territory of the reticular formation. The neurons of the reticular nuclei all have
unusually long dendrites that extend into parts of the brain stem remote from the cell bodies. Their architecture enables them to receive and
integrate synaptic inputs from most or all of the axons that project to or through the brain stem.

Through its direct and indirect connections with all levels of the central nervous system (CNS), the reticular formation contributes to several
functions, including the sleep-arousal cycle, perception of pain, control of movement, and regulation of visceral activity. Although such
adjectives as “primitive” and “diffuse” have been applied to the reticular formation, it is not a mass of randomly interconnected neurons.

The parts of the reticular formation differ from one another in their cytoarchitecture, connections, and physiological functions. Aggregations
of neurons are thereby recognized and are called nuclei, even though not all are as clearly circumscribed as nuclei elsewhere. As in every part
of the nervous system, information obtained through research continues to reveal higher and higher degrees of orderly structural organization
than were previously thought to exist.
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FIGURE 9-1 Diagram showing the positions of the larger nuclei of the reticular formation of the brain stem.

Nuclei of the Reticular Formation

The nuclei of the reticular formation (Fig. 9-1) can be classified as follows: the precerebellar nuclei, the raphe nuclei, the central group of
nuclei, the cholinergic and catecholamine cell groups, the lateral parvocellular reticular area, the parabrachial area, and the superficial
medullary neurons. Additionally

functionally designated “centers,” recognized mainly from experiments in animals, are present that do not always correspond to anatomically
defined populations of neuronal cell bodies.

PRECEREBELLAR RETICULAR NUCLEI

The lateral reticular nucleus (see Figs. 9-1 and 9-2A), the paramedian reticular nucleus (see Fig. 9-2A), and the pontine reticulotegmental
nucleus (see Figs. 9-1 and 9-2D) project to the cerebellum. These precerebellar reticular nuclei are functionally quite separate from the rest
of the reticular formation; they are briefly considered in Chapter 10, which deals with the cerebellum.

RAPHE NUCLEI



The raphe nuclei are groups of neurons either in or adjacent to the midline (raphe) of the brain stem, interspersed among bundles of
decussating axons. Raphe nuclei with different cytoarchitecture and efferent projections are recognized at different levels (see Figs. 9-1 and
9-2). Many raphe neurons synthesize and secrete serotonin (5-hydroxytryptamine), and this amine is believed to be their principal synaptic
transmitter. The axons of the serotonergic raphe neurons are thin, unmyelinated, and greatly branched. They are distributed to gray matter
throughout the CNS. Their most prominent projections are summarized in Figure 9-3.

The connections of the medullary raphe nuclei with the periaqueductal gray matter and the spinal dorsal horn (and trigeminal sensory nuclei)
are important from a clinical standpoint because activity of this pathway can suppress the conscious awareness of pain (see Chapter 19). The
pontine and mesencephalic raphe nuclei project to the cerebellum and with all parts of the cerebrum, including the cerebral cortex, basal
ganglia, and limbic system.

The best understood functions of the more rostrally located raphe nuclei are those related to sleep. They are discussed later in this chapter.

CENTRAL GROUP OF RETICULAR NUCLEI

The central group includes medially located nuclei in the medulla and pons and the cuneiform and subcuneiform nuclei in the midbrain (see
Figs. 9-1 and 9-2). The latter two are laterally located but are included in the central group because of their similar connections and functions.
The paramedian pontine reticular formation (PPRF), which is importantly involved in conjugate lateral movements of the eyes (see Chapter 8),
includes neurons in the medial parts of the two pontine reticular nuclei. The gigantocellular reticular nucleus (Fig. 9-2B) includes some
serotonin neurons, which have projections similar to those of neurons in the nearby nucleus raphes magnus.

The central nuclei receive afferents from all the general and special sensory systems and from the reticular formation of the midbrain, the
cholinergic reticular nuclei (see below), the hypothalamus, and the premotor area of the cerebral cortex (Fig. 9-4).

Neurons of the central reticular nuclei typically have axons with long ascending and descending branches. In the brain stem, these axons also
have numerous horizontally directed collateral branches, which synapse with the long dendrites of other reticular neurons (Fig. 9-5), including
those of the raphe and catecholamine nuclei. The long descending axons constitute the reticulospinal tracts, located in the ventral and
lateral funiculi of the spinal white matter (see Fig. 5-10). The reticulospinal tracts are important motor pathways (discussed later in this chapter
and in Chapters 5 and 23). Ascending axons from the central group of reticular nuclei travel in the central tegmental tract. The involvement of
the ascending projections in maintaining consciousness is reviewed later in this chapter. The reticulothalamic projection also provides an
interaction with the corpus striatum, which has motor and other functions (see Chapters 12 and 23).

CHOLINERGIC NEURONS

The rostral part of the reticular formation contains two groups of neurons that use acetylcholine as their synaptic transmitter. The larger of
these is in the pedunculopontine nucleus (see Figs. 9-1, 9-2, and 9-6) in the rostral pons and caudal midbrain. The smaller lateral dorsal
tegmental nucleus is nearby, extending from the pontine periventricular gray matter into the periaqueductal gray matter. These nuclei receive
afferents from nearby

noradrenergic (locus coeruleus) and serotonergic (raphe) nuclei, from histaminergic neurons in the hypothalamus and inhibitory (gamma-
aminobutyrate [GABA]) descending fibers from the pallidum (see Chapter 12), and from the preoptic area. The cholinergic neurons of the
reticular formation have long, branching axons, which synapse with neurons in the central group of pontine reticular nuclei and the locus
coeruleus. Axons of pontine cholinergic neurons have also been traced rostrally to the substantia nigra, subthalamic nucleus, intralaminar
thalamic nuclei, and basal cholinergic nuclei of the forebrain (see

Chapter 12). Electrophysiological studies implicate cholinergic reticular nuclei in stereotyped motor functions, such as locomotion, and in
consciousness and arousal.
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Transverse sections of the brain stem. The left side of each figure shows nuclei and tracts that are major anatomical landmarks. The right side
shows the positions of reticular and other nuclei discussed in this chapter. Black dots indicate precerebellar nuclei, red dots indicate groups
of serotonin- and catecholamine-containing neurons, and blue dots indicate other nuclei. (A) Nuclei at the level of the caudal pole of the
inferior olivary nucleus, in the closed part of the medulla. (The unlabeled red dots indicate scattered adrenergic neurons.) (B) Nuclei at the
level of the rostral pole of the inferior olivary nucleus, in the open part of the medulla. (The unlabeled red dots indicate groups of
noradrenergic and adrenergic neurons. The blue dots dorsolateral to the inferior olivary nucleus indicate the probable position of the ventral
superficial reticular area of the medulla.) (C) Nuclei in the caudal pontine tegmentum, at the level of the internal genu of the facial nerve. (D)
Pontine tegmentum at a level rostral to the trigeminal motor nucleus. (E) Nuclei at the level of the caudal end of the inferior colliculus.
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FIGURE 9-3 Major connections of the serotonergic raphe nuclei.

CATECHOLAMINE NUCLEI

The catecholamines are noradrenaline (norepinephrine), adrenaline (epinephrine), and dopamine. The largest group of central noradrenergic
neurons, and the only one easily seen in ordinary anatomical preparations, is the locus coeruleus or nucleus pigmentosus (see Figs. 9-2C and 9-
2D), at the pontomesencephalic junction. Six smaller groups of noradrenergic neurons are present in the lateral part of the reticular formation
in the medulla, pons, and midbrain. Two groups of adrenergic neurons are present in the medulla, one in the ventrolateral reticular formation
and the other within the solitary nucleus (see Figs. 9-2A and 9-2B).

The afferent connections of the locus coeruleus and other noradrenergic nuclei of the human brain stem are unknown. Experimental work
(mostly with nonprimate animals) suggests that the noradrenergic neurons fire spontaneously but are modulated by neurons in other parts of
the reticular formation and in the hypothalamus. Noradrenergic projections are better known, even in primates, because the axons and their
terminal branches are histochemically demonstrable.

Each noradrenergic neuron has an unmyelinated axon with numerous long branches. These branches go to many regions of the CNS. Most of
the efferent axons of the locus coeruleus travel rostrally in the central tegmental tract and the medial forebrain bundle. Descending
noradrenergic axons arise predominantly from

the lateral medullary catecholamine nuclei. The distribution of the central noradrenergic system is summarized in Figure 9-7.
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FIGURE 9-5 Neurons of the reticular formation. (A) Interaction between dendrites and collateral axonal branches of neurons with
ascending (blue) and descending (red) projections. (B) A neuron whose axon divides into long ascending and descending branches.

The noradrenaline released by axons from the locus coeruleus and related cell groups probably acts mainly as a modulator of synapses
between other neurons. The effects on spinal reflexes and on alertness are generally excitatory. Destructive lesions of the locus coeruleus do
not cause unconsciousness.

PARVOCELLULAR RETICULAR AREA

The parvocellular reticular area is located in the medulla and pons, lateral to the central group and medial to the trigeminal nuclei (see Figs. 9-
1 and 9-2). Afferent fibers come from these sensory nuclei and from the cerebral cortex. The neurons in the parvocellular reticular area send
their axons to the motor nuclei of the hypoglossal, facial, and trigeminal nerves. These connections indicate involvement in reflexes concerned
with feeding. An “expiratory center” identified by electrical stimulation in animals is located within the medullary parvocellular reticular area.
Stimulation in this region can also cause acceleration of the heart and increased arterial blood pressure.

PARABRACHIAL AREA

Rostral to the parvocellular reticular area, the medial and lateral parabrachial nuclei are situated in the lateral part of the reticular formation
of the caudal midbrain, close to the superior cerebellar peduncle. This area has many connections. Afferent fibers are from the solitary
nucleus and from the cortex of the insula and adjoining parts of the parietal lobe. The axons of parabrachial neurons project rostrally to the
hypothalamus, preoptic area, intralaminar thalamic

nuclei, and amygdala. In many mammals, but not in primates, the parabrachial nuclei also form part of the sensory pathway for taste. Thus, the
parabrachial area serves as a relay station in ascending pathways for visceral sensations. This region may also include the “pneumotaxic
center,” which is recognized by physiologists as a region concerned with the regulation of respiratory rhythm. Dorsal pontine lesions can cause
apneustic respiration, in which a pause of a few seconds takes place between full inspiration and the beginning of expiration.
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SUPERFICIAL MEDULLARY RETICULAR NEURONS

The ventral superficial reticular area in the medulla is another region concerned with cardiovascular and respiratory regulation. Afferents are
from the spinal cord and solitary nucleus. They include fibers activated by the baroreceptors of the carotid and aortic sinuses and by the
oxygen-sensitive chemoreceptors of the carotid and aortic bodies. Some of these medullary neurons respond directly to changes in the pH or
carbon dioxide concentration in the nearby cerebrospinal fluid. The ventral superficial reticular area has efferent projections to the
hypothalamus and to preganglionic autonomic neurons in the medulla and spinal cord. Functional connections also exist with the motor
neurons that supply the muscles of respiration.

Functions of the Reticular Formation
SLEEP AND AROUSAL

Physiological Aspects of Consciousness

Consciousness, which is awareness of oneself and one's surroundings, is accompanied by neuronal activity in the whole cerebral cortex. Loss of
consciousness occurs normally in sleep and abnormally with injuries or diseases that affect the brain. Profound loss of consciousness may be
caused by extensive damage to the cerebral cortex or by localized destructive lesions in certain parts of the brain stem that have extensive
divergent projections to the cortex. Impairment of consciousness is evaluated clinically by testing responses to sensory stimuli (see clinical
note on the Glasgow coma scale).

The sleeping and awake states normally follow a rhythm with the same periodicity as the alternation of night and day. Within the nocturnal
phase, sleep may be light (easily awakened) or deep (requiring a strong sensory stimulus for arousal). In addition, there are episodes of sleep in
which there are rapid eye movements (REM sleep). At such times, the muscles of the trunk and limbs are relaxed, and a substantial sensory
stimulus is needed for arousal, but the cerebral cortex is very active. A person suddenly awakened from REM sleep usually reports dreaming.
The resistance to arousal in REM sleep is attributed to inhibition of transmission from the thalamus to the cerebral cortex in all the specific
sensory pathways (e.g., somatic, auditory). The muscular relaxation is mediated by neurons in the reticular formation that inhibit motor
neurons in the spinal cord.

Varying levels of consciousness are paralleled by changes in the electroencephalogram (EEG), which is a crude indicator of the activity of the
cerebral cortex. The fluctuations in voltage recorded from a point on the scalp are the sum of the variations in the membrane potentials of
the dendrites of neurons in the underlying cerebral cortex (see also Chapter 14). Dendritic potentials are responses to activity of afferent
axons, most of which come from neurons in the thalamus. Whereas large potentials are recorded when groups of thalamic neurons fire
synchronously, low-voltage activity indicates that each cortical neuron is responding differently to its thalamic afferents. The EEG waves of a
fully alert person are of low voltage and high frequency, indicating desynchronization of thalamocortical circuits. With progressive deepening
of sleep, the waves become taller (synchronization) and longer (“slow-wave sleep”). In REM sleep, the EEG is desynchronized despite the fact
that such sleep is deep in the sense of being resistant to sensory stimulation. Various abnormalities—notably, reduced voltage and frequency—
are seen in the EEGs of comatose patients. The absence of recordable electrical activity (flat EEG) indicates death of the cerebral cortex.



CLINICAL NOTE
The Glasgow Coma Scale

This simple quantitative assessment of impaired consciousness is made by scoring for opening of the eyes
and for vocal and motor responses to stimuli of graded intensity (Table 9-1).

The maximum (fully conscious) score of 15 is recorded as E4 V5 M6. With a state of coma, a term reserved
for unconsciousness with little or no response to stimuli, the total Glasgow score is 8 or below. The three
components are recorded separately because it is not always possible to evaluate all of them. For example,
facial injuries and swelling may prevent opening of the eyes, intubation of the trachea prevents the testing of
vocal responses, and a concurrent spinal injury or multiple fractures may prevent motor responses.
Meaningful scores cannot usually be obtained in children younger than age 2 years.

The Glasgow coma scale is useful because of its simplicity and because the scores correlate well with clinical
outcome in cases of brain injury. Not surprisingly, deep coma is commonly associated with a poor prognosis.

TABLE 9-1 The Glasgow Coma Scale
Eye Opening (E) Vocal Response (V) Motor Response (M)
Spontaneous = 4 Conversation normal = 5 Normal = 6
To voice =3 Converses but disoriented = 4 Localized response to pain =5
To pain =2 Says words but incoherent = 3 Withdrawal from pain (flexion) = 4
Absent =1 Makes incomprehensible sounds = 2 Rigidity with limb flexion (“decorticate posture”) = 3
Absent =1 Rigidity with limb extension (“decerebrate posture”) = 2
Absent =1
Total =E+V + M

Neuroanatomical Correlates of Consciousness and Sleep

The generalized activity of the cerebral cortex that constitutes an alert or wakeful condition occurs only when there is adequate cortical
excitation by neurons whose cell bodies are in the brain stem and thalamus. The ascending pathways that stimulate the whole cortex are
anatomically separate from the specific sensory systems (see Chapters 17 and 19, 20, 21, and 22) and from the corticopetal projections of the
cerebellum (see Chapter 10) and basal ganglia (see Chapters 12 and 23). Irreversible coma follows bilateral destruction of the medial parts of the
brain stem at or above the upper pontine levels. Transmission in the more laterally located sensory pathways is not interrupted by medially



located lesions that cause coma. The integrity of the rostral pontine reticular formation and of the central tegmental tract is essential for
maintaining the conscious state. At the level of the midbrain and rostral pons, the central tegmental tract contains three populations of axons
from the reticular formation that directly or indirectly stimulate the whole cerebral cortex:

1. Noradrenergic neurons (see Fig. 9-7) provide an ascending projection that excites neurons throughout the cerebral cortex. The cells of
the locus coeruleus are most active in awake, attentive animals; they are less active in non-REM sleep and inactive in REM sleep.

2. Cholinergic neurons of the pedunculopontine nucleus (see Fig. 9-6) project to the hypothalamus, basal cholinergic nuclei of the forebrain
(see later), and intralaminar thalamic nuclei, which, in their turn, have extensive although sparse projections to all parts of the cerebral
cortex. These neurons are active in the awake state and in REM sleep but are quiescent in non-REM sleep.

3. The central group of reticular nuclei (especially the oral pontine reticular nucleus) sends axons to the intralaminar nuclei of the thalamus
and to the basal cholinergic nuclei of the forebrain (see later). The central reticular neurons are a mixed population, differently active in
all states of consciousness.

Groups of neurons in the diencephalon and telencephalon stimulate the cerebral cortex in a general way. The intralaminar thalamic nuclei
(see Chapter 11) provide an essential link in most of the ascending pathways concerned with both arousal and REM sleep (Fig. 9-8). In addition
to the connections already mentioned, the intralaminar nuclei receive collateral branches from all the sensory tracts that go to other nuclei
of the thalamus. Sensory stimuli that cause arousal from sleep may do so by way of these branches. Lesions that bilaterally damage the
intralaminar nuclei cause coma. The posterior part of the hypothalamus (see Chapter 11) contains the tuberomamillary nucleus, which is
composed of histamine-secreting neurons with axons that branch profusely in the thalamus and also extend to many parts of the CNS,
including the cerebral cortex. Pharmacological studies indicate that histamine of neuronal origin participates in arousal. The sedative side
effects of traditional antihistaminic drugs (H1-receptor blockers) are probably caused by competitive inhibition of the action of histamine on
cortical neurons. The basal cholinergic nuclei of the forebrain (see Chapter 12) also stimulate neurons throughout the cerebral cortex.

Deep (non-REM) sleep is associated with diminished activity of the systems just described. In addition, some neurons in the brain stem and
hypothalamus actively promote sleep:

1. The serotonergic raphe neurons have axons that go to all parts of the CNS. The raphe neurons are active in deep sleep, which may be
caused partly by a widespread inhibitory action of serotonin in the thalamus and cerebral cortex. Serotonergic neurons are less active in
REM sleep, which may be caused partly by occasional release of the telencephalic neurons from serotonergic inhibition. A simultaneous
reduction of inhibition of the caudal pontine reticular nucleus (the PPRF) may account for the accompanying movements of the eyes.

2. In the lateral hypothalamus, some neurons produce a pair of peptides, orexin-A and orexin-B, which are active in the awake state. The
orexins are also called hypocretins-1 and -2. The long axons of orexin neurons extend to most parts of the brain. One of their actions is
stimulation of the cholinergic neurons of the pedunculopontine nucleus. Deficiency of orexin in dogs, mice, and humans is associated with
narcolepsy, a condition in which the waking state is frequently
interrupted by brief episodes of REM sleep.
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FIGURE 9-8 The ascending reticular-activating system. This diagram shows the groups of neurons that are more active in the alert
state and less active during slow-wave (non-REM) sleep. With the notable exception of the locus coeruleus, these neurons are active
also in REM sleep.

The suprachiasmatic nucleus of the hypothalamus (see Chapter 11) contains neurons whose patterns of firing follow a 24-hour cycle, serving
as an internal clock for the brain. Axons from the suprachiasmatic nucleus contact the orexin neurons of the lateral hypothalamus and the

dorsomedial hypothalamic nucleus

(see Fig. 11-14), which projects caudally to the locus coeruleus. These connections provide circuitry that may facilitate sleeping during the
night rather than during the day.

The cholinergic neurons of the pedunculopontine and lateral dorsal tegmental nuclei are as active in REM sleep as they are in the awake
state.

In the preoptic area, immediately anterior to the hypothalamus, a population of GABA-ergic neurons contains a peptide, galanin. These
inhibitory neurons are active in deep (non-REM) sleep. Their axons go to the tuberomamillary nucleus, the locus coeruleus, and the



cholinergic reticular nuclei. Destructive lesions in the preoptic area cause insomnia, indicating that this region is essential for the
occurrence of sleep.

In REM sleep, suppression of transmission in specific sensory pathways takes place, accounting for the high threshold for arousal by sensory
stimuli. This is believed to be mediated by rostrally projecting cholinergic neurons (Fig. 9-9) that stimulate the reticular nucleus of the thalamus
(see also Chapter 11). This nucleus contains GABA-ergic neurons that inhibit transmission from the other thalamic nuclei to the cerebral
cortex. The relaxation of limb muscles in REM sleep is mediated by reticulospinal fibers, some of which use glycine as an inhibitory transmitter.

PAIN

Through spinal afferents and projections to the thalamus, the central group of reticular nuclei forms part of an ascending pathway for the
poorly localized perception of pain. Such sensation persists after transection of the spinothalamic tracts (see Chapter 19).

A descending inhibitory pathway consists of the axons of serotonergic raphe neurons that project to the dorsal horn and spinal trigeminal
nucleus. This system inhibits the rostral transmission of action potentials that report pain. Electrical stimulation of the periaqueductal gray
matter (which projects to the raphe nuclei in the medulla) results in loss of the ability to experience pain from sites of injury or disease. This
descending pathway is discussed in Chapter 19.

SOMATIC MOTOR FUNCTIONS

The reticulospinal tracts constitute one of the major descending pathways involved in the control of movement; the others are the
corticospinal and vestibulospinal tracts. Equivalent reticulobulbar connections supply the motor nuclei of the cranial nerves. Animal
experiments indicate that many reticulospinal fibers are the axons of cells in the caudal and oral pontine reticular nuclei and the
gigantocellular nucleus of the medulla. Most of these fibers descend to the spinal cord without crossing the midline. Some end ipsilaterally in
the ventral horn, and others decussate before terminating. The reticulospinal tracts, consequently, project both ipsilaterally and bilaterally to
the spinal gray matter. They end on interneurons and influence the motor neurons indirectly through synaptic relays within the spinal cord.

With respect to motor functions, important afferents to the central group of reticular nuclei come from the motor cortex of the cerebral
hemispheres, the cholinergic pedunculopontine nucleus (see Figs. 9-2D and 9-6), the cerebellar nuclei, and the spinal cord.

The raphespinal tract is a reticulospinal pathway best known for the involvement of its serotonergic neurons in the modulation of pain
sensation. Raphespinal projections may also modulate the activities of motor neurons, which are made more excitable by serotonin. Drugs that
block the action of serotonin have been used clinically to alleviate the spasticity that follows damage to the major descending motor pathways.

VISCERAL ACTIVITIES

Certain regions in the reticular formation regulate visceral functions and breathing through connections rostrally with the amygdala and
hypothalamus and caudally with nuclei of the autonomic outflow and with respiratory motor neurons in the phrenic nucleus and thoracic cord.
The functions of the superficial medullary reticular neurons in mediating reflex responses to the systemic blood pressure and the degree of
oxygenation of the

blood were mentioned earlier in this chapter. Other cardiovascular and respiratory regions, commonly referred to as “centers,” have P.154
been identified by electrical stimulation within the brain stemin laboratory animals. Some of these centers are fields within the network of
dendrites in the reticular formation rather than compact collections of cell bodies. Maximal inspiratory and expiratory responses are obtained
from the gigantocellular nucleus and the parvocellular reticular area, respectively, in the medulla, and respiratory rhythm is controlled by the
pneumotaxic center in the parabrachial area.
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FIGURE 9-9 Diagram showing groups of neurons that are active in sleep. The serotonergic neurons and the GABA-ergic hypothalamic
neurons are more active in slow-wave (non-REM) sleep. The other pathways are active in REM sleep though the physiological role of the
orexin neurons is still uncertain. The arrows pointing up indicate extensive distribution of axonal branches to the cortex. The
descending pathways mediate the inhibition of motor activity during periods of REM sleep.

Stimulation in the medial part of the reticular formation of the medulla has a depressor effect on the circulatory system, with slowing of the
heart rate and lowering of blood pressure. The opposite effects are produced by stimulation in laterally located sites. Damage to the brain
stem is life threatening because of the presence of these regions involved in the control of vital functions.

Miscellaneous Nuclei of the Brain Stem



The area postrema is a narrow strip of neural tissue in the caudal part of the floor of the fourth ventricle near the obex (see Fig. 6-3). The
blood-brain barrier, which elsewhere prevents certain substances from entering nervous tissue from the blood, is lacking here. Among other
connections, the area postrema has reciprocal connections with the solitary nucleus. The area has been shown experimentally to be a
chemoreceptor region for emetic drugs such as apomorphine and digoxin. It may, therefore, function in the physiology of vomiting.

The perihypoglossal nuclei are three quite conspicuous groups of neurons in the caudal medulla: the nucleus intercalatus (see Fig. 9-2A), the
nucleus of Roller (ventrolateral to the hypoglossal nucleus), and the nucleus prepositus hypoglossi (see Fig. 9-2B). The nucleus prepositus
hypoglossi is the largest of the three, and it is continuous at its rostral end with the PPRF (see Fig. 8-5).

These nuclei receive afferents from several sources, including the cerebral cortex, vestibular nuclei, accessory oculomotor nuclei, and PPRF.
Efferent fibers proceed mainly to the nuclei of cranial nerves lll, IV, and VI, which they reach by passing into the medial longitudinal fasciculus.
The perihypoglossal nuclei form part of the complex circuitry for movements of the eyes. Lesions in the nucleus prepositus hypoglossi impair
the ability to keep the eyes fixed on a visual target, although conjugate movements are still performed accurately.

The accessory oculomotor nuclei are the interstitial nucleus of Cajal, nucleus of Darkschewitsch, nucleus of the posterior commissure, and
rostral interstitial nucleus of the medial longitudinal fasciculus. They are situated at the junction of the midbrain and the diencephalon (Fig. 9-
10) and are concerned with movements of the eyes in the vertical plane (see Chapter 8).

The periaqueductal gray matter surrounds the cerebral aqueduct of the midbrain. In laboratory animals, afferent and efferent connections
have been traced with regions ranging from the spinal cord to parts of the telencephalon, but the periaqueductal gray matter's physiological
role is largely obscure. As mentioned earlier, electrical stimulation of the periaqueductal gray matter causes analgesia, and this effect is
mediated by way of the descending projection of the nucleus raphes magnus in the medulla. The nucleus of Darkschewitsch is located within
the territory of the periaqueductal gray matter, but it is generally considered to be one of the accessory oculomotor nuclei.

The interpeduncular nucleus is located in the midline, ventral to the periaqueductal gray matter and near the roof of the most rostral part of
the interpeduncular fossa. This nucleus lies on a pathway through which the limbic system projects to autonomic nuclei in the brain stem and
spinal cord. Lateral to the interpeduncular nucleus, in the medial part of the cerebral peduncle, is a population of dopamine-secreting
neurons known as the ventral tegmental area. This, too, has connections with the limbic system and is discussed in Chapter 18.
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FIGURE 9-10 Some nuclei at the junction of the midbrain and diencephalon, at the level between those of Figures 7-15 and 11-7. The
accessory oculometer nuclei are shown in red and the parasympathetic Edinger-Westphal nucleus in green. Parts of the thalamus (light
blue) are included in the section, and some major tracts of fibers are colored yellow.
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Chapter 10

Cerebellum

Important Facts

e The hemispheres, vermis, flocculus, nodule, and tonsil are major landmarks of the cerebellar cortex.

e Afferent fibers end in the three-layered cerebellar cortex. The Purkinje cells have axons that end in the
cerebellar nuclei.

e The fastigial, interposed, and dentate nuclei receive branches of all cerebellar afferent fibers and the output
of the cortex. These nuclei contain the cerebellar efferent neurons.

e The superior cerebellar peduncle contains cerebellar efferent fibers, the ventral spinocerebellar tract, and
tectocerebellar fibers. The middle cerebellar peduncle consists of fibers from the contralateral pontine
nuclei, and the inferior cerebellar peduncle contains olivocerebellar and dorsal spinocerebellar fibers and the
vestibulocerebellar and fastigiobulbar connections.

e The vestibular system is connected ipsilaterally with the vestibulocerebellum, which comprises the
flocculonodular lobe and the fastigial nucleus. This nucleus projects to the ipsilateral vestibular nuclei and
to the reticular formation.

e Proprioceptive signals are carried ipsilaterally to the spinocerebellum, which consists of vermis, paravermal
zones, and interposed nuclei. These nuclei project to the contralateral red nucleus and to the posterior
division of the contralateral ventrolateral (VLp) thalamic nucleus. The VLp projects to the primary motor
cortex.

e All parts of the cerebral cortex and the tectum influence the contralateral cerebellar hemisphere and
dentate nucleus (pontocerebellum) by way of relays in the pontine nuclei. The dentate nucleus projects to
the contralateral VLp thalamic nucleus.

e These connections determine that each side of the body is represented ipsilaterally in the cerebellum and
that postural functions are localized in and near the midline.

e The cerebellum learns and executes instructions for movements, ensuring coordination of the force,
extent, and duration of the contractions of muscles.

e Whereas a lesion in or near the midline causes disorders of posture and gait, a lesion in a hemisphere
causes defective control of movements of the ipsilateral limbs (neocerebellar syndrome). The word ataxia
refers to inaccurately controlled movements, including those caused by cerebellar disorders.

e The pontocerebellum participates also in nonmotor functions, and a neocerebellar syndrome can be
associated with abnormalities of cognition and affect.

The cerebellum is best known as a motor part of the brain, serving to maintain equilibrium and coordinate muscle contractions. The
cerebellum makes a special contribution to synergy of muscle action (i.e., to the synchronized contractions and relaxations of different
muscles that make up a useful movement). The cerebellum ensures that contraction of the proper muscles occurs at the appropriate time,
each with the correct force. There is reason to believe that the cerebellum participates in learning patterns of neuronal activity needed for
carrying out movements and in the execution of the encoded instructions.

Despite their complexity, the activities of the cerebellum have long been thought to occur without conscious awareness because cerebellar
diseases cause disturbed motor function without voluntary paralysis. This traditional viewpoint may not be entirely correct: imagined
movements are accompanied by an increase in cerebellar blood flow that is larger than the increase detected in the motor areas of the
cerebral cortex. Evidence also suggests

that the cerebellum has sensory and cognitive functions.

The cerebellum consists of a cortex, or surface layer, of gray matter contained in transverse folds or folia plus a central body of white matter.
Four pairs of central nuclei are embedded in the cerebellar white matter. Three pairs of cerebellar peduncles, composed of myelinated axons,
connect the cerebellum with the brain stem.



Gross Anatomy

The superior cerebellar surface conforms to the dural reflection or tentorium, which forms a roof for the posterior cranial fossa. The inferior
surface is deeply grooved in the midline; the remainder of this surface is convex on each side and rests on the floor of the posterior cranial
fossa (Fig. 10-1).
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FIGURE 10-1 The cerebellum. (A) Superior surface. (B) Inferior surface.

Certain terms are useful to identify regions of the cerebellar surface. The region in and near the midline is known as the vermis, and the
remainder is known as the hemispheres. The superior vermis blends into the hemispheres, but the inferior vermis lies in a deep depression (the
vallecula) and is well delineated. The paravermal zone is the medial parts of the hemispheres for 1 to 2 cm on either side of the vermis.

Three major regions or lobes are recognized in the horizontal plane (see Fig. 10-1). The flocculonodular lobe (or lobule) is a small component
that lies at the rostral edge of the inferior surface. If the cerebellum were unrolled, this would be its most caudal part. The

nodule is the end portion of the inferior vermis, and the flocculi are irregularly shaped masses on each side. Several transverse fissures indent
the cerebellum. The dorsolateral (or posterolateral) fissure is the first of these to appear during embryonic development; it demarcates the
flocculonodular lobe. The main mass of the cerebellum (all but the flocculonodular lobe) consists of anterior and posterior lobes. The anterior
lobe is the part of the superior surface rostral to the primary fissure. The remainder of the cerebellum on both surfaces constitutes the large
posterior lobe.

The roof of the rostral part of the fourth ventricle is formed by the superior cerebellar peduncles and by the superior medullary velum that
bridges the interval between them (Fig. 10-2; see also Fig. 7-10). The remainder of the roof consists of the thin inferior medullary velum, formed



by pia mater and ependyma. This membrane (see Fig. 6-4) commonly adheres to the inferior vermis. The three pairs of peduncles are attached
to the cerebellum in the interval between the flocculonodular and anterior lobes.

Other fissures outline further subdivisions or lobules, especially in the posterior lobe. Figure 10-3 is provided for reference if smaller
subdivisions of the cerebellum need to be identified. The position of the tonsils is clinically significant because these parts of the cerebellar
hemispheres are close to the medulla and can compress this vital part of the brain stem if the contents of the posterior fossa of the skull are
displaced downward into the foramen magnum. The tonsil is also an angiographic landmark, associated with a characteristic curve in the course
of the posterior inferior cerebellar artery.
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FIGURE 10-2 The cerebellum viewed from in front and below, showing the cut surfaces of the cerebellar peduncles.

Cerebellar Cortex

The cerebellar surface is folded into many narrow folia, with 85% of the cortical surface concealed in the intervening sulci. The cortical area is
about three-quarters the size of the cerebral cortex.

Neuronal Organization

Three layers are seen in sections (Fig. 10-4). The Purkinje cell layer consists of a single row of bodies of Purkinje cells, the large principal cells
of the cerebellar cortex. Superficial to these is the molecular layer, which is a synaptic zone, containing the dendrites of the Purkinje cells,
which branch profusely in a plane perpendicular to the long axis of the folium. The granule cell

layer, deep to the layer of Purkinje cells, contains closely packed interneurons with axons that extend into the molecular layer. Other
cerebellar interneurons (Fig. 10-5) have their cell bodies in the molecular and granular layers.
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FIGURE 10-3 Anatomical names of parts of the cerebellum. (The lingula, not seen in these figures, is a small, flattened portion of the
superior vermis beneath the central lobule and adherent to the superior medullary velum; see Fig. 10-2.)
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FIGURE 10-4 Transverse section of cerebellar folia showing the three layers of the cortex and the underlying white matter (stained with
cresyl violet).

Of the afferent fibers to the cortex, climbing fibers originate in the inferior olivary complex of nuclei and synapse with the proximal parts of
the dendritic trees of Purkinje cells. Cerebellar afferents from other sources end as mossy fibers, each synapsing with the neurons in the
granular layer in a formation known as a glomerulus (Fig. 10-6). The axons of the granule cells have branches known as parallel fibers that run in
the long axis of the folium in the molecular layer. Whereas each Purkinje cell is contacted by a single climbing fiber, parallel fibers are much
more numerous, with each one contacting many Purkinje cells. (Noradrenergic and serotonergic projections to the cerebellum from the brain
stem are also present; these are mentioned in Chapter 9 but are not discussed here.) The only axons that leave the cortex are those of the
Purkinje cells. These terminate in central nuclei of the cerebellum, with the exception of some fibers from the cortex of the flocculonodular
lobe that proceed to the brain stem.

The cerebellar cortex was one of the first regions of the brain to be thoroughly studied with microelectrodes to determine whether synapses
between specific types of neurons produced excitatory (EPSP) or inhibitory (IPSP) postsynaptic potentials. The observations have since been
supplemented by immunohistochemical and pharmacological studies of neurotransmitters and their receptors.
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FIGURE 10-5 Neurons in the cerebellar cortex, showing excitatory and inhibitory synapses. The diagram represents a longitudinally
sectioned folium, with an edge-on view of the dendritic tree of the Purkinje cell. Glutamatergic (excitatory) neurons are red; GABA-
ergic (inhibitory) neurons are blue.

The axons afferent to the cerebellum all make excitatory connections. Before reaching the cortex, all afferent axons give off collateral
branches that contact the neurons in the cerebellar nuclei. The granule cells also make excitatory synapses with the Purkinje cells. The
excitatory transmitter is glutamate. All the other cerebellar neurons make inhibitory synapses, with gamma-aminobutyric acid (GABA) as the
transmitter. The excitatory input to the cortex is thereby modified by intracortical circuits that inhibit Purkinje cells and suppress
transmission from the cortex to central nuclei. The granule cells are the most numerous cerebellar interneurons; others are the Golgi cells
and basket cells shown in Figure 10-5. For example, activation of parallel fibers elicits EPSPs in basket cells, but synapses between basket cells
and Purkinje cells cause IPSPs. Parallel fibers also excite Golgi cells, which inhibit granule cells. Whereas each parallel fiber contacts the
dendrites of many Purkinje cells along the

length of a folium, the axon of each basket cell contacts several Purkinje cells across the width of a folium (see Figs. 10-5 and 10-7). Inhibitory

circuits, which include more synapses than do the excitatory relays, serve to limit the area of cortex excited and the degree of excitation
resulting from a volley of impulses delivered by a mossy fiber.
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FIGURE 10-6 Ultrastructure of a synaptic glomerulus in the granule cell layer. The astrocyte processes (yellow) prevent diffusion of
neurotransmitters to adjacent synapses.

Central Nuclei

Four pairs of nuclei are embedded deep in the cerebellar white matter; in a medial to lateral direction, they are the fastigial, globose,
emboliform, and dentate nuclei (Fig. 10-8).

The fastigial nucleus is close to the midline, almost in contact with the roof of the fourth ventricle. The interposed nucleus (comprising two
cell clusters, the globose and the emboliform nuclei) is situated between the fastigial and dentate nuclei. The prominent dentate nucleus has
the irregular shape of a crumpled purse, similar to that of the inferior olivary nucleus, with the hilus facing medially. Its efferent fibers occupy
the interior of the nucleus and leave through the hilus.

The input to the cerebellar nuclei is from (a) sources outside the cerebellum and (b) the Purkinje cells of the cortex. The extrinsic input
consists of pontocerebellar, spinocerebellar, and olivocerebellar fibers, together with fibers from the precerebellar reticular nuclei. Most of
these afferents are collateral branches of fibers proceeding to the cerebellar cortex. A few rubrocerebellar fibers end in the interposed
nucleus, and the fastigial nucleus receives afferents from the vestibular nerve and nuclei. Whereas the fastigial nucleus projects to the brain
stem through the inferior cerebellar peduncle, efferents from the other nuclei leave the cerebellum through the superior peduncle and end
in the brain stem and thalamus.




FIGURE 10-7 Cell body of a Purkinje cell situated between the molecular layer (above) and the granule cell layer of the cerebellar

cortex. Most of the fibers surrounding the Purkinje cell are preterminal branches of basket cell axons. (Stained by one of Cajal’s silver
nitrate methods.)

Whereas the input to the central nuclei from outside the cerebellum is excitatory, the input from Purkinje cells, which use GABA as their
transmitter, is inhibitory. Crudely processed information in the central nuclei is refined by the inhibitory signals received from the cortex. The
combination of the two inputs maintains a tonic discharge from the central nuclei to

the brain stem and thalamus. This discharge changes constantly according to the afferent input to the cerebellum at any given time.
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FIGURE 10-8 Central nuclei of the cerebellum, as seen in a transverse section that also passes through the open part of the medulla.
ICP, inferior cerebellar peduncle; ML, medial lemniscus; MLF, medial longitudinal fasciculus; PY, pyramid.

Cerebellar Peduncles

The white matter in the region of the vermis produces a branching treelike pattern (the arbor vitae cerebelli) in a sagittal section (Fig. 10-9).
Each hemisphere contains a large body of white matter in which the dentate nucleus is embedded (Fig. 10-10). The white matter consists of
afferent and efferent fibers of the cortex and nuclei. The afferent and efferent systems are discussed in connection with the functional
divisions of the cerebellum. They are identified at this point only as components of the cerebellar peduncles.

The inferior cerebellar peduncle consists mainly of fibers entering the cerebellum, with the largest contingent being from the contralateral
inferior olivary complex of nuclei. The other components are the dorsal spinocerebellar tract and fibers from the vestibular nerve and nuclei
and from various other nuclei of the medulla (Table 10-1). Efferent fibers in the inferior cerebellar peduncle proceed from the flocculonodular
lobe and fastigial nucleus to the vestibular nuclei and to reticular formation of the medulla and pons.

The middle cerebellar peduncle consists of pontocerebellar fibers that originate in the contralateral pontine nuclei.

The superior cerebellar peduncle consists mainly of efferent fibers from the interposed and dentate nuclei. These axons end in the thalamus.
Smaller contingents of fibers in the superior peduncle are summarized in Table 10-1.

Functional Anatomy

Three divisions of the cerebellum are recognized on the basis of comparative anatomy. These are the archicerebellum, which is the only
component of the cerebellum in fishes and in lower amphibians; the paleocerebellum, which is present in higher amphibians and is larger in
reptiles and birds; and the neocerebellum, which is found only in mammals and is largest in humans. These phylogenetic divisions of the
cerebellum (Fig. 10-11) correspond in large part with functional divisions (Fig. 10-12), based on the major

sources of afferent mossy fibers. (Olivocerebellar climbing fibers are distributed to all parts of the cortex.)




FIGURE 10-9 Midline structures of the brain stem and cerebellum, showing the arbor vitae cerebelli in the vermis. The cut surface of
the specimen has been stained by a method that differentiates gray matter (dark) from white matter (light).




FIGURE 10-10 Section cut in a sagittal plane through a cerebellar hemisphere, stained to differentiate gray matter (dark) from white
matter (light). The dentate nucleus is shown, embedded in the white matter of the hemisphere.

The functional divisions are as follows. The vestibulocerebellum is the flocculonodular lobe and receives input from the vestibular nerve

and nuclei. The spinocerebellum consists of the vermis of the anterior lobe together with the adjacent medial or paravermal zones of the
hemispheres; the spinocerebellar tracts and cuneocerebellar fibers, which convey proprioceptive and other sensory information, terminate
here. The pontocerebellum comprises the large lateral parts of the hemispheres and the superior vermis

in the posterior lobe; afferents are from the contralateral pontine nuclei. There is some overlapping of the divisions; for example, both
spinocerebellar and pontocerebellar fibers terminate in the cortex of the paravermal zones.

TABLE 10-1 Composition of the Cerebellar Peduncles

Name of Peduncle Cerebellar Afferents Cerebellar Efferents

Olivocerebellar fibers
Dorsal spinocerebellar tract

Cuneocerebellar fibers

Cerebellovestibular fibers (to vestibular nuclei)

Inferior Vestibulocerebellar fibers (from vestibular
ce;ebelllar nerve and nuclei) Cerebelloreticular fibers (to central group of reticular
peduncle nuclei in medulla and pons)

Arcuate nucleus (see Chapter 7)

Trigeminal sensory nuclei (pontine and
spinal)




Precerebellar reticular nuclei

Middle cerebellar

Pontocerebellar fibers (None)
peduncle
Ventral spinocerebellar tract
Trigeminotha!amic' ﬁbgrs (from Cerebellothalamic fibers (to ventral lateral nucleus of
Superior mesencephalic trigeminal nucleus) contralateral thalamus)
cerebellar . .
peduncle Tectocerebellar fibers (from superior and Cerebellorubral fibers (mostly from interposed nucleus,

inferior colliculi)

Noradrenergic fibers from the locus
coeruleus

going to ipsilateral red nucleus)
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FIGURE 10-11 Phylogenetic regions of the cerebellum. (A) Superior surface. (B) Inferior surface.
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FIGURE 10-12 Functional regions of the cerebellum. (A) Superior surface. (B) Inferior surface

VESTIBULOCEREBELLUM

The vestibulocerebellum receives afferent fibers from the vestibular ganglion and from the vestibular nuclei of the same side (Fig. 10-13). Some
of the afferent fibers from these sources terminate in the fastigial nucleus, which also receives collateral branches of the axons destined for

the cortex of the vestibulocerebellum. The vestibulocerebellum also receives afferents from the contralateral accessory olivary nuclei. These

fibers have collateral branches to the fastigial nucleus and end as climbing fibers in the cortex of the flocculonodular lobe.
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FIGURE 10-13 Connections of the vestibulocerebellum and vestibular nuclei. Afferents to the cerebellum are blue, cerebellar efferents
are red, and other neurons are black.

Some Purkinje cell axons from the vestibulocerebellar cortex proceed to the brain stem (an exception to the general rule that such fibers end
in central nuclei), but most terminate in the fastigial nucleus. Fibers from the cortex and the fastigial nucleus traverse the inferior cerebellar
peduncle to their termination in the vestibular nuclear complex and in the central group of reticular nuclei (see Fig. 10-13).

In summary, the vestibulocerebellum influences motor neurons through the vestibulospinal tract, the medial longitudinal fasciculus, and
reticulospinal fibers. It is concerned with adjustment of muscle tone in response to vestibular stimuli. It coordinates the actions of muscles
that maintain equilibrium and participates in other motor responses, including those of the eyes, to vestibular stimulation (see Chapter 22). The
posterior vermis also contributes to the cerebellar control of eye movements.

SPINOCEREBELLUM

The following four afferent systems project to the spinocerebellar cortex.

1.

Somatic sensory systems. The dorsal and ventral spinocerebellar tracts convey data from proprioceptive endings and from touch and
pressure receptors (Fig. 10-14). The dorsal tract, consisting of the axons of the neurons constituting the nucleus thoracicus in spinal
segments T1 to L3 or L4, conveys information from the trunk and leg. The ventral tract, which arises in various parts of the lumbosacral gray
matter (see Chapter 5), is mainly involved in conduction from the leg. Cuneocerebellar fibers from the accessory cuneate nucleus (see
Chapter 7) are equivalent, for the arm and neck, to those of the dorsal spinocerebellar tract. Most of the fibers afferent to the cells of
origin of the spinocerebellar and cuneocerebellar tracts have ascended into the dorsal funiculi of the spinal cord. Al three trigeminal
sensory nuclei (see Chapter 8) contain some neurons that project to the spinocerebellum. These are functionally equivalent to the
spinocerebellar and cuneocerebellar projections, except for the head.
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FIGURE 10-14 Connections of the spinocerebellum. Afferents to the cerebellum are blue, cerebellar efferents are red, and other
neurons are black.

2. Precerebellar reticular nuclei. Modified data from cutaneous receptors are carried by spinoreticular fibers to the lateral and paramedian
reticular nuclei (see Figs. 9-1
and 9-2), which project to the cerebellum. These two precerebellar reticular nuclei also receive afferent fibers from primary motor and
sensory areas of the cerebral cortex. Another precerebellar reticular nucleus that projects to the vermis and medial parts of the
hemispheres is the reticulotegmental nucleus in the pons (see Fig. 9-1). This nucleus receives afferents from the cerebral cortex and from

the vestibular nuclei (see Fig. 10-13).

3. Inferior olivary complex. The accessory olivary nuclei (in which spino-olivary tracts terminate) project to the spinocerebellum. The
olivocerebellar fibers end as climbing fibers in the cortex.

4. Special senses. Tectocerebellar fibers arise in the superior and inferior colliculi of the midbrain, which are parts of the visual and auditory
pathways, respectively.

Collateral branches of the axons from all the various afferent sources terminate in the interposed nuclei, which also receive a small
contingent of fibers from the red nucleus.

Each half of the body is represented in the ipsilateral cerebellar cortex; if afferent fibers have crossed the midline from cells of origin at lower
levels, they cross again in the white matter of the cerebellum. In monkeys and probably also in humans, the half-body is represented in two
areas. One is upside down, in and alongside the vermis of the anterior lobe. The other is the right way up, in the medial part of the
hemisphere on the inferior surface of the posterior lobe. The two “head areas” are in the vermis and adjacent cortex of the posterior lobe,
and they are separated by an area that receives auditory and visual input from the tectum, both directly and by way of a tecto-ponto-
cerebellar circuit. Somatotopic representation in the spinocerebellum is less clearly defined than in some areas of the cerebral cortex; there
is overlap of different inputs, so that trains of impulses from various sources may reach the same Purkinje cell.

The spinocerebellar cortex projects to the fastigial nucleus (from the vermis) and to the interposed (globose and emboliform) nuclei (from the
paravermal zones of the hemispheres). Synergy of muscle action and control of muscle tone are effected in part through fastigiobulbar
connections, as described for the vestibulocerebellum. Axons from the interposed nuclei traverse the superior cerebellar peduncle and



terminate in the central group of reticular nuclei. Thus, the spinocerebellum may influence motor neurons through reticulospinal fibers and a
similar projection to motor nuclei of cranial nerves. Alpha and gamma motor neurons are involved in cerebellar control of muscle action, and
the influence of the spinocerebellum on the skeletal musculature is ipsilateral.

Some axons from the interposed nuclei traverse the superior cerebellar peduncle and end in the red nucleus, which, in turn, projects to the
inferior olivary nucleus. Others pass through or around the red nucleus and continue to the ventral lateral nucleus of the thalamus, which
projects to the primary motor area of the cerebral cortex.

In summary, the spinocerebellum receives information from proprioceptive and exteroceptive sensory endings and, indirectly, from the
cerebral cortex. Visual and auditory input to areas of the spino- and pontocerebellar cortex also takes place. These data are processed in the
circuitry of the cerebellar cortex, which modifies and refines the discharge of signals from the central nuclei. Motor neurons are influenced
mainly through relays in the vestibular nuclei, the reticular formation, and the primary motor area of the cerebral cortex. The end result is
control of muscle tone and synergy of collaborating muscles, as appropriate at any moment for the adjustment of posture and in many types of
movement, including those of locomotion.

PONTOCEREBELLUM

Pontocerebellar fibers constitute the whole of the middle cerebellar peduncle. They originate in the pontine nuclei (nuclei pontis) of the
opposite side. Pontocerebellar axons have branches that synapse with neurons in the dentate nucleus, and they are distributed throughout
the cortex of the cerebellar hemispheres and the superior vermis of the posterior lobe. The corticopontine tracts originate in widespread
areas of the contralateral cerebral cortex (especially that of the frontal and parietal lobes but also temporal and occipital) and end in the
pontine nuclei. Through the corticopontine and pontocerebellar projections, the cortex of a cerebellar hemisphere receives information
concerning volitional movements that are anticipated or in progress. Some of the pontine nuclei receive afferents from the superior colliculus
and relay data used by the cerebellumin the control of visually guided movements.

In addition to pontine afferents, the superior vermis of the posterior lobe, similar to the spinocerebellar cortex, receives tectocerebellar
fibers from the superior and inferior colliculi. There are also olivary afferents, the axons of cells in the contralateral inferior olivary nucleus.
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FIGURE 10-15 Connections of the pontocerebellum. Afferents to the cerebellum are blue, cerebellar efferents are red, and other
neurons are black.

Purkinje cell axons from the pontocerebellar cortex terminate in the dentate nucleus, the efferent fibers of which compose most of the
superior cerebellar peduncle. After traversing the decussation of the peduncles, some dentatothalamic fibers give off branches to the red
nucleus, but the majority passes through or around the red

nucleus and end in the ventral lateral nucleus of the thalamus. In turn, this thalamic nucleus projects to the primary motor area of cerebral
cortex in the frontal lobe. Through these connections, the pontocerebellum can modify activity in corticospinal, corticoreticular, and
reticulospinal pathways (Fig. 10-15).

CLINICAL NOTE
Cerebellum Disorders

Pathological conditions are broadly classified into those that affect the vermis and flocculonodular lobe (the
vestibulocerebellum and spinocerebellum) and those that affect the hemispheres (pontocerebellum).



MIDLINE LESIONS

The midline portions of the cerebellum may be the site of a tumor, typically, a malignant “medulloblastoma”
that occurs in childhood. In adults, a similar syndrome may be seen in chronic alcoholism, which causes
degeneration of the vermis. The patient has an unsteady, staggering ataxic gait, walks on a wide base, and
sways from side to side. Cerebellar nystagmus is usually in the horizontal plane and is most pronounced
when the eyes are looking to one side. It is attributed to interruption of connections of the vermis with the
ocular motor nuclei by way of the vestibular nuclei and the reticular formation. At first, the sighs are limited to
a disturbance of equilibrium; additional cerebellar signs appear when a tumor invades other parts of the
cerebellum.

NEOCEREBELLAR SYNDROME

With respect to the cerebellar hemispheres, signs of dysfunction accompany lesions that interrupt afferent
pathways, cause destruction of the cortex and white matter, or involve the central nuclei or the efferent
pathways in the superior cerebellar peduncle. The motor disorder is more severe and more enduring when a
lesion involves the central nuclei or the superior cerebellar peduncle. When the lesion is unilateral, the signs of
motor dysfunction are on the same side of the body.

The following signs, in varying degrees of severity, are those of a neocerebellar syndrome:

1. Movements are ataxic (intermittent or jerky). Dysmetria is present; for example, when the patient
reaches out with the finger to an object, the finger overshoots the mark or deviates from it (known as
“past pointing”).

2. Rapidly alternating movements, such as flexion and extension of the fingers or pronation and supination
of the forearm, are performed in a clumsy manner (adiadochokinesis).

3. Asynergy is separation of smoothly flowing voluntary movements into successions of mechanical or
puppetlike movements (decomposition of movement).

4. Hypotonia of muscles may be present, and muscles may tire easily.

5. Cerebellar tremor, which occurs most frequently with demyelinating lesions in the cerebellar peduncles,
usually occurs at the end of a particular movement (intention tremor).

6. Dysarthria is evident if asynergy involves muscles used in speech, which is then thick and monotonous
(slurring; scanning speech).

7. Nystagmus may be present if the lesion encroaches on the vermis.

The deficits noted are superimposed on volitional movements that are otherwise intact.

A cerebellar cognitive affective syndrome can result from damage to the posterior but not the anterior
lobe of the cerebellum. In addition to the motor changes of a neocerebellar syndrome, there are effects more
usually attributable to destructive lesions in the cerebral cortex. These include uninhibited behavior and
impairment of planning, reasoning, and verbal fluency, which are functions of the anterior part of the frontal
lobe. Testing also reveals blunting of affect, poor visuospatial organization and memory, loss of the vocal
cadence that normally puts feeling and expression into speech, and failure to connect words in a
grammatically correct way. These disorders are otherwise seen in patients with lesions in various parts of the
temporal and parietal lobes (see Chapters 15 and 18).

The output of the dentate nucleus, similar to that of the other cerebellar nuclei, fluctuates according to the excitatory input from
extracerebellar sources and the refinement of discharge by the inhibitory action of Purkinje cells. Mainly through its influence on the cerebral
motor cortex, the pontocerebellum ensures

a smooth and orderly sequence of muscle contractions and the intended precision in the force, direction, and extent of volitional movements.
These functions are particularly important for the upper limbs. A cerebellar hemisphere influences the musculature of the same side of the
body because of the compensating decussations of the superior cerebellar peduncles and of the descending motor pathways.

ADDITIONAL CEREBELLAR CONNECTIONS AND FUNCTIONS

The climbing fibers from the inferior olivary complex are believed to carry instructions relating to movements that have not yet been
performed. The patterns or programs concerned are stored in the cerebellum, probably as structural or functional modifications of synapses.
It has been suggested that activity of the climbing fibers excites the Purkinje cell dendrites but also lowers their sensitivity to excitatory input
from the much more numerous parallel fibers. Protracted but reversible changes in synaptic efficiency constitute a proposed mechanism of
memory. The execution and coordination of learned movements are mediated by the mossy fiber afferents, of which those from the pontine
nuclei are the most numerous in primates. When a monkey makes an intended movement, the neurons in the dentate nucleus (which receives
its excitatory afferents from the pontine nuclei) are active several milliseconds before those in the primary motor area (which receives signals
from the cerebellum by way of the dentatothalamo-cortical projection).

The movements coordinated by the pontocerebellum are usually guided by input from the special senses, especially vision. The vermis receives
visual and auditory input by way of tectocerebellar and tecto-ponto-cerebellar projections. Stimuli perceived by the eyes and ears can also
influence the cerebellum through corticopontine fibers that originate in visual and auditory areas of the cerebral cortex.



Results of animal experiments have shown that the cerebellum also has a role in visceral functions. Under certain conditions, electrical
stimulation of the spinocerebellar cortex produces respiratory, cardiovascular, pupillary, and urinary bladder responses. These responses are
sympathetic in nature when the anterior lobe is stimulated and parasympathetic when the tonsils (see Fig. 10-3) of the posterior lobe are
stimulated. The postulated pathway includes the interposed nuclei, reticular formation, and hypothalamus.

NONMOTOR FUNCTIONS OF THE CEREBELLUM

The human cerebellar hemispheres are large, and they receive afferents (by way of the pontine nuclei) from all the lobes of the cerebral
cortex. This anatomy suggests involvement of the cerebellum in more activities of the brain than just the coordination of movements.
Functional imaging techniques such as positron emission tomography (PET) and functional nuclear magnetic resonance imaging (fMRI) (see
Chapter 4) reveal increased activity in the cerebellum in a variety of sensory and cognitive tasks in addition to the expected activation seen in
specific areas of the cerebral cortex. For example, there is a four times greater increase of oxygen use in the cerbellar cortex, dentate
nucleus, and red nucleus in response to passive touching of the skin (with no movement) than in response to moving the skin across a
stationery surface. Heightened cerebellar activity is also seen in association with recognition of words and faces. These are cognitive functions
of the parietal and temporal lobes.
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Chapter 11

Diencephalon

Important Facts

e The thalamus, epithalamus, and hypothalamus form the walls and floor of the third ventricle. The thalamus
also forms the floor of the lateral ventricle.

e The reticular nucleus of the thalamus modulates the exchange of signals between other thalamic nuclei and
the cerebral cortex.

e Neurons in the thalamus are reciprocally connected with the cerebral cortex. Most thalamic nuclei also
receive subcortical afferents.

e The ventral group of thalamic nuclei includes the medial and lateral geniculate bodies, which are parts of
the auditory and visual systems and the somatosensory ventral posterior nucleus. The ventral lateral and
ventral anterior nuclei are parts of pathways to the motor areas of the cerebral cortex.

e The intralaminar nuclei of the thalamus receive afferents from many sources, including the spinal cord and
the brain stem reticular formation. They project to the whole neocortex and to the striatum. Involvement
in arousal, awareness, and motor control is suspected as their function.

e The anterior and lateral dorsal nuclei of the thalamus are parts of the limbic system (which consists of the
hippocampus, amygdala, and other parts of the brain connected with these components of the temporal
lobe).

e The mediodorsal thalamic nucleus receives afferents from the amygdala, entorhinal area, spinal cord, and
corpus striatum. It projects to the prefrontal cortex. The lateral posterior nucleus and the pulvinar receive
input from the visual system and project to the cortex of the parietal and frontal lobes and the cingulate

gyrus.

e The subthalamus contains various bundles of fibers connected with the thalamus, rostral parts of some
midbrain nuclei, and the subthalamic nucleus. The subthalamic nucleus is connected with the pallidum; a
destructive lesion causes contralateral hemiballismus.

e The epithalamus consists of the stria medullaris thalami, habenular nuclei, posterior commissure, and
pineal gland.

e The hypothalamus contains several nuclei. Afferents include fibers from the limbic forebrain and the brain
stem. Some hypothalamic neurons directly sense changes in hormone concentrations, osmotic pressure,
and temperature of the blood.

e Hypothalamic efferent fibers go to the brain stem and spinal cord for control of autonomic and other
involuntary functions.

e Some hypothalamic neurons secrete hormones, including those of the posterior lobe of the pituitary gland.
Releasing hormones enter the hypophysial portal vessels and control the secretion of anterior pituitary
hormones.

The diencephalon and telencephalon together constitute the cerebrum, of which the diencephalon forms the central core, and the
telencephalon, the cerebral hemispheres. Because it is almost entirely surrounded by the hemispheres, only the ventral surface of the
diencephalon is exposed to view, in an area that contains hypothalamic structures (Fig. 11-1). This area is bounded by the optic chiasma and
tracts and the region where the internal capsule becomes the basis pedunculi of the midbrain. The diencephalon is divided into symmetrical
halves by the slit-like third ventricle. As seen in a median section (Fig. 11-2), the junction of the midbrain and diencephalon is represented by a
line that passes through the posterior commissure and is immediately caudal to the mamillary body. The boundary between the diencephalon
and the telencephalon is represented by a line that traverses the interventricular foramen (foramen of Monro) and the optic chiasma.
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FIGURE 11-1 Landmarks of the diencephalon on the ventral surface of the brain. Part of the left temporal lobe (right side of picture)
has been cut away.
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FIGURE 11-2 Central region of the brain in median section.




Gross Features

SURFACES

Each half of the diencephalon has the following landmarks and relations. The medial surface of the diencephalon forms the wall of the third
ventricle (see Fig. 11-2). In about 70% of brains, a bridge of gray matter, the interthalamic adhesion or massa intermedia, joins the left and
right thalami. A bundle of nerve fibers called the stria medullaris thalami forms a prominent ridge along the junction of the medial and dorsal
surfaces. The ependymal lining of third ventricle is reflected from one side to the other along the striae medullares, forming the roof of the
third ventricle, from which a small choroid plexus is suspended.

The dorsal surface is largely concealed by the fornix (Fig. 11-3), which is a robust bundle of fibers that originates in the hippocampal formation
of the temporal lobe, curves over the thalamus, and ends mainly in the mamillary body. Between the left and right fornices, vascular
connective tissue known as the tela choroidea is continuous with the vascular core of the choroid plexuses of the lateral and third ventricles.
Lateral to the fornix, the dorsal surface of the thalamus forms the floor of the central part of the lateral ventricle, much of which is
concealed by the choroid plexus (see Fig. 11-3).
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FIGURE 11-3 Dorsal aspect of the diencephalon, exposed by removing the corpus callosum. The fornix and the choroid plexus of the
lateral ventricle have been removed on the right side.

Laterally, the diencephalon is bounded by the internal capsule, which is a thick band of fibers connecting the cerebral cortex with the
thalamus and other parts of the central nervous system. The ventral surface of the diencephalon presents to the surface of the brain, as
previously noted.



MAJOR COMPONENTS

The diencephalon has four parts on each side: the thalamus, subthalamus, epithalamus, and hypothalamus. The thalamus, by far the largest
component, is subdivided into nuclei that have different afferent and efferent connections. Certain thalamic nuclei receive input from the
pathways for all the senses except smell; these nuclei project to corresponding sensory areas of the cerebral cortex. Other thalamic nuclei
are connected with motor and association areas of the cortex, and yet others participate in memory, sleep, and mental activities. The
subthalamus is a complex region ventral to the thalamus; it includes a nucleus with motor functions (the subthalamic nucleus) and tracts from
the brain stem, cerebellum, and corpus striatum, which terminate in the thalamus. The epithalamus, situated dorsomedially to the thalamus
and adjacent to the roof of the third ventricle, includes the pineal gland as well as nuclei and tracts concerned with autonomic and behavioral
responses to emotional changes. The hypothalamus occupies the region between the third ventricle and the subthalamus; it is the part of the
forebrain that integrates and controls the activities of the autonomic nervous system and of several endocrine glands. The neurohypophysis,
which includes the posterior lobe of the pituitary gland, is an outgrowth of the hypothalamus. (The anterior lobe of the pituitary gland arises
from the embryonic pharynx and is not a part of the brain.)

Thalamus

The thalamus is a roughly egg-shaped structure, about 3 cm anteroposteriorly and 1.5 cmin the other two directions. Its narrower end, the
anterior tubercle, forms the posterior wall of the interventricular foramen, and its wide posterior end, the pulvinar, faces the subarachnoid
space below the fornix and the splenium of the corpus callosum and above the pineal gland and tectum. Thin laminae of white matter partly
outline the thalamus, the stratum zonale on the dorsal surface (see Fig. 11-12), and the external medullary lamina (see Fig. 11-9) laterally. The
external medullary lamina is separated from the internal capsule by a thin layer of gray matter that constitutes the reticular nucleus of the
thalamus. The internal medullary lamina (Figs. 11-4B and 11-9) divides the thalamus into groups of nuclei.

SCHEME OF THALAMIC ORGANIZATION

Every nucleus of the thalamus except the reticular nucleus sends axons to the cerebral cortex, either to a sharply defined area or diffusely to
a large area. Every part of the cortex receives afferent fibers from the thalamus, probably from at least two nuclei. Every thalamocortical
projection is faithfully copied by a reciprocal corticothalamic connection. Thalamic nuclei receive other afferent fibers from subcortical
regions. Probably only one noncortical structure, the striatum (see Chapter 12), receives afferent fibers from the thalamus.

The thalamocortical and corticothalamic axons give collateral branches to neurons in the reticular nucleus, whose neurons project to and
inhibit the other nuclei of the thalamus (Fig. 11-5). Contrary to earlier beliefs, no connections exist between the various nuclei of the main
mass of the thalamus, although each individual nucleus contains interneurons. The synapses of the interneurons are inhibitory, and most are
dendrodendritic. Other synapses in the thalamus are excitatory, with glutamate as the transmitter, and so are thalamocortical projections (see
Fig. 11-5).

RETICULAR NUCLEUS

As noted, the reticular nucleus is a thin sheet of inhibitory (y-aminobutyrate-ergic) neurons between the external medullary lamina and the
internal capsule (see Fig. 11-9). The nucleus receives collateral branches of some of the excitatory corticothalamic and thalamocortical fibers.
Some excitatory afferents ascend from the pedunculopontine nucleus, which is a cluster of cholinergic neurons in the rostral pontine
reticular formation.

The axons of cells in the reticular nucleus project into the deeper parts of the thalamus to end in the same nuclei that gave rise to afferents
to those cells (see Fig. 11-5). All the other thalamic nuclei and all areas of the cerebral cortex are associated with corresponding regions in the
reticular nucleus. Certain features of the electroencephalogram

in normal sleep depend on the activity of neurons in the reticular nucleus of the thalamus, which can suppress the transmission of signals
through the thalamic nuclei of the ascending sensory pathways (see Chapter 9).
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FIGURE 11-4 The thalami, showing positions of the larger nuclei. (A) Lateral view. (B) Dorsal view. (C) Posterior view, with the posterior
half of the right thalamus cut away. Nuclei of the ventral group are colored in shades of blue to violet, the lateral group green to
yellow, the medial group pink to red, and the midline and intralaminar nuclei bluish green. The internal medullary lamina is white. (From
a model made by Dr. D. G. Montemurro.)

Despite its name, the reticular nucleus is not connected with the reticular formation of the brain stem; the alternative name of perithalamus
is more appropriate but seldom used. The reticular nucleus, together with a few small

thalamic nuclei not discussed here, is sometimes called the ventral thalamus. The other thalamic nuclei are then said to constitute the dorsal
thalamus.
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FIGURE 11-5 Scheme of neuronal connections of the thalamus. Excitatory and inhibitory synapses are marked + and -, respectively. The
dendrodendritic synapses of the interneurons also inhibit the principal cells.

NUCLEI OF THE DORSAL THALAMUS

The positions of the thalamic nuclei are shown in Figures 11-6, 11-7, 11-8, 11-9, 11-10, 11-11, and 11-12. Their major neural connections are

summarized in Table 11-1, which also indicates the functional systems associated with the various nuclei. The cortical areas named in this table

are shown in Figure 11-13. (For a complete account, refer to the recommended reading at the end of this chapter.)

Subthalamus

The subthalamus contains sensory fasciculi, fiber bundles from the cerebellum and the globus pallidus, rostral extensions of midbrain nuclei,
and the subthalamic nucleus.

The sensory fasciculi are the medial lemniscus, spinothalamic tract, and trigeminothalamic tracts. They are spread out immediately beneath



the ventral posterior nucleus of the thalamus, in which the fibers terminate (see Figs. 11-7 and 11-8). Cerebellothalamic fibers from the
dentate and interposed nuclei have crossed the midline in the decussation of the superior cerebellar peduncles (see Fig. 7-13). They pass
through and around the red nucleus and then form the prerubral area, or field H of Forel (H is from the German Haube; see Figs. 11-8 and 11-
9). The cerebellothalamic fibers end in the posterior division (VLp) of the ventral lateral nucleus of the thalamus. Efferent fibers of the globus
pallidus pass through the lenticular fasciculus and the ansa lenticularis (see Figs. 11-9, 11-10, and 12-5) and terminate in the VLa and VA nuclei
of the thalamus (see Table 11-1). Beneath the thalamus, the pallidothalamic and cerebellothalamic fibers together constitute the thalamic
fasciculus (see Fig. 11-9). A small contingent of axons from the globus pallidus turns caudally and ends in the pedunculopontine nucleus, which
is one of the cholinergic nuclei in the reticular formation of the brain stem (see Chapters 9 and 23).

7 8 9 10 1112

FIGURE 11-6 Key to levels for Figures 11-7, 11-8, 11-9, 11-10, 11-11, and 11-12. See Figures 11-2 and 11-3 for names of gross anatomical
landmarks. (Anterior is to the right.)




FIGURE 11-7 Transverse section at the transition between the midbrain and the diencephalon, immediately caudal to the mamillary
bodies (Weigert stain for myelin). For abbreviations used in this chapter, see inside front cover of book.

CLINICAL NOTE
Thalamic Syndrome and Central Neurogenic Pain

The thalamic syndrome (Dejerine-Roussy syndrome) is a disturbance of the somatosensory aspects of
thalamic function subsequent to a lesion (usually vascular in origin) that involves the ventral posterior parts
of the thalamus. Adjacent structures, including the internal capsule, are also involved in these lesions. The
symptoms vary according to the location and extent of the damage. Proprioception and the sensations of
touch, pain, and temperature are typically impaired on the opposite side of the body. When a threshold is
reached, the sensation is exaggerated, painful, perverted, and exceptionally disagreeable. For example, the
prick of a pin may be felt as a severe burning sensation, and even music that is ordinarily pleasing may be
disagreeable. Spontaneous pain may develop in some instances, which may become intractable to analgesics.
Emotional instability may also be present, with spontaneous or forced laughing and crying. These symptoms
are not correlated with destruction of individual thalamic nuclei.

Pain may also result from destructive lesions in parts of the CNS other than the thalamus, including the spinal
cord, brain stem, and the cortex and white matter of the parietal lobe. In all these conditions, there is
impairment of the perception of real sensory stimuli, attributable to damage to the somatosensory pathways
(see Chapter 19). The physiology of pain of central origin is poorly understood, but it has been hypothesized
that the condition is caused by abnormal activity in thalamic and cortical neurons that have been deprived of
their normal afferents.

OTHER THALAMIC DISORDERS

A rare disease that first affects the thalamus is fatal familial insomnia. This is a prion disease. (Prions are
protein molecules, or abnormal variants of hormal animal proteins, that behave as infectious agents. Prions
are similar to viruses but slower in their actions. Prion molecules may be transferred among individuals by
ingestion or transplantation of infected tissue. The gene encoding a prion protein can move vertically from
one generation to the next.) The destructive lesions of fatal familial insomnia occur in the mediodorsal nucleus
and in the anterior ventral nucleus, a member of the anterior nuclear group. With progression of the disease,
dementia and other neurological symptoms develop. Degenerative changes are present in the cerebral cortex
and in the inferior olivary nuclei of the medulla. The relationship of the lesions to the neural circuitry involved
in sleep is not obvious.




FIGURE 11-8 Diencephalon at the level of the mamillary bodies (Weigert stain).
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FIGURE 11-9 Diencephalon at the level of the middle of the tuber cinereum (Weigert stain).

The substantia nigra and red nucleus extend from the midbrain part way into the subthalamus (see Figs. 11-7 and 11-8). The mesencephalic
reticular formation also extends into the subthalamus, where it appears as the zona incerta between the lenticular and thalamic fasciculi (see
Fig. 11-9). The zona incerta is part of a circuit that recognizes thirst and stimulates drinking.




FIGURE 11-10 Diencephalon at the level of the optic chiasma (Weigert stain).

FIGURE 11-11 Diencephalon rostral to the level of the optic chiasma (Weigert stain).
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The biconvex subthalamic nucleus (body of Luys) lies against the medial side of the internal capsule (see Figs. 11-7, 11-8, and 11-9). The
subthalamic nucleus has reciprocal connections with the globus pallidus, which are described in more detail in Chapters 12 and 23. These
fibers constitute the subthalamic fasciculus, which cuts across the internal capsule.

FIGURE 11-12 Rostral end of the diencephalon (Weigert stain).

TABLE 11-1 Connections of Thalamic Nuclei and Associated Functions

Nucleus Afferents Efferents Functions

To each thalamic
nucleus that

. Collateral branches of thalamocortical sends afferents Inhibitory modulation of
Reticular nucleus - ; . . ..
and corticothalamic axons to the reticular thalamocortical transmission
nucleus
Intralaminar nuclei Cholinergic and central nuclei of Extensive cortical Stimulation of cerebral cortex in

projections,

(the centromedian, reticular formation, locus coeruleus, especially to waking state and arousal from
parafascicular, and collateral branches from spinothalamic P Y sleep; somatic sensation,

- - . - frontal and - )
central lateral nuclei and trigeminothalamic tracts, arietal lobes: especially pain (from contralateral
are the members of parabrachial nuclei, cerebellar nuclei, P ’ sides of body and head); control

- - striatum (see
this group) pallidum Chapter 12) of movement




Ventral group of nuclei:

Medial geniculate
body (MGB)

Inferior colliculus

Primary auditory
cortex
(transverse
temporal gyri)

Auditory pathway (from both ears)

Lateral geniculate

Ipsilateral halves of both retinas

Primary visual

Visual pathway (from contralateral

body (LGB) cortex visual fields)
. Contralateral gracile and cuneate Primary Somatic sensation (principal
Ventral posterior somatosensory

lateral (VPl)

nuclei; contralateral dorsal horn of
spinal cord

area (postcentral
gyrus)

pathway, from contralateral side
of body below head)

Ventral posterior
medial (VPm)

Contralateral trigeminal sensory nuclei

Primary
somatosensory
area (postcentral

gyrus)

Somatic sensation (principal
pathway, from contralateral side
of head: face, mouth, larynx,
pharynx, dura mater)

Ventral lateral,
posterior division

(VLp)

Contralateral cerebellar nuclei

Primary motor
area (precentral

gyrus)

Cerebellar modulation of
commands sent to motor neurons

Ventral lateral,
anterior division
(VLa)

Pallidum

Premotor and
supplementary
motor areas (see
Chapter 15)

Planning commands to be sent to
motor neurons

Ventral anterior (VA)

Pallidum

Frontal lobe,
including
premotor and
supplementary
motor areas

Motor planning and more complex
behavior

Posterior group of
nuclei

Spinothalamic and trigeminothalamic
tracts

Insula and nearby
temporal and
parietal cortex,
including second
somatosensory
area

Visceral and other responses to
somatic sensory stimuli




Lateral group of nuclei:

Lateral dorsal (LD)

Hippocampal formation; pretectal
area, and superior colliculus

Cingulate gyrus;
visual association
cortex (occipital,
posterior
parietal, and
temporal lobes)

Memory; interpretation of visual
stimuli

Lateral posterior (LP)

Superior colliculus

Parietal,
temporal, and
occipital
association
cortex

Interpretation of visual and other
sensory stimuli, formulation of
complex behavioral responses

Pulvinar

Pretectal area; primary and all
association cortex for vision; retinas

Parietal lobe,
anterior frontal
cortex, cingulate
gyrus, amygdala

Interpretation of visual and other
sensory stimuli, formulation of
complex behavioral responses

Medial group of nuclei:

Mediodorsal (MD)

Entorhinal cortex, amygdala,
collaterals from spinothalamic tract,
pallidum (ventral parts and substantia
nigra pars reticulata)

Prefrontal cortex

Behavioral responses that involve
decisions based on prediction and
incentives

Medioventral (MV,
“midline nuclei”)

Amygdala, hypothalamus

Hippocampal
formation and
parahippocampal

gyrus

Behavior, including visceral and
“emotional” responses

Anterior group of
nuclei

Mamillary body

Cingulate gyrus

Memory

For simplicity, some groups (e.g., intralaminar, anterior, mediodorsal) are treated as if they were individual nuclei. The functions
are those of the larger circuits in which the nuclei of the thalamus participate.

CLINICAL NOTE
Hemiballismus

A lesion in the subthalamic nucleus is typically caused by local vascular occlusion. The resulting motor
disturbance on the opposite side of the body is known as ballism or hemiballismus. The condition is
characterized by involuntary movements that come on suddenly with great force and rapidity. The




movements are purposeless and usually of a throwing or flailing type. The spontaneous movements occur
most severely at proximal joints of the limbs, especially the arms. The muscles of the face and neck are
sometimes also involved.

Epithalamus

The epithalamus consists of the habenular nuclei and their connections and the pineal gland.

HABENULAR NUCLEI

A slight swelling in the habenular trigone marks the position of the medial and lateral habenular nuclei (see Figs. 11-3 and 11-7). Afferent fibers
are received through the stria medullaris thalami, which runs along the dorsomedial border of the thalamus (see Figs. 11-2, 11-3, and 11-9) and
is also considered part of the epithalamus.

Most of the cells of origin of the stria are situated in the septal area. This area is located on the medial surface of the frontal lobe beneath
the rostral end of the corpus callosum (see Fig. 11-2) and is part of the limbic system of the brain, considered in Chapter 18.
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The habenular nuclei give rise to a well-defined bundle of fibers known as the habenulointerpeduncular tract (fasciculus retroflexus of
Meynert; see Fig. 11-7). The main destination of the fasciculus is the interpeduncular nucleus in the midline of the roof of the interpeduncular
fossa of the midbrain. Through relays in the reticular formation of the midbrain, the interpeduncular nucleus influences neurons in the
hypothalamus and preganglionic autonomic neurons. No clearly defined function is attributed to the habenular nuclei.

PINEAL GLAND

The pineal gland or body, also called the epiphysis, has the shape of a pine cone. It is attached to the diencephalon by the pineal stalk, into
which the third ventricle extends as the pineal recess (see Figs. 11-2 and 11-3). The pineal gland and its stalk develop as an outgrowth from the
ependymal roof of the third ventricle. The habenular commissure in the dorsal wall of the stalk includes fibers of the stria medullaris thalami
that terminate in the opposite habenular nuclei. The ventral wall of the pineal stalk is attached to the posterior commissure, which carries
axons involved in pupillary reflexes and eye movements (see Chapter 8).

Pineal Anatomy

In mammals, the pineal organ has the structural organization of an endocrine gland. It receives an afferent nerve supply from the superior
cervical ganglion of the sympathetic trunk through the nervus conarii, which runs subendothelially in the straight sinus (within the tentorium
cerebelli) before penetrating the dura and distributing its branches to the pineal parenchyma. The characteristic cells of the gland
(pinealocytes) have granular cytoplasm and processes that end in bulbous expansions close to blood vessels. The pineal gland is one of the four
circumventricular organs associated with the third ventricle because its capillary blood vessels have endothelial fenestrations and are
permeable to large molecules. The other circumventricular organs are reviewed in the last section of this chapter. After about age 16 years,
granules of calcium and magnesium salts appear in the gland and later coalesce to form larger particles (brain sand). The deposits are useful for
showing, in a simple radiograph of the head, whether or not the pineal gland is displaced from the midline by a space-occupying lesion.

Pineal Functions

In laboratory animals, the effects of pinealectomy and of administration of pineal extracts indicate an antigonadotrophic action of pineal
secretions. Chemical extraction of pineal glands has produced several possible active principles, most notably melatonin, an indoleamine
related to serotonin. In humans, the circulating level of melatonin decreases sharply with the onset of puberty. Women of reproductive age
experience cyclic variations, with the melatonin levels reaching minimum values at the time of ovulation.

Clinical observations support the notion of an antigonadotrophic function for the human pineal gland. A pineal tumor developing around the
time of puberty may alter the age of onset of pubertal changes. Puberty may be precocious if the tumor is of a type that destroys the
pinealocytes, or puberty may be delayed if the tumor is derived from the pinealocytes. A pineal tumor can also impair vertical eye movements
by pressing on the tectum (Parinaud's syndrome; see Chapter 8).

Pineal secretion of melatonin is influenced by ambient light. Some axons from the retina leave the optic tract near the optic chiasma and
terminate in the nearby suprachiasmatic nucleus of the hypothalamus. This projects to other hypothalamic nuclei, which send axons caudally
to the preganglionic neurons of the sympathetic nervous system in the thoracic segments of the spinal cord. The suprachiasmatic nucleus
serves as a clock that regulates rhythmic activities of the brain and endocrine system. Melatonin can change the speed of the clock, and
knowledge of this has led to popular use of the hormone as a treatment for jet lag and other sleep disorders. In principle, a dose of the
hormone is taken before lying down and attempting to sleep. The popularity of melatonin (which can be taken by mouth and apparently has no
toxic effects) was enhanced by claims in the 1980s that its administration to mice resulted in increased life span.

Hypothalamus

The hypothalamus has a functional importance that is quite out of proportion to its size. Input from the limbic system has a special behavioral
significance, and afferents from the brain stem convey information that is largely of visceral origin. The hypothalamus is not influenced solely by
neuronal systems; some of its neurons respond directly to properties of the circulating blood, including temperature, osmotic pressure, and
the levels of various hormones. Hypothalamic function becomes manifest through efferent pathways to autonomic nuclei in the brain stem and
spinal cord and through an intimate relationship with the pituitary gland by means of neurosecretory cells. These cells elaborate the hormones
of the posterior lobe of the gland and produce releasing hormones that control the anterior lobe. By these means, the hypothalamus has a
major role in producing responses to emotional changes and to needs signaled by hunger and thirst. It is instrumental in maintaining a constant
internal environment (homeostasis) and is essential for reproductive function.

ANATOMY AND TERMINOLOGY

The hypothalamus surrounds the third ventricle ventral to the hypothalamic sulci (see Fig. 11-2). The mamillary bodies are distinct swellings on
the ventral surface (see Fig. 11-1). The region

bounded by the mamillary bodies, optic chiasma, and beginning of the optic tracts is known as the tuber cinereum. The pituitary stalk arises
from the median eminence just behind the optic chiasma and expands to form the neural or posterior lobe of the pituitary gland. The median
eminence and the neural components of the pituitary stalk and gland have similar cytological and functional characteristics; together they
constitute the neurohypophysis. For reference, these and some other names applied to the hypothalamohypophysial system are summarized in
Table 11-2. The neurohypophysis contains permeable blood vessels and is therefore one of the circumventricular organs associated with the
third ventricle.



TABLE 11-2 Terminology of the Hypothalamohypophysial System®

Name

Definition

Adenohypophysis

The structures derived from the ectoderm of Rathke's pouch: pars distalis (i.e., anterior lobe), pars
intermedia, and pars tuberalis

Anterior lobe

The largest part of the adenohypophysis, excluding the pars intermedia and pars tuberalis

Af‘te.”” A term commonly applied to the anterior lobe and its hormones
pituitary
Hypophysis All the parts of the adenohypophysis and neurohypophysis (full name is hypophysis cerebri)
Infundibular The neural lobe of the pituitary gland
process
Infundibular The nervous tissue joining the median eminence to the neural lobe; the major component of the pituitary
stem stalk
The most ventral part of the hypothalamus, with the third ventricle extending into the median eminence;
Infundibulum in some animals, the infundibular recess of the ventricle continues through the infundibular stem into the
neural lobe
Median The part of the neurohypophysis that is a small lump in the midline of the tuber cinereum of the
eminence hypothalamus; it contains the primary capillaries of the hypophysial portal system

Neural lobe

The larger part of the posterior lobe, excluding the pars intermedia

Neurohypophysis

The parts of the pituitary gland derived from the infundibulum of the embryonic diencephalon: median
eminence, infundibular stem, and neural lobe (i.e., infundibular process or pars nervosa)

Neurosecretion

An activity of certain neurons that have synapse-like contacts with blood vessels and release
physiologically important substances (hormones) into the blood




Pars distalis The anterior lobe of the pituitary gland

The part of the adenohypophysis that intervenes between the anterior lobe and the neural lobe; it is

Pars intermedia . : . . : .
smaller in humans than in most other animals and consists of several tiny cystic structures

Pars nervosa The neural lobe of the pituitary gland

A part of the adenohypophysis consisting of a thin layer of cells on the surface of the median eminence

Pars tuberalis and pituitary stalk

Pituitary gland The hypophysis cerebri, consisting of the neurohypophysis and adenohypophysis

The infundibular stem, together with the adjacent parts of the pars tuberalis and the hypophysial portal

Pituitary stalk .
veins

The part of the pituitary gland posterior (in humans) or dorsal (in most other animals) to the anterior lobe,

Posterior lobe from which it is separated by the pars intermedia

Posterior

- A term commonly applied to the neural lobe and its hormones
pituitary

“This list includes several terms that are not used in this textbook but that students may encounter when studying clinical
endocrinology or neuroscience.

The lamina terminalis limits the third ventricle anteriorly (see Figs. 11-2 and 11-14), extending in the midline from the optic chiasma to the
anterior commissure. Embedded in the lamina is another of the four circumventricular organs associated with the third ventricle. This is the
organum vasculosum laminae terminalis (OVLT). It has been implicated in mechanisms of fever and also in the regulation of sodium metabolism
by way of appetite for salt. The lamina terminalis and anterior commissure are telencephalic structures and so is the preoptic area, which is
the gray matter within and immediately lateral to and behind the lamina terminalis. The connections and functions of the preoptic area are
inseparable from those of the anterior (rostral) part of the medial zone of the hypothalamus. One group of intensely staining cells in this area is
notable for containing more than twice as many neurons in men as in women.
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FIGURE 11-14 Some nuclei in the medial zone of the hypothalamus.

The columns of the fornix traverse the hypothalamus to reach the mamillary bodies and serve as points of reference for sagittal planes that
divide each half of the hypothalamus into a medial and a lateral zone. The medial zone is subdivided into suprachiasmatic, tuberal, and
mamillary regions, with ventral structures as landmarks. It contains several distinct nuclei and a thin layer of fine myelinated and unmyelinated
axons beneath the ependymal lining of the third ventricle. The lateral zone contains fewer neuronal cell bodies, but there are many fibers,
with most of them running longitudinally.

HYPOTHALAMIC NUCLEI AND CONNECTIONS

Several hypothalamic nuclei are recognized on the basis of cellular characteristics and connections. For reference, Figure 11-14 shows the
positions of the major nuclei of the medial zone. The lateral zone of the hypothalamus contains the cells of the lateral nucleus, which are
interspersed among the abundant myelinated axons

of the region and the lateral tuberal nucleus, which consists of small groups of neurons near the surface of the tuber cinereum.

Some hypothalamic nuclei have distinct functions; some of these functions are discussed here. For physiological discussion, it is therefore
convenient to consider the hypothalamus as a unit or “black box,” with functions localized to regions larger than individual nuclei. As the main
integrator of the autonomic and endocrine systems and of many involuntary actions of skeletal muscles, the hypothalamus receives signals from
diverse sources, including data of somatic and visceral origin and the special senses of taste and smell. Fibers from the amygdala and
hippocampus provide input derived from the activities of the temporal and prefrontal cortex, which are concerned with emotional drives and
memory. The output of the hypothalamus is directed caudally to the brain stem and spinal cord and rostrally to the thalamus and cerebral
cortex. Some of these afferent and efferent connections are summarized in Figure 11-15.

Afferent fibers reach the hypothalamus by way of the anterior limb of the internal capsule (see Figs. 11-15 and 16-7), the fornix (see Figs. 11-
10, 11-11, and 11-12, 11-16, and 16-7), the stria terminalis (see Figs. 11-12 and 16-9), the diagonal band (within the anterior perforated
substance), the medial forebrain bundle, and the dorsal longitudinal fasciculus. The medial forebrain bundle consists of ascending and
descending myelinated axons of different lengths extending from the septal area and anterior perforated substance of the forebrain into the
lateral zone of the hypothalamus. The dorsal longitudinal fasciculus is formed from unmyelinated periventricular axons in the medial zone of
the hypothalamus; these converge into a distinct bundle in the periaqueductal gray matter of the midbrain, continuing caudally in the medial
part of the floor of the fourth ventricle. Efferent fibers ascend from the hypothalamus to the thalamus in the mamillothalamic fasciculus
(bundle of Vicq d'Azyr; Fig. 11-16) and to the basal cholinergic forebrain nuclei (see Chapter 12) in the diagonal band. Descending efferents are
carried in the medial forebrain bundle and dorsal longitudinal fasciculus and in the mamillotegmental tract, which is a branch of the
mamillothalamic fasciculus.



The other major output of the hypothalamus consists of hormones secreted into blood vessels by neurosecretory cells. This is explained in
connection with the hypothalamic control of the pituitary gland.

AUTONOMIC AND RELATED FUNCTIONS OF THE HYPOTHALAMUS

Knowledge of hypothalamic function has been derived partly from human clinicopathological correlations but largely from experimentation in
animals. In interpreting the effects of electrical stimulation or of destructive lesions, it is necessary to appreciate that the axons of neurons in
the anterior parts of the medial zone of the hypothalamus pass through the posterior parts of the medial zone and through the lateral zone on
their way to the brain stem. It is therefore difficult to infer the localization of functions from abnormalities that follow stimulation or ablation
of individual hypothalamic nuclei.

The responses most regularly elicited by stimulation of the anterior hypothalamus (preoptic area and anterior nucleus) include slowing of the
heart rate, vasodilation, lowering of blood pressure (BP), salivation, increased peristalsis in the gastrointestinal (Gl) tract, contraction of the
urinary bladder, and sweating. These effects are mediated peripherally by cholinergic neurons, including those of the parasympathetic system
(see Chapter 24). Stimulation in the region of the posterior and lateral nuclei elicits noradrenergic sympathetic responses; these include
cardiac acceleration, elevation of BP, cessation of peristalsis in the Gl tract, dilation of the pupils, and hyperglycemia.

Regulation of body temperature is an instructive example of the role of the hypothalamus in maintaining homeostasis. Certain hypothalamic
cells monitor the temperature of blood and initiate physiological changes necessary to maintain a normal body temperature. Thermosensitive
neurons in the anterior hypothalamus respond to an increase in temperature of the blood and activate mechanisms that promote heat loss,
such as cutaneous vasodilation and sweating. A lesion in the anterior hypothalamus may therefore result in hyperthermia.

Cells in the posterior hypothalamic nucleus (see Fig. 11-14) respond to lowering of blood temperature, triggering such responses as cutaneous
vasoconstriction and shivering, for conservation and production of heat, respectively. A lesion in the posterior part of the hypothalamus
destroys cells involved in conservation and production of heat, and it also interrupts fibers running caudally from the heat-dissipating region.
This results in a serious impairment of temperature regulation in either a cold or hot environment.
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FIGURE 11-15 Diagram showing direct and indirect neural connections of the hypothalamus with other parts of the brain and spinal
cord.

An abnormally high body temperature (fever) is typically associated with infectious disease. Products of bacterial decomposition (pyrogens)
enter the circulation and pass into the preoptic area by way of the permeable blood vessels of the OVLT. Contact of pyrogens with the
dendrites of anterior hypothalamic neurons results in inhibition of the mechanisms that cause loss of heat.
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FIGURE 11-16 Dissection showing the fornix and mamillothalamic fasciculus on the left side. Gray matter has been removed piecemeal
from the wall of the third ventricle to display the bundles of myelinated fibers.

Hypothalamic regulation of food and water intake has been demonstrated by electrical stimulation and by placing small electrolytic lesions in
the hypothalamus. Feeding is also regulated by various hypothalamic afferents, including those from visceral sensory neurons and the olfactory
and limbic systems as well as by the level of glucose in the blood. Leptin, a hormone secreted by adipose tissue, acts on hypothalamic neurons
and causes reduction of food intake. A hunger or feeding “center” located in the lateral zone of the hypothalamus is now known to include
orexin-secreting neurons. In animals, intraventricular injection of orexin causes increased eating. A “satiety center” (inhibiting food intake)
has been demonstrated in the region of the ventromedial hypothalamic nucleus. Destruction of the ventromedial nucleus in a laboratory animal
results in excessive food intake and obesity.

The zona incerta of the subthalamus, the lateral and ventromedial hypothalamic nuclei, and the subfornical organ are interconnected to
control water intake. (See also under “Third Ventricle” near the end of this chapter.) The volume of water excreted in the urine is controlled
by one of the posterior pituitary hormones (see under “Hypothalamic Control of the Pituitary Gland”).

CLINICAL NOTE



Naturally occurring anterior hypothalamic lesions in humans can also result in obesity. The cell bodies or
axons of cells that regulate the output of gonadotrophic hormones by the anterior lobe of the pituitary gland
may be destroyed at the same time. The combination of obesity and deficiency of secondary sex
characteristics is known as the adiposogenital or Frohlich's syndrome.

THE HYPOTHALAMUS AND SLEEP

Two nuclei in the posterior hypothalamus are active in the wakeful state, and one nucleus in the preoptic area is active in sleep. (For more
about sleep and consciousness, see Chapter 9.)

The tuberomamillary nucleus (see Fig. 11-14) contains the brain’s only histaminergic neurons, which have long, branched axons that extend
caudally to the reticular formation of the brain stem and rostrally to the thalamus and all parts of the cerebral cortex. These neurons are
active in the awake state and quiescent during sleep. They form part of the ascending arousal system described in Chapter 9. In the posterior
part of the lateral hypothalamic area, neurons are present that use peptides known as orexins or hypocretins as excitatory transmitters.
Orexin neurons are active in the waking state. They have axons that ramify extensively in the thalamus, basal cholinergic nuclei of the
forebrain, and cerebral cortex, and they also stimulate tuberomamillary histaminergic neurons and the cholinergic and adrenergic neurons of
the rostral pontine reticular formation.

The ventrolateral preoptic area includes a nucleus of neurons that produce y-aminobutyrate and the peptide galanin. These neurons are most
active during deep sleep. Their axons extend caudally to the tuberomamillary nucleus, where they inhibit the histaminergic neurons and to the
cholinergic neurons of the reticular formation, which they also inhibit.

HYPOTHALAMIC CONTROL OF THE PITUITARY GLAND

Neurohypophysial hormones are synthesized in the hypothalamus, and hormone production by the anterior lobe of the pituitary gland is
controlled by hormones of hypothalamic origin. Some of the anterior lobe hormones act on and interact with other endocrine organs.
Consequently, through the neurosecretory function of hypothalamic cells, the brain controls much of the endocrine system. Only the major
features of the hypothalamohypophysial system are discussed here; the subject is a large one, constituting much of the science of
neuroendocrinology. The anatomical nomenclature special to this system is explained in Table 11-2 and illustrated in Figure 11-17. Some of the
clinical and endocrinological terminology is explained in the Glossary at the end of the book.

CLINICAL NOTE
Encephalitis Lethargica

As the First World War was ending, a pandemic of an exceptionally severe influenza killed even more people
than those who died from hostile action. A second pandemic soon followed. This was a neurological disorder,
now generally guessed to have been a viral infection, that was given the name encephalitis lethargica. The
infection usually caused excessive sleepiness. Some patients experienced a wide variety of other neurological
symptoms, with some persisting for decades after the acute phase of the illness had subsided. In a minority
of patients, the principal symptom was insomnia rather than somnolence. Many of the people afflicted with
encephalitis lethargica died, and associations were made between the clinical manifestations and the sites of
damage seen postmortem in the brain. Extensive studies of this kind were made by von Economo, who
associated insomnia with lesions in the preoptic area and deduced that the posterior hypothalamus contained
neurons needed for wakefulness.

A frequent long-term consequence of encephalitis lethargica was parkinsonism (see Chapters 7 and 23)
caused by lesions in the substantia nigra.

NARCOLEPSY

Narcolepsy is a troublesome disorder in which the patient frequently passes from a wakeful state into REM
sleep (see Chapter 9) for brief periods. The condition can also occur in dogs and several other mammals and
is present in genetically modified mice that are unable to produce either orexin or one of its two receptor
proteins. The brains of people and dogs with narcolepsy have been shown to have greatly reduced numbers
of orexin-containing neurons in the hypothalamus. The presence of gliosis suggests that the cells have died
as a result of a degenerative or autoimmune disease process.
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Neurohypophysis

As noted previously, the neurohypophysis consists of structures of diencephalic origin in the embryo: the median eminence, pituitary stalk,
and the posterior or neural lobe of the pituitary gland (see Fig. 11-17). It contains axons, which end around blood vessels and atypical
neuroglial cells. In the median eminence, tanycytes are present (see Chapter 2), and in the pituitary stalk and posterior lobe, atypical
astrocytes known as pituicytes are present. Hormones released from the neural lobe of the pituitary gland enter the general circulation and
act on cells in the kidney, mammary gland, and uterus. Hormones released from the median eminence act on cells in the anterior lobe of the
pituitary gland.

Posterior Lobe Hormones

The two hormones of the posterior lobe of the pituitary gland are vasopressin (also called antidiuretic hormone [ADH]) and oxytocin. They
are synthesized in the cell bodies of large neurosecretory cells in the supraoptic and paraventricular nuclei. Vasopressin-producing neurons
are most abundant in the supraoptic nucleus, and oxytocin-producing neurons are most abundant in the paraventricular nucleus. The
unmyelinated axons of the cells in these nuclei constitute the hypothalamohypophysial tract, and they terminate as expansions in contact
with capillaries in the neurohypophysis (see Fig. 11-17). The hormones are stored in the expansions, which are known as Herring bodies. A
Herring body has the physiological properties of a presynaptic terminal, and the arrival of an action potential results in the release of some of
its contents. The hormone diffuses through the permeable endothelium of a nearby capillary and enters the general circulation.



Vasopressin Secretion and Action

A slight elevation of osmotic pressure of the blood causes the osmoreceptive cells of the supraoptic nucleus to propagate impulses with
greater frequency.

The arrival of impulses at the axonal terminals causes the release of ADH into the capillary blood of the neurohypophysis. Resorption of water
from the distal and collecting tubules of the kidney is accelerated by the action of ADH, and the osmolarity of the blood plasma returns to
normal. A delicate mechanism is thereby provided to ensure homeostasis with respect to water balance. Other endocrine mechanisms, outside
the scope of this book, determine the renal excretion of sodium ions, which also contribute to the osmolarity of plasma and the volume of

urine produced. ADH acting alone tends to lower the circulating level of Na* (hyponatremia) by diluting the plasma with conserved water.

CLINICAL NOTE
Disordered Vasopressin Secretion

Destruction of the supraoptic nuclei, the hypothalamohypophysial tract, and the neurohypophysis results in
neurogenic diabetes insipidus, which is characterized by excretion of large quantities of dilute urine
(polyuria) and excessive thirst and water intake (polydipsia) to compensate. A destructive lesion restricted to
the posterior lobe of the pituitary gland is not, as a rule, followed by diabetes insipidus because some ADH
enters the blood from the median eminence and pituitary stalk. Diabetes insipidus is not necessarily caused
by failure of ADH secretion. Nephrogenic diabetes insipidus can result from renal disease, with the kidneys
failing to respond to the hormone.

Excessive secretion of ADH can result from disease processes that irritate the hypothalamus, such as
meningitis or head injury. It occurs also as an occasional adverse effect of several commonly used drugs and
in several nonneurological disorders. For example, a tumor in the lung, pancreas, or thymus may secrete ADH
or a similar peptide. SIADH (syndrome of inappropriate secretion of antidiuretic hormone) consists of
elevated plasma vasopressin in the absence of appropriate physiological stimuli. The resulting hyponatremia
causes weakness and confusion followed by coma and seizures if untreated.

Oxytocin Secretion and Action

Oxytocin has a physiological role in parturition. It is secreted as a reflex response to dilatation of the uterine cervix, and it causes contraction
of the uterus. Secretion of the hormone is induced also when the nipple is stimulated by a suckling infant. Oxytocin causes contraction of the
myoepithelial cells of the mammary glands, with ejection of milk into the duct system and out of the ducts' openings at the tip of the nipple.
Simultaneous contraction of the uterus contributes to the postpartum shrinkage (involution) of this organ for several hours after delivery.
Involution of the uterus prevents the hemorrhage that can follow delivery of the placenta.

Pituitary Portal System

Secretion of hormones by the anterior lobe is under the control of the hypothalamus, by a vascular route rather than nervous connections.

Anterior Pituitary Hormones
The following hormones are produced in the anterior lobe:

1. Follicle-stimulating hormone (FSH) stimulates the growth of ovarian follicles and
induces their cells to secrete estradiol and other estrogens. In men, FSH makes cells of the seminiferous tubules respond to testosterone;
this effect is necessary for the production of spermatozoa.

2. Luteinizing hormone (LH) stimulates the formation of a corpus luteum in the ovary after owulation and induces the luteal cells to secrete
progesterone. FSH and LH act together to induce owulation. LH is also known as interstitial cell-stimulating hormone in men because it
induces the interstitial cells (Leydig cells) of the testis to secrete testosterone and other androgens.

3. Prolactin stimulates development of the mammary glands and lactation. Its action, if any, in men is unknown.
4. Thyrotrophic or thyroid-stimulating hormone (TSH) stimulates the thyroid gland to synthesize and release thyroxine and triiodothyronine.

5. Adrenocorticotrophic hormone (ACTH) stimulates the cortex of the adrenal gland to produce and secrete cortisol (hydrocortisone) and
other steroids (glucocorticoids) that modulate carbohydrate metabolism and protect against many effects of stress. (Secretion of
aldosterone, the corticosteroid that limits sodium excretion and is necessary for life, is not under pituitary control.)

6. Growth hormone (GH) or somatotrophic hormone (STH) stimulates growth at the epiphyses of the long bones and elsewhere. Its actions
are largely mediated by another protein hormone, insulin-like growth factor 1 (ILGF-1), which is secreted by cells acted on by STH. The
largest production of ILGF-1 is in the liver.

CLINICAL NOTE
Posterior Pituitary Hormones as Drugs



Vasopressin is used as replacement therapy for neurogenic diabetes insipidus. Larger doses are sometimes
used to produce vasoconstriction to control some types of hemorrhage, such as bleeding esophageal varices.
Oxytocin is used as a drug to induce labor. Both hormones are octapeptides. These were the first peptide
hormones to be sequenced and synthesized, by Du Vigneaud in the 1950s. This achievement led to a Nobel
Prize.

CLINICAL NOTE
Kallman's Syndrome

The neurons that produce LHRH (GnRH) have an unusual embryonic origin. They are generated in the
olfactory placode, an area of ectoderm that gives rise to the olfactory epithelium of the nose, the glial cells of
the olfactory nerves, and the tiny nervus terminalis (see Chapter 17). Neurons that synthesize LHRH migrate
centrally along the nervus terminalis to the region of the lamina terminalis and enter the preoptic and anterior
hypothalamic areas. Because they stimulate secretion of gonadotrophins, these neurons are essential for the
functions of the testes and ovaries. Kallman's syndrome is a rare disorder in which defective development of
the olfactory placode causes anosmia and nonfunctional gonads. The condition is associated with absence of
hypothalamic LHRHcontaining neurons.

The pituitary portal system begins with the superior hypophysial arteries, which arise from the internal carotid arteries at the base of the brain
and break up into capillary tufts and loops in the median eminence (Fig. 11-18). The capillaries are drained by veins that pass along the pituitary
stalk and then enter the anterior lobe of the gland, where they empty into large capillaries or sinusoids among the hormone-producing cells.
The preoptic area and hypothalamus contain neurons that produce releasing hormones, which are peptides and at least two release-inhibiting
hormones (a peptide called somatostatin for STH and the catecholamine dopamine for prolactin). There is a separate hypothalamic-releasing
hormone for each hormone of the anterior lobe, with the exception of FSH, which is secreted in response to the LH-releasing hormone, which
is known as either LHRH or GnRH (gonadotrophin-releasing hormone). The releasing and inhibiting hormones pass distally by axoplasmic
transport in the axons of the cells that produce them, enter the capillaries of the portal system in the median eminence, and are then
delivered in locally high concentrations to cells of the anterior lobe. There they modulate the synthesis of the adenohypophysial hormones
and their release into the general circulation.

The neurosecretory cells that produce releasing and release-inhibiting hormones are influenced by the various afferent fiber connections of
the hypothalamus. Their activity is more directly regulated, however, by hormones of the target organs of pituitary hormones. For example,
when the concentration of triiodothyronine in the blood is high, hypothalamic cells that produce thyrotrophin-releasing hormone (TRH) are
suppressed. Conversely, if the circulating

levels of thyroid hormones are low, the hypothalamic cells produce more TRH. This stimulates increased output of TSH, and the thyroid gland,
in its turn, is induced to synthesize and release more of its hormones.
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FIGURE 11-18 The pituitary portal system. Arteries are red, veins are blue, and neurons that secrete releasing hormones are black.

Third Ventricle

The diencephalic part of the ventricular system consists of the narrow third ventricle (see Fig. 11-2). The anterior wall of this ventricle is
formed by the lamina terminalis; the anterior commissure crosses the midline in the dorsal part of the lamina terminalis. The rather extensive
lateral wall is marked by the hypothalamic sulcus, which runs from the interventricular foramen to the opening of the cerebral aqueduct and
divides the wall of the third ventricle into thalamic and hypothalamic regions. An interthalamic adhesion (massa intermedia) bridges the
ventricle in 70% of human brains. The floor of the third ventricle is indented by the optic chiasma. An optic recess is located in front of the
chiasma; behind the chiasma, the infundibular recess extends into the median

eminence and the proximal part of the pituitary stalk. The floor then slopes upward to the cerebral aqueduct of the midbrain, with the
posterior commissure forming a slight prominence above the entrance to the aqueduct. A pineal recess extends into the stalk of the pineal
gland, and the dorsal wall of the pineal stalk accommodates the small habenular commissure. Inmediately ventral to the body of the fornix, the
membranous roof of the third ventricle is attached along the striae medullares thalami. A small choroid plexus is suspended from the roof.



The body of the fornix (see Figs. 11-11 and 11-12) is located immediately above the membranous roof.

Cerebrospinal fluid enters the third ventricle from each lateral ventricle through the interventricular foramen (foramen of Monro). The
crescent-shaped foramen is bounded by the fornix and by the anterior tubercle of the thalamus and is closed posteriorly by a reflection of
ependyma between the fornix and the thalamus. The subfornical organ, mentioned earlier in this chapter, is a small eminence on the medial
side of the column of the fornix, above the interventricular foramen. It is one of the circumventricular organs—a nucleus of neurons containing
blood vessels that are permeable to circulating macromolecules, unlike the vessels of most parts of the brain. In laboratory animals, the nucleus
responds to circulating levels of angiotensin Il, a peptide whose concentration in plasma varies with circulating levels of sodium and potassium
ions and with changes in blood volume. The neurons of the subfornical organ project to the zona incerta and hypothalamus, and their activity
influences drinking.

Cerebrospinal fluid leaves the third ventricle by way of the cerebral aqueduct of the midbrain, through which it reaches the fourth ventricle
and then the subarachnoid space surrounding the brain and spinal cord.
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Chapter 12

Corpus Striatum

Important Facts

e The corpus striatum is the telencephalic gray matter associated with the lateral ventricle. It is composed of
the striatum (caudate nucleus, nucleus accumbens, and putamen) and the pallidum (globus pallidus), which
is composed of external and internal divisions.

e In clinical and physiological usage, basal ganglia refers collectively to the corpus striatum, subthalamic
nucleus, and substantia nigra. The best-understood functions of the basal ganglia are in the production of
movements, but extensive connections with the temporal and anterior frontal cortex indicate involvement
in memory, emotion, and other cognitive functions.

e The striatum, subthalamic nucleus, and substantia nigra receive excitatory afferents from the cerebral
cortex. Dopaminergic neurons in the substantia nigra and ventral tegmental area excite some striatal
neurons and inhibit others.

e The major output of the striatum is to the pallidum, and it is inhibitory. Excitatory input to the pallidum
comes from the subthalamic nucleus.

e The output of the pallidum, which is also inhibitory, is to various thalamic nuclei. The thalamic nuclei project
to and excite the premotor and supplementary motor areas of the cerebral cortex, cortical areas
concerned with eye movements, and parts of the prefrontal and temporal cortex.

e Other pallidal efferents inhibit the subthalamic nucleus, superior colliculus, and pedunculopontine nucleus.
The pedunculopontine nucleus, which is located in the reticular formation, has extensive projections that
influence descending motor pathways, the waking state, and (by way of the basal cholinergic forebrain
nuclei) neuronal activity throughout the cerebral cortex.

e At rest, neurons in the striatum are quiescent, and those in the pallidum are active, thereby inhibiting the
thalamic excitation of the motor cortex. Before and during a movement, the striatum becomes active and
inhibits the pallidum, allowing more excitation of the motor thalamic nuclei and cortex.

e The corpus striatum may normally be the site in which instructions for parts of learned movements are
remembered and from which they are transmitted to the motor cortex for assembly and eventual
execution by corticospinal and reticulospinal pathways to the motor neurons. Comparable circuitry exists
for the control of movements of the eyes.

e The nucleus accumbens and the most ventral parts of the pallidum are active in behavioral responses to a
wide variety of rewarding or pleasurable stimuli. Conditioned reflexes passing through these nuclei and
their associated cortical areas have been implicated in drug addiction.

e Disorders of the motor circuitry of the basal ganglia (dyskinesias) include Parkinson's disease
(degeneration of nigral dopaminergic neurons), Huntington's chorea (degeneration in the striatum), and
ballism (damage to subthalamic nucleus). Some features of these disorders can be explained from
knowledge of the disrupted neuronal pathways.

e The basal cholinergic nuclei of the forebrain are ventral to the corpus striatum, within the anterior
perforated substance. Their axons are distributed to the whole cerebral cortex. Afferents to the basal
nuclei are from the amygdala, the pallidum, and the reticular formation of the brain stem. Subcortical
cholinergic neurons degenerate in patients with Alzheimer's disease and some other forms of dementia.

The corpus striatum is a substantial region of gray matter near the base of each cerebral hemisphere. It consists of the caudate nucleus and
the lentiform nucleus, with the latter divided into the putamen and the globus pallidus. Traditionally, the corpus striatum, claustrum, and
amygdaloid body were referred to by anatomists

as the basal nuclei or “ganglia” of the telencephalon. The caudate nucleus and putamen together constitute the striatum, and the globus
pallidus is referred to as the pallidum. Nearby structures include the claustrum (a thin sheet of gray matter situated between the putamen
and the cortex of the insula) and the amygdaloid body or amygdala in the temporal lobe, which is a component of the olfactory and limbic
systems (see Chapters 17 and 18).



Clinically, the term basal ganglia is usually applied to the corpus striatum (Fig. 12-1), subthalamic nucleus, and substantia nigra. These neuronal

populations are grouped under this common heading because they are interconnected to form a functional unit, and destructive lesions in any
of the components result in disorders of motor control characterized by akinesia (i.e., a poverty of voluntary movement), rigidity, or dyskinesias
(in which purposeless involuntary movements take place).

Terminology
The following correlations may be helpful in understanding the terminology of the corpus striatum and “basal ganglia”:
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FIGURE 12-1 Lateral aspect of the right corpus striatum, showing also the thalamus and amygdala. The globus pallidus is concealed by
the larger putamen.

e (Corpus striatum: Lentiform and caudate nuclei, including the nucleus accumbens
e Lentiform nucleus: Putamen and globus pallidus (the latter has external and internal divisions)
e Striatum: Putamen, caudate nucleus, and nucleus accumbens

e Pallidum: Globus pallidus (It is composed of external and internal divisions; the substantia nigra pars reticulata belongs functionally with the
internal pallidum.)

e Basal ganglia (clinical and physiological usage): Corpus striatum, substantia nigra, and subthalamic nucleus

Lentiform and Caudate Nuclei

The configuration and relations of the lentiform and caudate nuclei contribute to the topography of the lateral ventricle and the cerebral
white matter, which are described in Chapter 16. This anatomy is best appreciated by dissection. For understanding the afferent and efferent
connections, the pallidum and striatum are the more functionally relevant divisions of the corpus striatum.

LENTIFORM NUCLEUS

The lentiform nucleus is wedge shaped and has been described as having the approximate size and form of a Brazil nut (Figs. 12-2 and 12-3). The
narrow part of the wedge, facing medially, is occupied by the globus pallidus, which is divided into external and internal parts by a lamina of
white matter. The putamen is the lateral part of the lentiform nucleus, and it extends beyond the globus pallidus in all directions except at
the base of the nucleus. The external pallidum is separated from the putamen by another lamina of white matter.



The lentiform nucleus is bounded laterally by a thin layer of white matter that constitutes the external capsule (see Figs. 12-2 and 12-3). This is
followed by the claustrum, which is a thin sheet of gray matter coextensive with the lateral surface of the putamen. The best-documented
connections of the claustrum are reciprocal connections with the cortices of the frontal, parietal, and temporal lobes, but their functional
significance is unknown. The extreme capsule separates the claustrum from the insula (island of Reil), an area of cortex buried in the depths
of the lateral sulcus of the cerebral hemisphere. The medial surface of the lentiform nucleus lies against the internal capsule. The ventral
surface is close to structures at the base of the hemisphere, such as the anterior perforated substance, optic tract, and amygdaloid body (see
Fig. 12-3).
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FIGURE 12-2 Horizontal section of the cerebrum stained to differentiate gray matter (dark) from white matter (light), showing the
components and relations of the corpus striatum and internal capsule.

CAUDATE NUCLEUS

The caudate nucleus consists of an anterior portion or head, which tapers into a slender tail. The tail extends backward and then forward
into the temporal lobe (see Fig. 12-1), where it terminates at the amygdaloid body.

The head of the caudate nucleus bulges into the frontal horn of the lateral ventricle, and the first part of the tail lies along the lateral margin
of the central part of the ventricle (see Figs. 12-2 and 12-3). The tail follows the contour of the lateral ventricle into the roof of its temporal
horn. Two structures lie along the medial side of the tail of the caudate nucleus. These are the stria terminalis, a bundle of axons that
originates in the amygdaloid body and the

thalamostriate vein (vena terminalis), which drains the caudate nucleus, thalamus, internal capsule, and nearby structures (see Fig. 11-12).
Groups of neuronal cell bodies within the stria terminalis constitute the bed nucleus of the stria terminalis, which belongs functionally with
certain nuclei of the amygdala.
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FIGURE 12-3 Coronal section of the cerebrum anterior (rostral) to the thalamus, stained to differentiate gray matter (dark) from white
matter (light), showing the components and relations of the corpus striatum.

The anterior limb of the internal capsule intervenes between the head of the caudate nucleus and the lentiform nucleus. The tail of the
caudate nucleus is medial to the internal capsule as the latter merges with the central white matter of the hemisphere. The cortical afferent
and efferent fibers that constitute the internal capsule do not completely separate the two components of the striatum. The head of the
caudate nucleus and the putamen are continuous with each other through a bridge of gray matter beneath the anterior limb of the internal
capsule (see Fig. 12-1). In addition, numerous strands of gray matter join the caudate nucleus with the putamen by cutting across the internal

capsule (see Fig. 12-3). The most ventral part of the striatum in this region is called the nucleus accumbens, also known as the ventral
striatum.

Ventral to the nucleus accumbens is the substantia innominata, which contains the most ventral part of the globus pallidus (the ventral
pallidum) and the basal cholinergic nuclei of the forebrain, which are described at the end of this chapter.

CONNECTIONS

The major neuronal connections of the parts of the corpus striatum are summarized in Figures 12-4 and 12-5 and explained in the following
paragraphs.
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FIGURE 12-4 Afferent (blue) and efferent (red) connections of the striatum.

STRIATUM

The striatum receives afferent fibers from the cerebral cortex, thalamus, and substantia nigra (see Fig. 12-4). Corticostriate fibers, which are
excitatory, originate in the cortex of all four lobes, but especially the frontal and parietal lobes. The corticostriate fibers are topographically
organized. The somatosensory and motor areas project to the putamen; the cingulate gyrus and temporal lobe cortex (including the
parahippocampal gyrus) project to the nucleus accumbens or ventral striatum, and other cortical areas project mainly to the caudate nucleus.
Most of these fibers enter the striatum from the internal capsule, although a substantial number enter the putamen from the external capsule.



The amygdala (see also Chapter 18) is a source of afferents to the nucleus accumbens and the caudate nucleus. Some of the amygdalostriate
fibers pass through the substantia innominata; others arrive by way of the stria terminalis. Thalamostriate fibers, also excitatory, originate in
the intralaminar nuclei of the thalamus, especially the centromedian nucleus. Nigrostriate fibers from the pars compacta of the substantia
nigra use dopamine as a transmitter; they excite some striatal neurons and inhibit others. In Parkinson's disease, discussed later in this chapter,
degeneration of neurons in the pars compacta deprives the striatum of its dopaminergic input. Dopaminergic

afferents of the nucleus accumbens arise from the ventral tegmental area, which is medial to the substantia nigra (see Fig. 7-15).
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The axons that leave the striatum are striopallidal, bringing both segments of the globus pallidus under the influence and control of the
striatum and strionigral, which pass through the globus pallidus before entering the midbrain and terminating in both parts of the substantia
nigra. (The pars reticulata of the substantia nigra, which is ventral to the pars compacta, has connections similar to those of the internal



division of the globus pallidus.)

Striatal efferent projections are all inhibitory, with y-aminobutyric acid (GABA) as their transmitter. Different populations of striatal principal
cells contain various peptides and calciumbinding proteins in addition to GABA. The striatum also contains many interneurons, which use GABA,
acetylcholine, and several peptides as their neuro-transmitters. Histochemical studies reveal “patches” or “striosomes,” separated by a
“matrix.”

Corticostriate and nigrostriate fibers terminate throughout the striatum, but afferents from the intralaminar thalamic nuclei end only in the
matrix.

PALLIDUM

The globus pallidus contains the myelinated axons of its own neurons together with great numbers of myelinated striopallidal and strionigral
fibers. The abundance of myelin accounts for the somewhat pale appearance of the region in fresh sections and for the name “globus
pallidus.” The pallidum is notable in that it receives GABA-ergic inhibitory input from the striatum and its own principal neurons are also GABA-
ergic and inhibitory. The substantia nigra pars reticulata in the midbrain has connections similar to those of the globus pallidus and is best
thought of as a caudally displaced part of the pallidum.

The inhibitory GABA-ergic striopallidal fibers noted previously are the principal afferents to the globus pallidus (see Fig. 12-5). They end in the
external and internal segments. In the following discussion, the word “pallidofugal” applies to efferents of the globus pallidus, ventral pallidum,
and substantia nigra pars reticulata.

Fibers leaving the globus pallidus initially take either of two routes (see Fig. 12-5). Some cross the internal capsule and appear as the lenticular
fasciculus (field H, of Forel) in the subthalamus, dorsal to the subthalamic nucleus. Other pallidofugal fibers curve around the medial edge of
the internal capsule, forming the ansa lenticularis. These two fasciculi (shown in Figs. 11-9 and 11-10) consist mainly of pallidothalamic fibers,
which originate in the internal segment of the globus pallidus. They enter the prerubral area of the subthalamus (field H of Forel), turn laterally
into the thalamic fasciculus (field H; of Forel), and terminate in at least three thalamic nuclei. The anterior division of the ventral lateral
nucleus (VLa) projects to the premotor area of cortex in the frontal lobe and to the contiguous part of the medial surface of the hemisphere
that is designated the supplementary motor area (see Chapters 15 and 24). The ventral anterior nucleus projects to these motor areas as well
as to the frontal eye field and parts of the prefrontal cortex, which covers the frontal pole and the orbital surface of the frontal lobe. The
mediodorsal nucleus consists of subnuclei; most of these project to the prefrontal cortex and anterior end of the cingulate gyrus, but one
contains neurons connected with the frontal eye field. The regions of the VL thalamic nucleus that receive pallidal afferents (VLa) are largely
separate from those that receive input from the cerebellum (VLp), although some overlap exists.

A few pallidofugal fibers accompany the main outflow to the thalamus but continue into the stria medullaris thalami and terminate in the
habenular nuclei. Through this connection, the corpus striatum is potentially able to modify the descending output of the limbic system, which
exerts control over autonomic and other involuntary activities.

Other pallidofugal fibers (mostly from the substantia nigra pars reticulata) go to the superior colliculus, which has numerous connections with
other nuclei involved in the control of eye movements.

Although the efferent fasciculi of the internal (medial) segment of the globus pallidus project principally to the VLa, ventral anterior (VA), and
mediodorsal (MD) nuclei of the thalamus, some pallidofugal fibers turn caudally and end in the pedunculopontine nucleus, which is one of the
cholinergic groups of reticular nuclei (see Chapter 9) in the brain stem. Fibers from the pedunculopontine nucleus proceed caudally to the
central nuclei of the reticular formation and rostrally to the substantia nigra pars compacta, subthalamic nucleus, intralaminar thalamic nuclei,
pallidum, striatum, and basal cholinergic forebrain nuclei.

The external segment of the globus pallidus has an inhibitory projection to the subthalamic nucleus, consisting of axons that pass across the
internal capsule in the subthalamic fasciculus (see Fig. 12-5). This bundle also contains the axons of neurons of the subthalamic nucleus, which
end in the internal segment of the globus pallidus and in the closely related pars reticulata of the substantia nigra.

Physiology and Neurochemistry of the Basal Ganglia

THE DIRECT AND INDIRECT LOOPS

Knowledge of the excitatory and inhibitory synapses in the basal ganglia may explain some clinical features of disorders of the system and has
provided indications for therapy with drugs that mimic or inhibit the neurotransmitters. Figure 12-6 shows some of the connections with their
actins and the known or suspected transmitters.

Fibers from motor and other areas of the cerebral cortex end in the striatum (corticostriate fibers), subthalamic nucleus (corticosubthalamic
fibers), and pars compacta of the substantia nigra (corticonigral fibers). These cortical projections are excitatory, with glutamate as the
neurotransmitter.

Pallidal neurons are spontaneously active. The medial segment of the globus pallidus and the substantia nigra pars reticulata receive additional
excitatory drive from the glutamatergic neurons of the subthalamic nucleus. Thus, increased activity in the subthalamic nucleus results in
reduced activity of thalamocortical neurons.

The striatum inhibits both divisions of the pallidum, and pallidofugal neurons inhibit thalamocortical neurons. In both cases, the inhibitory
transmitter is GABA. The different connections of the external and internal divisions of the globus pallidus provide two loops of connected
neurons that have opposite effects on the cerebral cortex. The direct loop begins with neurons in the striatum that contain GABA and
substance P (SP). Increased activity of these striatal neurons leads to disinhibition of thalamic neurons and, consequently, increased
stimulation of the cerebral cortex. Different striatal neurons, containing GABA and enkephalin (ENK), participate in the indirect loop, which
includes the subthalamic nucleus. Activity of the striatal GABA-ENK neurons results in inhibition of the thalamus and reduced stimulation of the
cortex. The nigrostriate input excites the GABA-ENK neurons and inhibits the GABA-SP neurons because of different types of dopamine
receptors on the surfaces of the cells. Both these actions of dopamine lead to increased activity of thalamocortical neurons.
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FIGURE 12-6 General plan of the neuronal circuitry of the basal ganglia showing neurotransmitters and their actions. Neurons in the
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MOTOR FUNCTIONS

The best-understood functions of the corpus striatum are those related to movement. The neurons of the striatum are quiescent, and those of
the pallidum are active when no movements are being made. Shortly before and during a movement, the situation is reversed. Removal of
pallidal inhibition allows the VLa and VA thalamic nuclei to be stimulated by other afferent fibers, most of which come from the premotor and
supplementary motor areas of the cerebral cortex. The thalamocortical neurons are excitatory to the same motor cortical areas.

Nigrostriatal dopaminergic neurons are active all the time; their rates of firing increase with activity of the contralateral musculature.

Clinical observations and animal experiments indicate that the corpus striatum is probably a

repository of instructions for fragments of learned movements. When a movement is to be carried out, the instructions encoded by the corpus
striatum are presumably transmitted from the pallidum to the thalamus (VLa and VA) and then sent on to the supplementary motor area and the
premotor cortex. Corticospinal, corticoreticular, and reticulospinal projections then modulate the motor neurons. The pallidal projection to
the pedunculopontine nucleus provides another functional connection with the central nuclei of the reticular formation, which are the
source of the reticulospinal tracts. Degenerative diseases of the basal ganglia result in unwanted movements, and it has been suggested that
the circuitry of the corpus striatum normally allows choices to be made in the types of motor responses rather than making stereotyped
movements in response to stimuli.

OTHER FUNCTIONS OF THE CORPUS STRIATUM

The topographical projections of different cortical areas with parts of the striatum are associated with parallel but separate channels through



the pallidum and thalamus. Four such channels are usually recognized; these are summarized in Table 12-1.

TABLE 12-1 Parallel Circuits (“Channels”) Involving the Corpus Striatum
Thalamic :
Sources of . . . . Cortical Areas
to Striatum to Cortex Thalamic Input
Primary somatic Ventral lateral Supplementary and
Motor sensory and motor Putamen Globus pallidus and ventral primary motor areas
areas; premotor area anterior nuclei and premotor area
Prefrontal and Caudate Globus pallidus; Ve“”?‘
Ocular - . . anterior and .
posterior parietal nucleus substantia nigra . Frontal eye fields
motor : . mediodorsal
cortex (tail) pars reticulata .
nuclei
Premotor area and Caudate Zl?tn;rr:)lr and
Prefrontal posterior parietal nucleus Globus pallidus . Prefrontal cortex
mediodorsal
cortex (head) .
nuclei
o Tgmporal lobe; Nucleus . Mediodorsal C1ngulate gyrus and
Limbic hippocampal Ventral pallidum orbital prefrontal
T accumbens nucleus
formation; amygdala cortex

The great size of the human corpus striatum indicates collaboration with the cerebral cortex in aspects of memory and thought that are more
complex than formulation of the component parts of movements. These higher functions probably involve the connections of the striatum and
pallidum with the mediodorsal thalamic nucleus and with the prefrontal, cingulate, and temporal cortex. Despite the numerous known
connections of the basal ganglia, it is not possible to ascribe simple functions to the four channels summarized in Table 12-1. Diseases that
affect the basal ganglia result principally in the motor disorders described later in this chapter.

An animal with an electrode implanted in either the ventral tegmental area or the lateral hypothalamus derives gratification from delivering
small electrical stimuli to these regions and will press the switch repeatedly to the exclusion of such activities as eating and drinking. The
ventral tegmental area is the source of dopaminergic axons that pass through the lateral hypothalamic area (medial forebrain bundle) en route
to the nucleus accumbens. Numerous other experiments implicate the dopaminergic projection to the nucleus accumbens in behavioral
responses to stimuli that are perceived as rewards. Drugs of addiction activate the system. Thus, amphetamines enhance dopamine release
from presynaptic terminals, cocaine potentiates the action of dopamine by blocking its reuptake by