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As we noted in the first edition of this text, , there has been a
dramatic explosion of information in the field of neuroscience
over the last few decades. This explosion of information has pre-
sented a great challenge to those of us who teach neuroscience in
terms of synthesizing a coherent approach in which the diverse
topics encompassed by neuroscience can be taught in a lucid and
effective manner. We met this challenge by designing Essential
Neuroscience, a book that considers all of the basic neuroscience
topics to allow the students to focus on the essential concepts
and facts intrinsic to any given topic without overwhelming
them with distracting or confusing extraneous information. Con-
sistent with this approach, each chapter begins with Learning
Objectives followed by a discussion of the subject matter in a
succinct yet informative manner. To present the material in an
integrated fashion, Clinical Considerations are included as are
discussions of the physiological aspects. At the end of each chap-
ter, a Chapter Summary Table is provided that highlights the
most important facts and concepts of the chapter and allows for
review of the material in a simple, efficient manner. A Clinical
Case is also presented, which is followed by a Chapter Test con-
sisting of questions that can also be used effectively for USMLE
preparation.

Recent developments in neuroscience have also been incor-
porated in the text. For example, over the past two decades, there
have been significant advances in our understanding of the
molecular bases of development. Accordingly, a section has been
added in Chapter 2, Development of the Nervous System, which
summarizes the key aspects of these developmental mechanisms.
In addition, in recent years, great strides have been made in the
identification of neurotransmitter malfunction in several dis-
eases. Therefore, a detailed chapter has been included on neuro-
transmitters and implications of their malfunctions in mental
disorders. Similarly, genetic abnormalities involved in certain
diseases (e.g., cystic fibrosis, schizophrenia, Huntington’s chorea)
have been briefly discussed. Malfunctions of the immune system
in certain diseases (e.g., Lambert-Eaton syndrome, multiple scle-
rosis, myasthenia gravis) have also been discussed where
applicable.

The genesis of this textbook evolved over the past 30 years, as
a result of our efforts in teaching neuroscience to medical and
graduate students in ways that would make learning the subject
matter simple yet meaningful. After testing a variety of
approaches, a building-blocks approach in the presentation of
the subject matter proved most effective. Consistent with this
approach, the book begins with analysis of the single neuron,
which then expands to how neurons communicate with each
other. Following discussion of the anatomy of the spinal cord and
brain, the text continues with a detailed study of the sensory,
motor, and integrative systems. This approach was deemed

helpful by both students and faculty. Moreover, the building-
blocks approach improved student performance on National
Board and Neuroscience Shelf examinations.

The book comprises 28 chapters and a glossary. Chapters 1
through 4 (“Overview of the Central Nervous System,” “Devel-
opment of the Nervous System,” “Meninges and Cerebrospinal
Fluid,” and “Blood Supply of the Central Nervous System”) pro-
vide a background for understanding the structural organization
of the brain and spinal cord. These chapters provide a basis for a
more in-depth analysis of nervous system functions and clinical
disorders.

Having provided the student with a basic understanding of
the gross anatomy and general functions of the brain and spinal
cord, the book then introduces a series of topics designed to pro-
vide an understanding of the basic elements of the nervous sys-
tem and the role they play in neuronal communication. These
topics are discussed in Chapters 5 through 8 (“Histology of the
Nervous System,” “Electrophysiology of Neurons,” “Synaptic
Transmission,” and “Neurotransmitters”). The basic physiologi-
cal processes presented in these chapters prepare the student for
further understanding of the diverse functions of the nervous sys-
tem in the subsequent sections. Chapters 9 through 13 (“The
Spinal Cord,” “Brainstem I: The Medulla,” “Brainstem II: Pons
and Cerebellum,” “Brainstem III: The Midbrain,” and “The Fore-
brain”) enable the student to examine the organization of the
central nervous system in a systematic way. After learning about
the key structures and functions at each level of the neuraxis of
the central nervous system, the student will begin to develop an
understanding of why damage to a given structure produces a par-
ticular constellation of deficits. Because of the importance of
Chapter 14, “The Cranial Nerves,” and the extent to which this
material is tested on USMLE examinations, each cranial nerve is
presented separately in terms of its structural and functional
properties as well as the deficits associated with its dysfunction.

At this point in the study of the nervous system, the student
has developed a basic knowledge of the anatomical organization
of the central nervous system and its physiology and neurochem-
istry. Consequently, the student is now ready to study the sensory,
motor, and integrative systems that require the knowledge accu-
mulated thus far. The next section of the book includes Chapters
15 through 18 (“Somatosensory System,” “Visual System,” “Audi-
tory and Vestibular Systems,” and “Olfaction and Taste”) and
discusses anatomical and physiological properties of sensory
systems.

The next section of the text turns to the study of motor
systems, and includes Chapters 19 to 21, “The Upper Motor
Neurons,” The Basal Ganglia,” and “The Cerebellum.” These
chapters examine, in an integrated manner, the anatomical,
physiological, and neurochemical bases for normal movement

vil
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and movement disorders associated with the cerebral cortex,
basal ganglia, cerebellum, brainstem, and spinal cord.

The final section of the text (Chapters 22 to 28) concerns a
variety of functions of the nervous system characterized by higher
levels of complexity. Chapters 22 to 25, “The Autonomic Nerv-
ous System,” “The Reticular Formation,” “The Hypothalamus,”
and “The Limbic System,” include analyses of visceral processes,
sleep, and wakefulness (Chapters 22 to 25). In addition, an analy-
sis of the structure, functions, and dysfunctions of the cerebral
cortex is provided in Chapter 26, “The Thalamus and Cerebral
Cortex.” Chapter 27, “Vascular Syndromes,” was placed toward
the end of the book because by this point the student has gained a
deeper understanding and appreciation of brainstem syndromes
than if that material had been presented earlier in the text. Vascu-
lar syndromes of the brainstem constitute an important review for
the student on a topic that is heavily tested on USMLE examina-
tions. The final chapter, “Behavioral and Psychiatric Disorders”
(Chapter 28) examines disorders such as schizophrenia, depres-
sion, anxiety, and obsessive compulsion. These disorders have a
clear relationship to abnormalities in neural and neurochemical
functions and, thus, reflect an important component of neuro-
science. These topics also receive attention on the USMLE.

Essential Neuroscience proved to be a highly effective tool for
students and faculty. The goal of this second edition, therefore, is
to perfect the formula with which we had such success. For exam-
ple, key terms and concepts of neuroscience were highlighted in
bold in each chapter and explained in an extensive glossary at
the end of the book. In response to readers’ appreciation of this
helpful feature, we have doubled the glossary size in this edition.

Also in response to reader requests, we have presented
Chapter Summary Tables at the end of each chapter in this new
edition. These tables will not only help students review chapters
as they go, but will be valuable, high-yield tools for study and
review at examination time.

The full-color illustrations, which have been universally
praised, are even better in the second edition, with additions and
enhancements rendering a truly cohesive, instructive art
program.

Selected topics have been expanded where appropriate: the
functional relationship, memory, and lateralization of the hip-
pocampal formation and limbic cortex; limbic relationships of
the basal ganglia (especially in reference to psychiatric issues);
the development of the anterior and posterior pituitary; a dis-
cussion of prions in relation to Creutzfeldt Jacob disease; and
others.

Material has also been integrated in multiple places where it
would augment understanding of important concepts. For exam-
ple, the functional relationships associated with the cerebral cor-
tex are again referred to vis-a-vis sensory and motor systems.
Extensive cross referencing among chapters has likewise been
incorporated.

Although this text was originally primarily designed for medi-
cal students who study neuroscience, it can be used quite effec-
tively by neurology residents and graduate and undergraduate
university students specializing in biological sciences. In this lat-
est edition, special topics have been reworked to better accom-
modate dental students. The trigeminal nucleus, for instance, has
been divided into its components for a more detailed study.

Essential Neuroscience, 2™ Edition distinguishes itself from
other texts as the concise, clinically relevant neuroscience text
providing balanced coverage of anatomy, physiology, biology, and
biochemistry. With a full array of pedagogical features, it helps
students gain conceptual mastery of this challenging discipline
and, we hope, foments the urge to continue its exploration.

Allan Siegel
Hreday N. Sapru
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OBJECTIVES

In this chapter; the student should:

1.

Understand the basic language and terminol-
ogy commonly used in neuroanatomy.

Identify key regions and general functions
within the cerebral cortex, including the
precentral, prefrontal, postcentral, temporal, and
occipital cortices.

Identify the major functions of subcortical
structures within the forebrain, including the
ventricles of the brain, diencephalon, basal
ganglia,and the limbic system.

Identify surface structures seen from the ventral
aspect of the brainstem: the cerebral peduncles,
pyramids, and inferior olivary nucleus and from
its dorsal surface: colliculi of the midbrain and
facial colliculus of the pons.

Identify the cerebellum, including the attach-
ments of cerebellum to the brainstem and
major lobes of the cerebellar cortex.



GROSS ANATOMY OF THE BRAIN

Neuroscience is a composite of several disciplines includ-
ing neuroanatomy, neurophysiology, neurology, neuropa-
thology, neuropharmacology, behavioral sciences, and cell
biology. An overview of the structural organization of
the nervous system is helpful when beginning to study the
neurosciences. However, first it would be useful to define
some basic terms that will be essential for understanding
the anatomy of the nervous system.

NEUROANATOMICAL TERMS

The spatial relationships of the brain and spinal cord usu-
ally are described by one or more of five paired terms:
medial-lateral, anterior—posterior, rostral-caudal, dorsal—
ventral, and superior—inferior (Fig. 1-1).

Medial-lateral: Medial means toward the median plane,
and lateral means away from the median plane.
Anterior—posterior: Above the midbrain, anterior means
toward the front of the brain, and posterior means toward
the back of the brain. At and below the midbrain, anterior
means toward the ventral surface of the body, and poste-
rior means toward the dorsal surface of the body.
Rostral-caudal: Above the midbrain, rostral means
toward the front of the brain, and caudal means toward
the back of the brain. At and below the midbrain, rostral
means toward the cerebral cortex, and caudal means
toward the sacral end (or bottom) of the spinal cord.
Dorsal-ventral: Rostral to the midbrain, dorsal refers to
the top of the brain, and ventral refers to the bottom of the

Dorsal
A

Rostral (anterior)

A 4
Ventral

FIGURE 1-1
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brain. At the level of and caudal to the midbrain, dorsal
means toward the posterior surface of the body, and ventral
refers to the anterior surface of the body.

Superior—inferior: Both at positions above and below the
midbrain, superior means toward the top of the cerebral
cortex, and inferior means toward the bottom of the spinal
cord.

Other terms commonly used in neuroanatomy are:

Ipsilateral-contralateral: Ipsilateral means on the same
side with reference to a specific point; contralateral means
on the opposite side.

Commissure and decussation: Commissure is a group of
nerve fibers connecting one side of the brain with the other.
Decussation is the crossing over of these nerve fibers.
Neuron: A neuron is the anatomical and functional unit
of the nervous system, which consists of a nerve cell body,
dendrites (which receive signals from other neurons), and
an axon (which transmits the signal to another neuron).
Nucleus: Nucleus refers to groups of neurons located in a
specific region of the brain or spinal cord that generally
have a similar appearance, receive information from simi-
lar sources, project their axons to similar targets, and share
similar functions.

Tract: Many axons grouped together, which typically pass
from a given nucleus to a common target region or to sev-
eral regions, form a tract.

White and gray matter: When examining the brain or spi-
nal cord with the unaided eye, one can distinguish white
and gray tissue. The region that appears white is called
white matter, and the area that appears gray is called gray
matter. The appearance of the white matter is due to the

Caudal (posterior)

A variety of terms are used to indicate directionality within the central nervous system (CNS). The fixed axes for anatomical reference planes

are superior-inferior and anterior-posterior. The other axes vary according to their location within the CNS.
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large number of myelinated axons (largely lipid mem-
branes that wrap around the axons) that are present in this
region. In contrast, the gray matter consists mainly of neu-
ronal cell bodies (nuclei) and lacks myelinated axons.
Glial cells: These nonneural cells form the interstitial tis-
sue of the nervous system. There are different types of glial
cells, which include astrocytes, oligodendrocytes, micro-
glia, and ependymal cells. Details of the functions of each
of these components are provided in Chapter 5.

Central and peripheral nervous systems: The central
nervous system (CNS) includes the brain and spinal cord
and is surrounded and protected by three connective tissue
coverings called meninges. Within the CNS are fluid-filled
spaces called ventricles. The bone of the skull and vertebral
column surround the brain and spinal cord, respectively.
The peripheral nervous system (PNS) consists of spinal
and cranial nerves that are present outside the CNS.
Autonomic and somatic nervous systems: These are func-
tional subdivisions of the nervous system (in contrast to the
anatomical classifications described earlier). Both of these
divisions are present in the CNS and PNS. The autonomic
nervous system innervates smooth muscle and glands,
whereas the somatic nervous system innervates mainly
musculoskeletal structures and the sense organs of skin.

To understand the function of CNS structures, it is
important to be able to identify and locate them in rela-
tion to one another. The many structures of the brain and
spine may seem confusing in this initial overview, but
knowing what they are is essential for developing a broader
familiarity with neuroscience. It will not be necessary to
memorize every structure and function in this introduc-
tion because the chapters that follow present these struc-
tures in greater detail.

We will begin with an examination of the major struc-
tures of the CNS, taking a topographical approach to the
review of anatomical and functional relationships of struc-
tures in the cerebral cortex. Key structures will be identi-
fied as they appear in different views of the brain.

COMPONENTS OF THE CENTRAL
NERVOUS SYSTEM

As we just indicated, the study of the CNS includes both
the brain and spinal cord. This chapter provides an initial
overview of these regions. A more detailed analysis of the
structural and functional properties of the spinal cord is
presented in Chapter 9 and is followed by a parallel mor-
phological analysis of the structures contained within the
medulla, pons, midbrain, and forebrain in subsequent
chapters.

The spinal cord is a thin, cylinder-like structure with
five regions that extend from its attachment to the brain
downward. The most rostral region, which is closest to the
brain, is the cervical cord and contains eight pairs of spi-
nal nerves. Caudal to the cervical cord lies the thoracic
cord, which contains 12 pairs of spinal nerves. Next is the
lumbar cord, which contains five pairs of spinal nerves.

The most caudal region, called the sacral cord, contains
five pairs of spinal nerves; the caudal end of the spinal cord
is called the coccygeal region and contains one pair of spi-
nal nerves. In the cervical and lumbar regions, the spinal
cord is enlarged because of the presence of greater numbers
of nerve cell bodies and fiber tracts, which innervate the
upper and lower limbs, respectively.

The brainstem, cerebellum, and cerebral hemispheres
form the brain. The brainstem can be divided into three
regions: the medulla, rostral to and continuous with the
spinal cord; the pons, rostral to the medulla; and the mid-
brain, rostral to the pons and continuous with the dien-
cephalon. The cerebellum is positioned like a tent dorsal
to the pons and is attached to the brainstem by three mas-
sive fiber groups, or peduncles. The cerebral hemispheres
contain the cerebral cortex, which covers the surface of
the brain and is several millimeters thick as well as deeper
structures, including the corpus callosum, diencephalon,
basal ganglia, limbic structures, and the internal capsule.

CEREBRAL TOPOGRAPHY

One important aspect of the anatomical and functional
organization of the CNS should be remembered through-
out the study of neuroscience: For most sensory and motor
functions, the left side of the brain functionally corre-
sponds with the right side of the body. Thus, sensation
from the left side of the body is consciously appreciated on
the right side of the cerebral cortex. Similarly, motor con-
trol over the right arm and leg is controlled by neurons
located on the left cerebral cortex.

Lateral Surface of the Brain

Four lobes of the cerebral cortex—the frontal, parietal,
and temporal lobes and a portion of the occipital lobe—
can be identified on the lateral surface of the brain (Fig. 1-2).
The lobes of the cerebral cortex integrate motor, sensory,
autonomic, and intellectual processes and are organized
along functional lines. For the most part, a fissure, called a
sulcus, separates these lobes. In addition, pairs of sulci form
the boundaries of ridges referred to as gyri.

The cortex consists of both cells and nerve fibers. The
cellular components constitute the gray matter of cortex
and lie superficial (i.e., toward the surface of the cortex) to
the nerve fibers. As a general rule, the nerve fibers that
comprise the white matter of the cortex pass between differ-
ent regions of cortex, facilitating communication between
the lobes of the cerebral cortex. In addition, large compo-
nents of the white matter consist of fibers passing bidirec-
tionally between the cortex and other regions of the CNS.

Frontal Lobe

The first step in identifying the main structures of the lat-
eral surface of the brain is to locate the central sulcus,
which serves as the posterior boundary of the frontal lobe
(Fig. 1-2). This sulcus extends from near the longitudinal
fissure (present along the midline but not visible in the
lateral view of the brain shown in Fig. 1-2) ventrally almost
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FIGURE1-2 Lateral view of the cerebral cortex showing the principal gyri and sulci. Major structures include the central sulcus and the precentral (primary
motor), premotor, and postcentral (primary somatosensory) gyri. Also note the gyri situated rostral to the premotor cortex, including the orbital gyri,
which mediate higher order intellectual functions and contribute to the regulation of emotional behavior. Broca’s motor speech area and Wernicke's area
(for reception of speech) are important areas associated with speech. Of the three gyri comprising the temporal lobe, the superior temporal gyrus is
important for auditory functions, and the inferior and middle temporal gyri mediate complex visual functions. Different aspects of the parietal lobe
located just caudal to the primary somatosensory cortex integrate a variety of higher order sensory functions; the occipital lobe contains the primary

receiving area for visual impulses.

to the lateral cerebral sulcus (Sylvian sulcus). The frontal
lobe, the largest of the cerebral lobes, extends from the
central sulcus to the frontal pole of the brain. It extends
inferiorly to the lateral sulcus. The frontal cortex also
extends onto the medial surface of the brain, where it bor-
ders the corpus callosum inferiorly (see Fig. 1-3).

At the posterior aspect of the frontal lobe, the most
prominent structure is the precentral gyrus, which is
bounded posteriorly and anteriorly by the central and pre-
central sulci, respectively (Fig. 1-2). The function of the
precentral gyrus is to integrate motor function signals from
different regions of the brain. [t serves as the primary motor
cortex for control of contralateral voluntary movements.
The neurons within the precentral gyrus are somatotopi-
cally organized. Somatotopic means that different parts of
the precentral gyrus are associated with distinct parts of the
body, both functionally and anatomically. The outputs from
the precentral gyrus to the brainstem and contralateral spi-
nal cord follow a similar functional arrangement. The region
closest to the lateral (Sylvian) sulcus (the inferior part of the
precentral gyrus) is associated with voluntary control over
movements of the face and head. The neurons associated
with motor control of the upper and lower limbs are found
at progressively more dorsal and medial levels, respectively.
The motor neurons associated with control over the lower

limbs extend onto the medial surface of the hemisphere.
When the parts of the body are drawn in terms of the degree
of their cortical representation (i.e., in the form of a somato-
topic arrangement), the resulting rather disproportionate
figure is commonly called a homunculus (see Chapters 19
and 26 for further discussion). The motor homunculus dem-
onstrates how cell groups in the CNS associated with one
part of the body relate anatomically to other cell groups
associated with other parts of the body. In addition, the
illustrative device shows the relative sizes of the populations
of neurons associated with specific parts of the body.
Immediately rostral to the precentral gyrus is the pre-
motor area (premotor cortex), which extends from near
the lateral fissure on to the medial surface of the brain; this
region is referred to as the supplemental motor area. This
cortex exercises control over movements associated with
the contralateral side of the body by playing an important
role in the initiation and sequencing of movements. Imme-
diately anterior to the premotor cortex, three parallel
gyri—the superior, middle, and inferior frontal gyri—are
oriented in anterior—posterior positions (Fig. 1-2). In the
region of the middle frontal gyrus extending into the infe-
rior frontal gyrus and immediately rostral to the premotor
region, lies an area called the frontal eye fields. This region
coordinates voluntary control of conjugate (i.e., horizontal)
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FIGURE1-3  Midsagittal view of the brain. Visible are the structures situated on the medial aspect of the cortex as well as subcortical areas, which include
the corpus callosum, septum pellucidum, fornix, diencephalon, and brainstem structures.

movement of the eyes. Portions of these gyri are also
involved in the integration of motor processes. For exam-
ple, one part of the inferior frontal gyrus of the dominant
(left) hemisphere is Broca’s motor speech area and is
important for the formulation of the motor components of
speech. When damaged, the result is Broca’s aphasia (or
motor aphasia), a form of language impairment in which
the patient has difficulty in naming objects and repeating
words, while comprehension remains intact. Far rostral to
this region, an area that includes inferior (orbital gyri),
medial, and lateral aspects of the frontal lobe, called the
prefrontal cortex, also plays important roles in the process-
ing of intellectual and emotional events. Within the
depths of the lateral (Sylvian) sulcus is a region of cortex
called the insula, which can be seen only when the tempo-
ral lobe is pulled away from the rest of the cortex. It reflects
a convergence of the temporal, parietal, and frontal corti-
ces and has, at different times, been associated with the
reception and integration of taste sensation, reception of
viscerosensations, processing of pain sensations, and
vestibular functions.

Parietal Lobe

The parietal lobe houses the functions that perceive and
process somatosensory events. [t extends posteriorly from
the central sulcus to its border with the occipital lobe
(Fig. 1-2). The parietal lobe contains the postcentral gyri,
which has the central sulcus as its anterior border and the
postcentral sulcus as its posterior border. The postcentral
gyrus is the primary receiving area for somesthetic (i.e.,
kinesthetic and tactile) information from the periphery
(trunk and extremities). Here, one side of the cerebral cor-
tex receives information from the opposite side of the

body. Like the motor cortex, the postcentral gyrus is
somatotopically organized and can be depicted as having a
sensory homunculus, which parallels that of the motor
cortex.

The remainder of the parietal lobe can be divided
roughly into two regions, a superior and an inferior parietal
lobule, separated by an interparietal sulcus. The inferior
parietal lobule consists of two gyri: the supramarginal and
angular gyri. The supramarginal gyrus is just superior to
the posterior extent of the lateral sulcus, and the angular
gyrus is immediately posterior to the supramarginal gyrus
and is often associated with the posterior extent of the
superior temporal sulcus (Fig. 1-2). These regions receive
input from auditory and visual cortices and are believed to
perform complex perceptual discriminations and integra-
tions. At the ventral aspect of these gyri and extending
onto the adjoining part of the superior temporal gyrus is
Wernicke’s area. This region is essential for comprehen-
sion of spoken language. Lesions of this region produce
another form of aphasia, Wernicke’s aphasia (or sensory
aphasia), which is characterized by impairment of compre-
hension and repetition, although speech remains fluent.
The superior parietal lobule integrates sensory and motor
functions and aids in programming complex motor func-
tions associated with the premotor cortex. Damage to this
region produces CNS disturbances, such as apraxia of
movement and sensory neglect (see Chapters 19 and 26).

Occipital Lobe

Although a part of the occipital lobe lies on the lateral
surface of the cortex, the larger component occupies a
more prominent position on the medial surface of the
hemisphere.



Temporal Lobe

One of the most important functions of the temporal
lobe is the perception of auditory signals. Situated infe-
rior to the lateral sulcus, the temporal lobe consists of
superior, middle, and inferior temporal gyri. On the inner
aspect of the superior surface of the superior temporal
gyrus lie the transverse gyri of Heschl (not shown in
Fig. 1-2), which constitute the primary auditory receiv-
ing area. The other regions of the temporal lobe, includ-
ing the middle and inferior temporal gyri, are associated
with the perception of moving objects in the visual field
and recognition of faces, respectively (see Chapter 26 for
details).

Medial Surface of the Brain

The principal structures on the medial aspect of the brain
can be seen clearly after the hemispheres are divided in
the midsagittal plane (Fig. 1-3). On the medial aspect of
the cerebral cortex, the occipital lobe can be seen most
clearly. It contains the primary visual receiving area, the
visual cortex. The primary visual cortex is located infe-
rior and superior to the calcarine sulcus (calcarine fis-
sure), a prominent sulcus formed on the medial surface
that runs perpendicular into the parieto-occipital sulcus,

Gyrus rectus

Medial olfactory stria

Lateral olfactory stria

Mammillary bodies

Middle temporal gyrus

Inferior temporal gyrus

Inferior temporal sulcus

Collateral sulcus

Cerebral peduncle

Inferior olivary
nucleus
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which divides the occipital lobe from the parietal lobe
(Fig. 1-3).

Located more rostrally from the occipital lobe and situ-
ated immediately inferior to the precentral, postcentral,
and premotor cortices is the cingulate gyrus. Its ventral
border is the corpus callosum. The cingulate gyrus is gen-
erally considered part of the brain’s limbic system, which
is associated with emotional behavior, regulation of vis-
ceral processes, and learning (see Chapter 25).

Another prominent medial structure is the corpus cal-
losum, a massive fiber pathway that permits communica-
tion between equivalent regions of the two hemispheres.
The septum pellucidum lies immediately ventral to the
corpus callosum and is most prominent anteriorly. It con-
sists of two thin-walled membranes separated by a narrow
cleft, forming a small cavity (cavum of septum pelluci-
dum). It forms the medial walls of the lateral ventricles.
The septum pellucidum is attached at its ventral border to
the fornix.

The fornix is the major fiber system arising from the
hippocampal formation, which lies deep within the
medial aspect of the temporal lobe. It emerges from
the hippocampal formation posteriorly and passes dorso-
medially around the thalamus to occupy a medial position
inferior to the corpus callosum but immediately superior

Prefrontal cortex

Olfactory bulb

Olfactory tract

Optic chiasm

Infundibular stalk

Uncus

Parahippocampal gyrus

Occipitotemporal gyrus

FIGURE1-4  Inferior surface of the brain showing the principal gyri and sulci of the cerebral cortex. On the inferior surface, the midbrain, pons, parts of the

cerebellum, and the medulla can be clearly identified.
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to the thalamus (see Fig. 1-6). A basic function of the
fornix is to transmit information from the hippocampal
formation to the septal area and hypothalamus. The
diencephalon lies below the fornix and has two parts
(Fig. 1-3). The thalamus is larger and is responsible for
relaying and integrating information to different regions
of the cerebral cortex from a variety of structures associ-
ated with sensory, motor, autonomic, and emotional proc-
esses. The hypothalamus, the smaller structure, lies
ventral and slightly anterior to the thalamus. Its roles
include the regulation of a host of visceral functions, such
as temperature; endocrine functions; and feeding, drink-
ing, emotional, and sexual behaviors. The ventral aspect
of the hypothalamus forms the base of the brain to which
the pituitary gland is attached.

Inferior (Ventral) Surface of the Cerebral Cortex

As part of our task in understanding the anatomical organ-
ization of the brain, it is useful to examine its arrangement
from the inferior view.

The medial aspect of the anterior part of the prefrontal
cortex contains a region called the gyrus rectus (Fig. 1-4).
Lateral to the gyrus rectus lies a structure called the olfac-
tory bulb, a brain structure that appears as a primitive
form of cortex consisting of neuronal cell bodies, axons,
and synaptic connections. The olfactory bulb receives
information from the first (olfactory) cranial nerve and
gives rise to a pathway called the olfactory tract. These
fibers then divide into the medial and lateral olfactory
branches (called striae). The lateral pathway conveys
olfactory information to the temporal lobe and underlying
limbic structures, whereas the medial olfactory stria
projects to medial limbic structures and contralateral olfac-
tory structures (via a fiber bundle called the anterior
commissure; see Chapter 18).

Anterior horn

FIGURE 1-5 Lateral view of the
positions and relationships of the
ventricles of the brain. Note that
the lateral ventricles are quite
extensive, with different compo-
nents (i.e., posterior, inferior, and
anterior horns). The medial and
lateral apertures represent the
channels by which cerebrospinal
fluid can exit the brain (see
Chapter 3 for details).

Intraventricular
foramen

Third ventricle

Amygdala

Inferior horn

Fourth ventricle

Posterior Aspect of the Cerebral Cortex: Temporal
and Occipital Lobes

The occipitotemporal gyrus lies medial to the inferior
temporal gyrus and is bound medially by the collateral sul-
cus. The parahippocampal gyrus lies medial to the collat-
eral sulcus. There is a medial extension of the anterior end
of the parahippocampal gyrus called the uncus. The hip-
pocampal formation and amygdala (described below) are
situated deep to the cortex of the parahippocampal gyrus
and uncus (Figs. 1-4, 1-5, and 1-6). These structures have
a very low threshold for induction of seizure activity and
are commonly the focus of seizures in temporal lobe

epilepsy.

FOREBRAIN STRUCTURES VISIBLE IN
HORIZONTAL AND FRONTAL SECTIONS
OF THE BRAIN

Ventricles

As shown in horizontal and frontal sections of the brain
(Fig. 1-5), cavities present within each hemisphere are
called ventricles and contain cerebrospinal fluid ([CSF]
see Chapter 3). In brief, CSF is secreted primarily from
specialized epithelial cells found mainly on the roofs of the
ventricles called the choroid plexus. CSF serves the CNS
as a source of electrolytes, as a protective and supportive
medium, and as a conduit for neuroactive and metabolic
products. It also helps remove neuronal metabolic prod-
ucts from the brain.

The lateral ventricle is the cavity found throughout
much of each cerebral hemisphere (Fig. 1-5). It consists of
several continuous parts: an anterior horn, which is present
at rostral levels deep in the frontal lobe; a posterior horn,

Body of lateral
ventricle

Posterior horn

Cerebral aqueduct

" — Medial and lateral
apertures

Central canal
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which extends into the occipital lobe; an interconnecting
body, which extends from the level of the interventricular
foramen to the posterior horn; and, at the junction of the
body and posterior horn, the inferior horn, which extends
in ventral and anterior directions deep into the temporal
lobe, ending near the amygdala (also referred to as amy-
gdaloid complex) (Figs. 1-5 and 1-6).

Within the diencephalon, another cavity, called the
third ventricle, can be identified. It lies along the mid-
line of the diencephalon, and the walls are formed by the
thalamus (dorsally) and the hypothalamus (ventrally).
The third ventricle extends throughout the diencephalon
and communicates anteriorly with the left and right lat-
eral ventricles through the interventricular foramen. Pos-
teriorly, at the level of the diencephalic—midbrain border,
it is continuous with the cerebral aqueduct, which allows
CSF to flow from the third ventricle to the fourth ventri-
cle (Fig. 1-5), where it will exit the ventricular system
through the lateral and median apertures into the sub-
arachnoid space.

Basal Ganglia

The basal ganglia play an important role in motor integra-
tion processes associated with the cerebral cortex. Dam-
age to this region results in motor dysfunctions referred to
as dyskinesias (i.e., disorders of movement at rest). The
most prominent structures of the basal ganglia are the
caudate nucleus, putamen, and globus pallidus (Figs. 1-6
and 1-7). Two additional structures, the subthalamic

FIGURE1-6  Horizontalsectiondepict-
ing internal forebrain structures after
parts of the cerebral cortex have
been dissected away. Visible are the
caudate nucleus, thalamus, fornix,
hippocampus, and amygdala. Note
the shape and orientation of the hip-
pocampal formation and its relation-
ship to the amygdala as well as the
positions occupied by the globus
pallidus and putamen, which lie lat-
eral to the internal capsule (label
shown in Figure 1-7), and the thala-
mus,which lies medial to the internal
capsule.

Putamen

Globus pallidus

Thalamus

nucleus and substantia nigra, are also included as part of
the basal ganglia because of their anatomical and func-
tional relationships with its other constituent parts (see
Chapter 20).

The caudate nucleus is a large mass of cells that is most
prominent at anterior levels of the forebrain adjacent to
the anterior horn of the lateral ventricle and can be divided
into three components (Fig. 1-8). The largest component,
the head of the caudate, is found at anterior levels of the
forebrain rostral to the diencephalon. As the nucleus
extends caudally, it maintains its position adjacent to the
body and inferior horn of the lateral ventricle but becomes
progressively narrower at levels farther away from the head
of the caudate. This narrow region of the caudate nucleus,
distal to the head, is called the tail of the caudate nucleus.
The region between the head and tail is referred to as the
body of the caudate nucleus. The body and tail of the cau-
date nucleus are situated adjacent to the dorsolateral sur-
face of the thalamus.

The putamen is the largest component of the basal ganglia
and is situated in a lateral position within the anterior half of
the forebrain. It is bordered laterally by the external capsule,
a thin band of white matter, and medially by the globus pal-
lidus (Figs. 1-6 and 1-7).

The globus pallidus has both a lateral and medial seg-
ment. It lies immediately medial to the putamen and just
lateral to the internal capsule, which is a massive fiber
bundle that transmits information to and from the cerebral
cortex to the forebrain, brainstem, and spinal cord
(Figs. 1-6, 1-7, and 1-8).



Internal capsule

Insula

FIGURE1-7 Frontal section taken Hypothalamus

through the level of the rostral
diencephalon (where the thala-
mus is not present). Note again
the relationships of the caudate
nucleus and diencephalon rela-
tive to those of the globus pal-
lidus and putamen with respect
to the position of the internal
capsule. The level along the ros-
tro-caudal axis of the brain at
which the section was taken is
shown in the sketch of the brain
at the bottom of the figure.

FIGURE 1-8 Schematic diagram illustrating
the components of the caudate nucleus and
their relationship to the thalamus, internal
capsule, globus pallidus, putamen, and brain-
stem. Because of its anatomical proximity to
the caudate nucleus, the stria terminalis,
which represents a major efferent pathway of
theamygdalato the hypothalamus,isincluded
as well.

Diencephalon

As mentioned previously, the diencephalon includes princi-
pally the thalamus, situated dorsally, and the hypothalamus,
situated ventrally. The medial border of the diencephalon is
the third ventricle, and the lateral border is the internal
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capsule. The ventral border is the base of the brain, and the
dorsal border is the roof of the thalamus. The diencephalon
is generally considered to be bounded anteriorly by the ante-
rior commissure (Fig. 1-3), which is a conspicuous fiber
bundle containing many olfactory and temporal lobe fibers,
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and the lamina terminalis (not shown in Fig. 1-3), which is
the rostral end of the third ventricle. The posterior limit of
the diencephalon is the posterior commissure, a fiber bun-
dle that crosses the midline between the diencephalon and
midbrain.

Limbic Structures

Limbic structures serve important functions in the
regulation of emotional behavior, short-term memory
processes, and control of autonomic, other visceral, and
hormonal functions usually associated with the hypo-
thalamus. Several structures in the limbic system can be
identified clearly in forebrain sections. Two of these
structures, the amygdala and hippocampus, are situated
within the temporal lobe (Fig. 1-6). The amygdala lies
just anterior to the hippocampus. Both structures give
rise to prominent fiber bundles that initially pass in a
posterodorsal direction following the body of the lateral
ventricle around the posterior aspect of the thalamus
and then run anteriorly, following the inferior horn of
the lateral ventricle.

Anterior lobe

Flocculonodular lobe
(seen on anterior side)

Posterior lobe

Superior colliculus

Inferior colliculus

Superior medullary velum

Superior cerebellar peduncle

Middle cerebellar peduncle

Inferior cerebellar peduncle

Gracile tubercle
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The fiber bundle associated with the hippocampal for-
mation is the fornix, which is situated just inferior to the
corpus callosum (Fig. 1-3). The fiber system associated
with the amygdala is the stria terminalis and is just
ventromedial to the tail of the caudate nucleus (Fig. 1-8).
The trajectory of the stria terminalis is parallel to that of
the tail of the caudate nucleus. Both fiber bundles ulti-
mately terminate within different regions of the hypotha-
lamus (see Chapters 13, 24, and 25). Other components of
the limbic system include the cingulate gyrus, the prefron-
tal cortex, and the septal area.

TOPOGRAPHY OF THE CEREBELLUM
AND BRAINSTEM

Cerebellum

The cerebellum plays a vital role in the integration, regula-
tion, and coordination of motor processes. Damage to this
region can result in loss of balance, loss of coordinated
movements, hypotonia, and errors in movement when

Fastigial nucleus Deep
Interposed nucleus cerebellar

Dentate nucleus nuclei

FIGURE 1-9 Cerebellum and
brainstem. (A) Dorsal view of the
cerebellum indicating the posi-
tions of the anterior, posterior,and
flocculonodular lobes and the
midline region called the vermis.
(B) Dorsal view of the brainstem
after removal of the cerebellum.
The connections of the cerebel-
lum to the brainstem are indicated
by the presence of the inferior,
middle, and superior cerebellar
peduncles.

Floor of 4th ventricle
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attempting to produce a specific response. It is attached to
the brainstem by the cerebellar peduncles, three pairs of
massive fiber bundles. One pair, the superior cerebellar
peduncle, is attached rostrally to the upper pons. Another
pair, the inferior cerebellar peduncle, is attached to the dor-
solateral surface of the upper medulla. The third pair, the
middle cerebellar peduncle, is attached to the lateral aspect
of the pons (Fig. 1-9B).

The cerebellum (see Chapter 21) contains bilaterally
symmetrical hemispheres that are continuous with a mid-
line structure, the vermis. The hemispheres are divided into
three sections. The anterior lobe is located towards the
midbrain. Extending posterior-inferiorly from the anterior
lobe is the posterior lobe, the largest lobe of the cerebellum.
The flocculonodular lobe, the smallest of the three lobes, is
situated most inferiorly and is somewhat concealed by the
posterior lobe. It is important to note that each of these
lobes receives different kinds of inputs from the periphery
and specific regions of the CNS. For example, the floccu-
lonodular lobe primarily receives vestibular inputs, the
anterior lobe receives inputs mainly from the spinal cord,
and the posterior lobe is a major recipient of cortical
inputs.

Brainstem

Dorsal View of the Brainstem

Two pairs of protuberances at the level of the midbrain
can be seen on the dorsal surface of the brainstem
(Fig. 1-9B). The superior colliculus is more rostrally posi-
tioned and is associated with visual functions; the more

Abducens nerve

FIGURE1-10 Ventral view of the brainstem. Note the positions of
the cerebral peduncle; basilar part of the pons; pyramid; pyrami-
dal decussation (situated immediately rostral to the cervical spi-
nal cord); inferior olivary nucleus, which lies lateral to the pyramid;
and root fibers of cranial nerves.

Oculomotor nerve

decussation

Ventral root C1

caudally positioned inferior colliculus is associated with
auditory processing. The dorsal surface of the pons and
medulla form the floor of the fourth ventricle (Fig. 1-9B).
The walls of the ventricle are formed by the superior
cerebellar peduncle, and the roof of the fourth ventricle is
formed by the superior medullary velum, which is attached
to the superior cerebellar peduncle on each side.

In the caudal half of the medulla is the end of the fourth
ventricle, the position at which the ventricle becomes
progressively narrower and ultimately continuous with the
central canal that continues into and throughout the spi-
nal cord. The position at which the fourth ventricle emp-
ties into the central canal is the obex. The part of the
medulla that contains the fourth ventricle is the open
medulla, and the part that contains the central canal is
the closed medulla. On the dorsal surface of the caudal
medulla are two protuberances, the gracile and cuneate
tubercles (cuneate tubercle is situated immediately lat-
eral to gracile tubercle but is not labeled in Figure 1-9).
These contain relay and integrating neurons associated
with ascending sensory fibers from the periphery to the
medulla.

Ventral View of the Brainstem

Crus Cerebri. A massive fiber bundle passes from the cerebral
hemispheres into lower regions of the brainstem and spinal
cord at the level of the midbrain (Fig. 1-10). This fiber
bundle is the crus cerebri, part of the descending complex
of motor pathways that communicates signals from the
cerebral cortex to the brainstem and spinal cord.

Crus cerebri

Trochlear nerve
Pons

Trigeminal nerve

Facial nerve

Pyramidal
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Pons and Medulla. The pons has two parts: a dorsal half, the
tegmentum, and a ventral half, the basilar pons. The basi-
lar region forms the anterior bulge of the pons seen on a
ventral view of the gross brain (Fig. 1-10). The tegmentum
can only be seen on horizontal or cross sections of the
brainstem (see Chapter 11). Several protuberances sepa-
rated by a narrow fissure can be detected at the level of the
medulla. Starting from the medial aspect, one protuber-
ance, which passes in a rostral-caudal direction along the
base of the brain, is called the pyramid. The axons con-
tained within the pyramid originate in the cerebral cortex
and thus represent a continuation of many of the same
fiber bundles that contribute to the internal capsule and
parts of the cerebral peduncle at the levels of the cerebral
hemispheres and midbrain, respectively. In this manner,
the pyramid serves as the conduit by which cortical signals
pass to all levels of the spinal cord for the regulation of
motor functions.

The pyramid can be followed caudally from the pons
through most of the medulla. At the caudal end of the
medulla, near its juncture with the spinal cord, the pyra-
mid can no longer be easily seen from a ventral view. This

@ Clinical Case

The following clinical case is intended to illustrate some of the basic
neuroanatomical concepts presented in this chapter. You are not expected to
diagnose the patient’s condition or suggest any therapy or medical steps to be
taken. Rather, we hope that this case and those that follow will demonstrate the
very real clinical relevance of basic neuroscience information.

History

Saul is a 75-year-old man who recently learned from his internist that he had an
irreqular heartbeat. He was prescribed medication to requlate his heart rate and
asked to return in a few days, but he was too frightened to fill the prescription or
return for the appointment. One morning, 3 weeks after seeing his physician, he
awoke and, upon attempting to get out of bed, was unable to move his left arm
and leg. Using his right hand, he dialed 911. When the operator answered, he
attempted to explain his problem, but his speech was so slurred that the operator
could not understand him.The operator told him to remain on the line so that the
call could be traced.An ambulance arrived shortly afterward,and Saul was taken
to the nearest emergency room (ER).

Examination

The ER staff noted Saul'sirreqular heartbeat. A neurologist arrived and confirmed
that, although Saul’s speech was quite slurred, much like that of an inebriated
person, his sentences were grammatically correct and everything he attempted
to say made logical sense. His blood alcohol level was 0.0. He could follow three-
step commands and repeat statements, despite his slurred speech.When he tried
to smile, his mouth drooped on the left side. But when he wrinkled his eyebrows,
his forehead remained symmetric. His left arm was completely paralyzed, but he
was able to wiggle his left leg minimally. Saul was admitted to the intensive care
unit for treatment.

Section ] GROSS ANATOMY OF THE BRAIN

is because most of the fibers contained within the pyramid
pass in a dorsolateral course from the lower medulla to the
contralateral side through a commissure, the pyramidal
decussation. This pathway, referred to as the lateral corti-
cospinal tract, descends to all levels of spinal cord (see
Chapters 10 and 19). The pyramidal (motor) decussation
is more clearly visible from a cross-sectional view of the
caudal medulla. A small sulcus separates the pyramid from
a more lateral protuberance, the olive. The olive is formed
by the inferior olivary nucleus, a large nuclear mass
present in the rostral half of the medulla (Fig. 1-10). The
olive represents an important relay nucleus of the spinal
cord and regions of the brainstem to the cerebellum.

Other important features of the ventral surface of the
brainstem are the roots of the cranial nerves; they will
be discussed in detail in Chapter 14. These cranial
nerves include the oculomotor (cranial nerve [CN] III)
and trochlear (CN IV) nerves at the level of the mid-
brain; trigeminal (CN V), abducens (CN VI), and facial
(CN VII) nerves at the level of the pons; and nerves
VIII, IX, X, and XII at the level of the medulla (not
labeled in Fig. 1-10).

Explanation

Saul’s abnormal heartbeat is called atrial fibrillation, a rhythm characterized by
irregularity and, typically, rapidity. It can cause strokes by dislodging small clots
from the heart and causing them to travel as emboli to the cerebral blood vessels,
causing occlusion.

Saul's condition is an example of a right frontal lobe cortical stroke involving
the precentral gyrus or the primary motor cortex. The motor problems, including
the slurred speech and arm and leg weakness, occurred because of involvement
of these areas. This region is functionally organized as a homunculus, with
representation of each region of the body in specific locations. The effects can be
attributed mainly to occlusion of the middle cerebral artery (a branch of the
internal carotid artery and a common location for emboli) because this artery
subserves most of the affected region. However, the superior portion of this
region is partially within the territory of the anterior cerebral artery. Clinically,
this is demonstrated by the fact that the patient’s leg is somewhat involved but
not as extensively as his arm. Although there is weakness of the lower two thirds
of the face, the forehead is not involved because of bilateral cortical innervation
of this region. Because the majority of people are right-handed with left-sided
cerebral dominance (the side where language originates), Saul's language
disturbance is solely motor, and he is able to follow commands and construct
sentences. Saul was transferred from the ER to another section of the hospital.
After remaining in the hospital for approximately 4 weeks, he was sent to a
nearby rehabilitation facility where he was able to regain most of his basic motor
functions, including speech.
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Questions

Choose the best answer for each question.

Questions 1 and 2

A 79-year-old woman is admitted to the emergency room after
she was found unconscious in her apartment. After she
regained consciousness, a neurologic examination indicated
that she suffered a stroke with paralysis of the right arm and leg
as well as loss of speech.

1. The most likely region affected by the stroke that could
account for limb paralysis is:
a. Prefrontal cortex
b. Precentral gyrus
c. Postcentral gyrus
d. Superior temporal gyrus
e. Parietal lobe

2. The loss of speech in this patient was due mainly to damage
of the:
a. Superior frontal cortex
b. Inferior temporal gyrus
c. Inferior frontal gyrus
d. Occipital cortex
e. Medial aspect of parietal cortex

3. During routine surgery for appendicitis, a clot is released
from the lung of a 75-year-old man, causing the patient to
remain unconscious for a period of 1 week.Upon regaining
consciousness, the patient finds that he is unable to main-
tain his balance and, further, displays tremors while attempt-
ing to produce a purposeful movement. In addition, the
patient’s movements are not smooth but jerky and lack
coordination.The region affected most likely include the:
a. Spinal cord
b. Medulla
c. Pons
d. Midbrain
e. Cerebellum

4. A magnetic resonance image scan taken of a 60-year-old
woman revealed the presence of a tumor on the base of the
brain that was situated just anterior to the pituitary and that
impinged upon the adjoining neural tissue. A likely deficit
resulting from this tumor includes:

a. Loss of movement of upper limbs
b. Speech impairment

c. Difficulties in breathing

d. Changes in emotionality

e. Loss of ability to experience pain

5. A 45-year-old man complained about having recurring
headaches over a period of weeks. Subsequent tests
revealed the presence of a tumor along the lateral wall of
the anterior horn of the lateral ventricle, which did not pro-
duce hydrocephalus. One region that would be directly
affected by the tumor is the:

a. Caudate nucleus
b. Putamen

c. Globus pallidus
d. Hippocampus
e. Cingulate gyrus

Answers and Explanations
1. Answer:b

The primary motor cortex is located in the precentral gyrus,
which is organized somatotopically. The functions of the
upper and lower limbs are represented in different regions
along the precentral gyrus.The postcentral gyrus represents
a primary somesthetic receiving area for pain, temperature,
pressure, kinesthetic, and tactile impulses from the periph-
ery. Although the superior frontal gyrus contains certain
groups of neurons (the supplementary and premotor motor
areas) that also contribute to motor functions, it is not a pri-
mary motor area. The superior parietal lobule is associated
with sensory discrimination processes and with the pro-
gramming of signals to the premotor cortex. The posterior
parietal cortex represents a region of sensorimotor integra-
tion and the organization of complex response patterns.

. Answer:c

The posterior aspect of the inferior frontal gyrus contains a
region called “Broca’s motor speech” area. Lesions affecting
this region produce motor aphasia, which is characterized
by a loss of ability to express thoughts in a meaningful man-
ner. The superior aspect of the frontal cortex is associated
with movements of the lower limbs, the inferior temporal
gyrus is associated with perceptual functions, the occipital
cortex is associated with vision, and the medial aspect of
the parietal lobe is associated with somatosensory func-
tions involving the leg.

. Answer:e

Although the spinal cord, medulla, pons, and midbrain play
important roles in motor functions, the primary functions of
the cerebellum include regulation of motor functions.Dam-
age to parts of this structure causes a loss of balance, loss of
coordination of movements, and tremors. Unlike the cere-
bellum, none of the other regions has a direct role in the
regulation of these processes.

. Answer:d

The optic nerve enters the brain at the level of the far ante-
rior hypothalamus. Tumors of this region of the base of the
brain commonly affect the hypothalamus, which plays an
important role in the regulation of emotional behavior and
autonomic functions. Such tumors would also likely affect
visual functions. Movements of the limbs are affected by
lesions of the internal capsule or precentral gyrus; speech
impairment is affected by damage to the inferior frontal or
superior temporal gyrus; breathing is affected by the lower
brainstem; and pain is affected by parts of the brainstem,
thalamus, and postcentral gyrus.

. Answer:a

The head of the caudate nucleus is located adjacent to the
lateral aspect of the anterior horn of the lateral ventricle.
Therefore, a tumor in this region would include the head of
the caudate nucleus. The putamen and globus pallidus lie
lateral to the caudate nucleus at a position away from the
lateral ventricle, the hippocampus lies adjacent to the infe-
rior horn of the lateral ventricle,and the cingulate gyrus lies
above the corpus callosum in a position not in proximity to
the lateral ventricle.
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Brain Region

CHAPTER SUMMARY TABLE

Structure

General Functions

Overview of the Major Structures of the Brain and Their Functions

Associated Disorder(s)

Cerebral Cortex

Frontal lobe

Parietal lobe

Temporal lobe

Occipital lobe

Precentral gyrus

Premotor region

Frontal eye fields

Prefrontal cortex

Broca’s motor
speech area

Postcentral gyrus

Wernicke's area

Superior parietal
lobule

Superior temporal
gyrus

Middle temporal
gyrus

Inferior temporal
gyrus

Upper and lower
banks of calcarine
sulcus

Voluntary movement of mus-
cles of body and head region

Aids and integrates voluntary

movements of body

Controls voluntary horizontal
movement of the eyes

Intellectual functions; affective
processes

Regulates motor aspects of
speech

Conscious perception of som-
esthetic sensation

Receptive integration of
speech

Integration of sensory and
motor functions; programming
mechanism for motor
responses

Auditory perception

Detection of moving objects

Recognition of faces

Visual perception

Loss of voluntary movement of
body and head region

Apraxia (loss of ability to carry out
complex movements of body and
head)

Loss of voluntary control of hori-
zontal eye movement (i.e., eyes
cannot deviate to side opposite
lesion)

Intellectual and emotional impair-
ment

Motor aphasia

Loss of somatosensory perception

Receptive aphasia

Posterior parietal syndrome; sen-
sory neglect; apraxia

Loss of auditory perception

Loss of movement detection

Loss of facial recognition

Partial or total loss of vision of the
contralateral visual fields for both
eyes, depending upon the extent
of the lesion in the visual cortex

Deep Brain Structures

Ventricles of the
brain

Basal ganglia

Lateral, third,and

fourth ventricles and

cerebral aqueduct

Caudate nucleus,
putamen, globus
pallidus, subtha-
lamic nucleus, sub-
stantia nigra

Flow of CSF throughout the
CNS:a source of electrolytes
and conduit of neuroactive and
metabolic products

Regulation of motor functions
associated with cerebral cortex

Hydrocephalus

Dyskinesia




tal area, cingulate
gyrus, prefrontal
cortex

tional behavior; short-term
memory

affective processes; loss of short-
term memory
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r a
Brain Region Structure General Functions Associated Disorder(s)
Diencephalon
Thalamus Thalamic nuclei Transmission of signals from Disruption and possible loss of
other regions of the CNS to the sensory, motor, and other functions
cerebral cortex mediating sen-
sory, motor, cognitive, and
affective (emotional) functions
Hypothalamus Hypothalamic nuclei Visceral (feeding, drinking, Disruption, loss, or alterations in
autonomic, and endocrine visceral and affective functions and
functions and sexual and emo- processes
tional
behavior)
Limbic Hippocampal forma- Modulation of hypothalamic Temporal lobe epilepsy; loss of
structures tion, amygdala, sep- functions; regulation of emo- control of emotions and related

Cerebellum and Brainstem

\.

Cerebellum: anterior,
posterior, and flocc-
ulonodular lobes

Midbrain

Pons

Medulla

Integration of motor functions
related to all regions of the CNS
associated with motor and
related processes

Transmission and regulation of
sensory, motor,and autonomic
functions (cranial nerves lll and
V)

Transmission and regulation of
sensory, motor,and autonomic
functions (cranial nervesV, VI,
and VII)

Transmission and regulation of
sensory, motor,and autonomic
functions (cranial nerves VIII, IX,
X, XI1)

CNS = central nervous system; CFS = cerebrospinal fluid.

Loss of balance; ataxia; hypotonia;
loss of coordination; disorders of
movement when intentionally
attempting to produce a purpose-
ful response

Sensory, motor,and autonomic
deficits as well as deficits associ-
ated with cranial nerves lll and IV

Sensory, motor,and autonomic
deficits as well as deficits associ-
ated with cranial nerves V,Vl,and
VI

Sensory, motor,and autonomic
deficits, including respiration, as
well as deficits associated with cra-
nial nerves VIII, 1X, X, and XIlI
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CHAPTER OUTLINE

* EARLY ASPECTS OF DEVELOPMENT
* MORPHOGENESIS OF THE CENTRAL NERVOUS SYSTEM

The Spinal Cord
The Brain
Myelencephalon (Medulla)
Metencephalon
Pons
Cerebellum
Mesencephalon (Midbrain)
Prosencephalon (Forebrain)
Diencephalon
Telencephalon
Basal Ganglia
Internal Capsule
Hippocampal Formation and Related Structures
Commissures
Myelination in the Central Nervous System
ABNORMALITIES IN DEVELOPMENT OF THE NERVOUS
SYSTEM
Spina Bifida
Syringo(hydro)myelia
Tethered Cord
Encephalocele
Dandy-Walker Syndrome
Anencephaly
MECHANISMS UNDERLYING NEURAL DEVELOPMENT
Signal Induction and Neural Cell Differentiation
Neuronal Generation and Cell Death
Factors Affecting Formation and Survival of Neurons
How Axons are Directed to Their Targets and Synapses are
Formed: Neurochemical Specificity
CLINICAL CASE
History
Examination
Explanation

opment of
ervous System

* CHAPTERTEST

Questions
Answers and Explanations

OBJECTIVES

In this chapter, the student is expected to know:

1.

The early aspects of brain development,
including the formation of the primary brain
vesicles.

2. How the spinal cord and brainstem are formed.

3. Where sensory, motor, and autonomic struc-

tures of the spinal cord and brainstem are
situated relative to one another.

The gross organization of the cerebellum and
how it is formed.

How forebrain structures, such as the dienceph-
alon, basal ganglia, and limbic system, are
formed.

How the ventricular system of the brain is
formed and organized.

How congenital malformations associated with
abnormal development may occur.
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formed by the third week of fetal life (Fig. 2-1A). The neu-
ral plate continues to thicken over the following week and
expands laterally. As it expands, the faster growing lateral
edges of the plate accumulate in a dorsal position as neural
folds (Fig. 2-1B). As this plate grows and widens, it forms
a shallow groove along its longitudinal axis known as the
neural groove (Fig. 2-1B). The posterior end of the neural
plate, which is narrower than the anterior end, will ulti-
mately become the spinal cord, whereas the broader,
anterior end will become the brain. As this plate grows

Neural groove

Neural fold

O—— Notocord

Neural groove
Neural crest

Neural fold

Fusion of new
neural fold

.4
(o] J,/é/\'\
Autonomic

® @ ganglion cells
Adrenal >"@/<
medullary x
cells

W

Schwann cells

([ J o0 Section] GROSS ANATOMY OF THE BRAIN
The nervous system develops from ectoderm, the surface
layer of embryonic tissue. By the third to fourth week of
embryonic development, the notochord, of mesodermal
origin, induces the development of the neural plate
(Fig. 2-1A). By the third to fourth week of embryonic
development, there is a high rate of cell proliferation. As
such, the anterior part of the notochord (of mesodermal
origin) begins to thicken, and, thus, the neural plate is
—
Neural plate
A
e Neural groove
B
Anterior
{ neuropore
Neural tube
Posterior
c neuropore
Brain
Somites
Spinal cord
D Melanocytes
FIGURE 2-1

Dorsal root ganglion cells
Cranial nerve sensory cells

Early embryonic development of the central nervous system. Panels A-D depict early development (at the third and fourth weeks of gesta-

tion) in which the neural plate (A), neural groove (B), and neural tube (C) are formed from the dorsal surface of the embryo. The left side of each panel
depicts the developing embryo in a dorsal view, and the right side shows cross sections through the nervous system cut at the levels indicated by the
arrows. Note also the cells formed from differentiated cells of the neural crest (D). (See text for details.)
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and widens, the neural groove becomes deeper. In the
process of its forming and deepening, some of the cells
located in the lateral margin of the neural groove separate
and migrate to a dorsal position to become the neural crest
(Fig. 2-1B). As the embryo grows, the neural folds
fuse along the midline, thus forming a neural tube
(Fig. 2-1C).

Neural crest cells will differentiate into separate groups
of neurons (Fig. 2-1D). One group differentiates into sen-
sory neurons of cranial nerve (CN) ganglia (components
of CN 'V, VII, IX, and X of the head region) and into the
dorsal root ganglia (components of the body). A second
group will differentiate into the autonomic ganglion cells
(postganglionic neurons of the paravertebral and prever-
tebral ganglia of the sympathetic nervous system as well as

Stage: 3 vesicle

Prosencephalon
(forebrain)
Mesencephalon
(midbrain)
Rhombencephalon
(hindbrain)
—+— Spinal cord
J
A

Pontine flexure

Cephalic flexure
Mesencephalon (midbrain)

Diencephalon

Telencephalon
(cerebral hemispheres)
Optic vesicle

(o

Prosencephalon —

postganglionic neurons of the parasympathetic nervous
system that are located in visceral organs; see Chapter 22).
Other neural crest cells will become chromaffin cells (of
the adrenal medulla), Schwann cells (that are critical for
the formation of myelin in peripheral nerves), and melano-
cytes. In addition, groups of mesodermal cells located
alongside the neural tube, called somites, will develop into
skeletal muscle, vertebrae, and the dermal layer of the skin
(Fig. 2-1D).

The anterior aspect of the neural plate develops sub-
divisions, which will initially form three brain vesicles
and, ultimately, five brain vesicles. The three brain vesi-
cles include the prosencephalon, mesencephalon, and
rhombencephalon; caudal to these vesicles are cells from
which the spinal cord will develop (Fig. 2-2A). The five

Stage: 5 vesicle

Telencephalon
(cerebral hemispheres)

Optic vesicle

Di hal
Mesencephalon 1encepnalon

(midbrain)
Pons (metencephalon)
Medulla (myelencephalon)
—— Spinal cord
B

Metencephalon (pons)

Myelencephalon (medulla)

Cervical flexure

Spinal cord

FIGURE2-2  Formation of the vesicles of the brain. The figures depict the division of the forebrain vesicle into three (A) and five (B) vesicle stages to form
the telencephalon and diencephalon (from the prosencephalon) as well as the formation of the midbrain and the metencephalon and myelencephalon
(from the hindbrain). These illustrations are dorsal views of the neural tube at the two different stages in which the flexures are not shown. Panel C depicts
these stages in a lateral view. The flexures result from the proliferation of cells in the cerebral hemispheres and brainstem in the cranium, which is some-

what restricted in size. (See text for details.)
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vesicles derived from these vesicles are as follows: the
rostral prosencephalon (forebrain), which will later
become the telencephalon and diencephalon, including
the cells that will develop into the retina; the mesen-
cephalon, which will form the midbrain; and the caudal
rhombencephalon (hindbrain), which will later form
the metencephalon (pons) and myelencephalon
(medulla) (Fig. 2-2B). When depicted in a lateral view,
the flexures associated with each vesicle can be seen
(Fig. 2-2C).

MORPHOGENESIS OF THE CENTRAL
NERVOUS SYSTEM

See summary in Table 2-1.

The Spinal Cord

The neural tube (spinal cord) consists of three layers: an
inner layer called the ventricular layer, which is in con-
tact with the cavity of the neural tube; an intermediate
layer called the mantle layer; and an outer layer called the
marginal layer (Fig. 2-3A). The ventricular zone is the
major proliferative layer and also the first layer of the form-
ing neural tube to appear. The second layer to form is the
marginal layer, followed by the mantle layer. Early in
development, the wall of the neural canal becomes thick-
ened, in part, by the formation of young or immature neu-
rons that have yet to completely differentiated (sometimes
called neurocytes) in the mantle layer. Because this layer
contains the primary cell bodies of neurons, it will ulti-
mately become the gray matter of the spinal cord. Axons
associated with cells in the mantle layer will grow into the
marginal layer.

The neural tube undergoes additional differentiation
that can best be viewed in neural tube cross sections. Dur-
ing proliferation of immature neural cells, a pair of grooves
appears at approximately the midpoints along the lateral

Section ] GROSS ANATOMY OF THE BRAIN

margin of the neural canal. This groove, the sulcus limi-
tans (Fig. 2-3A), is an important anatomical landmark
with respect to later development of functional regions of
the central nervous system (CNS). In essence, neural cells
(neurocytes) accumulate in several locations in relation
to the sulcus limitans. Neurocytes migrating dorsal to the
sulcus limitans form the alar plate, whereas those migrat-
ing ventral to the sulcus limitans form the basal plate
(Fig. 2-3A). Moreover, the developing cells that lie in an
intermediate position adjacent to the sulcus limitans will
become autonomic neurons. Thus, the alar and basal plates
form the walls of the neural canal. The cells that lie along
the dorsal midline are referred to as the roof plate, and
cells that lie along the midline of the ventral aspect of the
neural canal are known as the floor plate (Fig. 2-3A).
The cells in the alar plate and the basal plate will contrib-
ute to sensory pathways and motor pathways, respectively
(Fig. 2-3B).

The direction in which axons in the neural tube travel
depends on the specific location of these cells within the
mantle layer. Axons generally situated more ventrally
within the mantle layer (i.e., the basal plate) will invade
adjacent segments (called somites) that will constitute dif-
ferent regions of the body. They will become functionally
linked by nerve fibers from the mantle layer that will form
the ventral root of the spinal cord (Fig. 2-3C). In so doing,
these axons will develop into the motor neurons of the
nervous system. Axons are initially found in the marginal
layer growing toward rostral or caudal levels of the spinal
cord or toward the brain. Some of the axons arise from
spinal cord neuronal cell bodies in the gray matter; some
arise from dorsal root ganglion cells, whose axons form the
dorsal root; and, a little later, some will descend from the
brain (Fig. 2-3C). Axons added rapidly during develop-
ment become the characteristic outer white matter of the
spinal cord (Fig. 2-3C). The developing spinal nerves con-
tain the following functional components: general somatic
afferent (GSA), general somatic efferent (GSE), general

TABLE 2-1 Differentiation of the Neural Tube During Its Development

Rhombencephalon (Hindbrain),
Myelencephalon (Medulla), and
Metencephalon (Pons and Cerebellum)

Embryonic Derivative ~ Spinal Cord

Prosencephalon (Forebrain)
(Diencephalon and

Mesencephalon (Midbrain) Telencephalon)

Roof plate Region of posterior median Superior medullary velum Commissures of the superior Choroid tela and choroid plexus of
septum and inferior colliculi the lateral and third ventricles
Alar plate Dorsal gray columns Sensory nuclei of CN'V,VIL, VIII, IX, X; Superior and inferior colliculi, It has been suggested that
cerebellum, deep pontine nuclei, inferior  red nucleus, substantia nigra, ~ diencephalon (thalamus and
olivary nucleus, mesencephalic nucleus ~ main sensory nucleus (C(NV);  hypothalamus) telencephalic
(CNV [but displaced to midbrain]) some nuclei of reticular structures are derived from alar
formation? plate, but derivation is still
unclear at this time
Basal plate Ventral gray columns; nucleus  Motor nuclei of CN V, VI, VII, IX, X, XII; Motor nuclei of (N I1I, IV; nuclei  —
of (N XI nuclei of reticular formation of reticular formation
Floor plate Region of ventral median — — —

fissure
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Dorsal root ~ Roof plate
Alar plate
Mantle layer Marginal layer
Sulcus limitans
Ventricular layer Basal plate
Floor plate

A

White matter

C Gray matter

Dorsal horn

Sensory
—— pathway

\

> Motor

B Ventral horn pathway

Dorsal root

Dorsal root
ganglion

Spinal nerve

Ventral root

FIGURE2-3 Development of the spinal cord: (A) early stage of development; (B) intermediate stage of development; and (C) late stage of development.
Note also the positions of the alar, basal, and roof and floor plates as shown in panel A and the structures derived from them shown in panels B and C.

(See text for details.)

visceral efferent (GVE), and general visceral afferent
(GVA) neurons. GSA neurons include those that trans-
mit sensory impulses from the periphery to the brain. They
transmit such information as changes in temperature, nox-
ious stimulation, touch, pressure, and information involv-
ing proprioceptors (i.e., stretch of a muscle, tendon, or
bodily position). GSE fibers transmit signals from the CNS
to skeletal muscle. GVE fibers, which originate close to
the sulcus limitans, transmit autonomic signals from the
CNS to smooth muscle and glands. GVA fibers originate
from visceral structures and provide the CNS with infor-
mation concerning their status.

An important feature in the development of the spinal
cord relates to the relative differences in the rates of growth
of the spinal cord in comparison to the vertebral column.
Although the growth rates for both during the first
3 months are approximately equivalent, there is a change
in the succeeding 4 months. Specifically, during this latter
period, the growth rate of the vertebral column is consid-
erably more rapid than that of the spinal cord. Because of
the differential rates of growth, at birth, the spinal cord
does not fill the entire extent of the neural canal but,
instead, reaches only as far as the third lumbar vertebra;
the spinal cord reaches the second lumbar vertebra in the
adult. This differential rate of growth also alters the orien-
tation of nerve fibers that exit from the spinal cord.
Whereas nerve fibers that arise from more rostral levels of
the spinal cord exit at approximately right angles, those
exiting from more caudal levels become elongated and are
oriented much more ventrally (see Chapter 9, Fig. 9-2).

The Brain
Myelencephalon (Medulla)

Recall that the alar and basal plates of the mantle layer,
which are separated by a shallow groove, the sulcus limi-
tans, form the walls of the neural canal of the developing
nervous system. Although the size of the neural canal
remains relatively small in the developing spinal cord, this
is not the case for the brainstem. In the part of the devel-
oping brainstem that contains the fourth ventricle, the
roof plate expands greatly so that the alar plate becomes
located lateral to the basal plate (Fig. 2-4, A and B).
Based on the previous discussion, we can say that struc-
tures associated with motor functions tend to lie medial to
structures associated with sensory functions. More precisely,
the motor and sensory neurons are arranged in columns
that are oriented in a medial-to-lateral fashion. The fol-
lowing descriptions illustrate this organization. Cranial
nerve motor nuclei, which supply neurons to skeletal mus-
cles of somite origin such as the hypoglossal nucleus, are
classified as GSE fibers and lie near the midline (Fig. 2-4C).
Cranial nerve motor nuclei, such as CN IX (glossopharyn-
geal) and CN X (vagus), also supply axons that innervate
skeletal muscle derived from the pharyngeal arches. They
lie in a column situated relatively more laterally but, nev-
ertheless, medial to sensory neurons. Such neurons are
classified as special visceral efferent (SVE) neurons.
Like the developing spinal cord, structures that mediate
autonomic functions develop from neurocytes situated
close to the sulcus limitans. Here, neurons that mediate
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4th ventricle

Alar plate
Sulcus limitans \’ l
Sulcus limitans \‘ . Alar plate
Basal plate
A B Basal plate
Cerbellum Sulcus limitans
-‘
'
QO (A
CNV, VI 2 SINAE Q SSA, GSA
CN VI, IX, X GVA, SVA
CNV, VI, IX, X (> " GVE
CN VI, XII ' SVE
GSE
(o3
Cerebellar
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FIGURE2-4 Development of the brainstem. Panels A-C depict the development of the lower brainstem. The nuclear organization is transformed from
the dorsal-to-ventral orientation in the spinal cord to a medial-to-lateral orientation shown in panels B and C. Panel C depicts how cranial nerve nuclei are
organized in the brainstem in terms of their medial-to-lateral position. Here, it can be seen that motor nuclei (GSE, SVE) are situated medial to the sulcus
limitans, sensory nuclei (SSA, GSA) are located lateral to the sulcus limitans, and autonomic nuclei (GVA, SVA, GVE) are found in the region adjoining the
sulcus limitans. Panels D and E depict development of cerebellum. Note the development and formation of the cerebellum from the rhombic lips that

become fused at the midline. (See text for details.)

autonomic functions are located in the general position
between sensory and somatic motor structures. This col-
umn contains neurons that innervate visceral organs and
glands and include components of CN VII (meten-
cephalon; see next section), IX, and X (myelencephalon).
These neurons are classified as GVE neurons.
Immediately lateral to the sulcus limitans lies the next
column, which includes a class of sensory neurons classi-
fied as GVA and special visceral afferent (SVA) neurons.
GVA neurons are associated with autonomic functions
(such as baroreceptors, which sense changes in blood pres-
sure and heartrate) and receive visceral afferent information
from CN IX and X associated with such processes as

changes in blood pressure and functions of the body
viscera. SVA neurons are concerned with components of
CN VI, IX, and X that receive information from periph-
eral chemoreceptors (i.e., receptors that respond to
changes in the chemical milieu of their environment).
Sensory functions that involve mainly sensory compo-
nents of the trigeminal nerve lie in a column positioned
further laterally within the medulla and are classified as
GSA neurons. The sensory column located most laterally
concerns neurons that are associated with special senses.
Within the brainstem, these include auditory and vestibu-
lar nuclei of CN VIII and are classified as special sensory
afferent (SSA) neurons. A more detailed analysis of the
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structure and functions of cranial nerves is discussed in
Chapter 14.

The size of the neural canal has now expanded greatly
and will become the fourth ventricle (Fig. 2-4D). The
roof plate also shows great expansion, as if it were stretched
in a lateral plane to a position where it becomes connected
with the lateral aspect of the alar plate. Only the floor
plate remains relatively fixed in its original position.

The walls of the cavity that will become the fourth
ventricle include mesenchymal tissue that will become
highly vascular. This tissue will become attached to the
ependymal wall of the ventricle and will generate pia
mater as well. This vascular tissue will also become rela-
tively pronounced along the central portion of the roof of
the ventricle where it invaginates into the developing
ventricle and will become the choroid plexus. During
later periods of development (i.e., months 4 and 5), a pair
of foramina develops along the roof of the ventricle. The
foramina come to be situated laterally and are called the
lateral apertures or foramina of Luschka. Another
foramen becomes situated medially and is called the
median aperture or foramen of Magendie.

The marginal layer of the developing myelencephalon,
like that of the spinal cord, contains considerable amounts
of white matter. In particular, on the ventral aspect of the
medulla, one can identify large groups of axons that arise
from prominent cells of the cerebral cortex, called pyram-
idal cells, which are distributed to regions throughout the
brainstem and spinal cord. At the level of the medulla,
these nerve fibers are referred to as the pyramids. The lat-
eral aspect of the medulla also contains fibers that are part
of the marginal layer and, to some extent, represent an
extension of the fibers contained in the marginal layer of
the spinal cord. Thus, this aspect of the marginal layer
contains such ascending systems from the spinal cord as
the spinocerebellar and spinothalamic pathways.

Metencephalon

The metencephalon consists of two principal components:
the pons and cerebellum. The pons contains two basic
divisions: a dorsal region called the tegmentum, which is
an extension of the myelencephalon, and a ventral region
called the basilar pons.

Pons. With respect to the tegmentum, the same principle
applies to this region that was described earlier in attempt-
ing to understand the organization of the medulla. In gen-
eral, developing neurons that lie within the basal plate
tend to form the medial half of the tegmentum, whereas
neurons that are part of the alar plate are more or less dis-
tributed throughout more lateral aspects of the tegmen-
tum. In this manner, motor neurons, such as the nuclei of
CN VI (GSE) and CN VII and V (SVE), are situated
along a diagonal plane relatively medial to the planes in
which sensory neurons, such as the lateral and superior
vestibular nuclei or the spinal, main sensory, or mesen-
cephalic nuclei of CN V (GSA), are located. Addition-
ally, autonomic nuclei of the pons (i.e., GVE neurons of
CN VII) tend to lie in a diagonal plane somewhat

interposed between the planes containing sensory and
somatic motor neurons (Fig. 2-4C).

The basilar portion of the pons (Fig. 2-4D) is derived
mainly from neurons migrating from the alar plate. The
neurocytes that are found in this region give rise to axons
that grow in a transverse direction, ultimately extending
beyond the body of the pons to form a major peduncle of
the cerebellum called the middle cerebellar peduncle.
This pathway then becomes a major route by which infor-
mation from the pons can enter the cerebellum. Other
fiber bundles contained within the basilar portion of the
pons include descending axons that originate from the cer-
ebral cortex and that are destined to supply nuclei of the
lower brainstem and spinal cord. Therefore, these neurons
evolve as part of the development of the cerebral cortex,
which is described later in this chapter.

Cerebellum. The cerebellum is derived from the dorsal
aspect of the alar plate. Cells from the alar plate migrate
further laterally and dorsally until they become situated
dorsal and lateral to the lateral walls and lateral aspect of
the roof of the developing fourth ventricle, respectively
(Fig. 2-4D). As the medial aspect of the developing roof
bends further medially, it thins out to form a narrow roof
plate of the ventricle. This transitional region is referred to
as the rhombic lips (Fig. 2-4D). As the rhombic lips prolif-
erate, they extend over the roof plate, and cells from each
side of the developing brain begin to approach each other.
After 3 months of development, these groups of cells ulti-
mately merge and fuse (Fig. 2-4E). The cells formed in the
central region are referred to as the vermis, and those in
the lateral region constitute the cerebellar hemispheres.
The vermal region will display little additional growth;
whereas, in contrast, the hemispheres will continue to
expand considerably. At approximately the fourth month
of development, fissures begin to develop with respect to
the anterior lobe of cerebellum, and, by the seventh
month, other aspects of the cerebellar hemispheres are
apparent.

Cellular development of the cerebellum occurs in a
variety of ways. Some cell types, such as those found near
the surface of the developing cerebellar cortex, migrate
inward to form a granule cell layer. Purkinje cells, which
also appear quite early, contribute to the development of
the cerebellar cortex by forming a distinctive layer called
the Purkinje cell layer just superficial to the granule cell
layer. The outer layer contains mainly the axons of gran-
ule cells and the apical dendrites of Purkinje cells which
extend vertically toward the surface of the cortex. These
axons are called parallel fibers because they run parallel
to the cortical surface. They remain in the superficial sur-
face region of the cortex, in contrast to their cell bodies,
which have migrated inward. Because of the paucity of
cell bodies and the extensive presence of fibers near the
cortical surface, this layer is called the molecular layer.
The neurons of the cerebellar cortex do not project out of
the cerebellum. However, several of these cells can con-
tact other cells, which show little migration from their
original positions and remain close to the fourth ventricle.
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Deep cerebellar nuclei give rise to axons which project
out of the cerebellum by growing into portions of the
brainstem and forebrain. For example, neurons of the
developing dentate and interposed nuclei grow within a
fiber bundle that later in development is called the supe-
rior cerebellar peduncle. This growth is directed toward
the midbrain where fibers of the interposed nuclei reach
the red nucleus (involved in motor functions); other fib-
ers originating from the dentate nucleus extend beyond
the midbrain into the lateral thalamus (see Chapters 13
and 26). Other fibers originating from the fastigial nucleus
display a different trajectory in their growth patterns.
Axons of these cells emerge from the cerebellum in bun-
dles that pass close to the inferior cerebellar peduncle and
reach the lower brainstem where they make synaptic con-
nections with neurons of the reticular formation and ves-
tibular nuclei of the pons and medulla.

Mesencephalon (Midbrain)

The midbrain can be divided into three general regions: a
tectal region, located dorsally; a tegmentum, which is a
continuation of the tegmentum of the pons and medulla
and is located in an intermediate position; and a peduncu-
lar region, which is located in a ventral position (see
Chapter 12).

The cavity of the midbrain vesicle, in contrast to the
large size of the fourth ventricle found at the level of the
upper medulla and pons, will continue to remain narrow
and constitute a channel by which cerebrospinal fluid
(CSF) can flow from the forebrain into the fourth ventri-
cle. It is referred to as the Aqueduct of Sylvius (cerebral
aqueduct).

Neurocytes developing from the basal plate at this level
will differentiate into motor neurons (i.e., GSE) of CN III
(oculomotor) and IV (trochlear) and parts of the tegmen-
tum. Axons of CN III are directed in a ventral direction
where they exit the brain in a medial position from its ven-
tral surface. However, axons associated with CN IV emerge
from the brain on its dorsal surface and completely cross
within the superior medullary velum, exiting the brain
just inferior to the inferior colliculus. Other developing
neurons from the basal plate will differentiate into para-
sympathetic nuclei of CN III (i.e., GVE). These neurons
will serve as an important mechanism for reflexes involv-
ing both pupillary constriction and the accommodation
reaction.

Neurocytes developing from the alar plate will differen-
tiate into neurons of the tectum, which consists of both
the superior and inferior colliculi. These neurons are asso-
ciated with sensory processes; the superior colliculus is
linked to the regulation of eye movements, and the infe-
rior colliculus constitutes a relay in the ascending auditory
pathway. Other neurocytes from the alar plate will differ-
entiate into the mesencephalic nucleus of CN V and,
possibly, into the substantia nigra and red nucleus.

The peduncular region of the midbrain is derived from
the marginal layer of the basal plate and consists of fibers
that arise from the cerebral cortex and descend caudally to
the midbrain, pons, medulla, and spinal cord.
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Prosencephalon (Forebrain)

At approximately the fourth or fifth week of development,
the most rostral of the primary brain vesicles, the prosen-
cephalon (forebrain), begins to display selective changes.
One change includes the formation of an optic vesicle at a
ventral aspect of the anterior forebrain. The optic vesicle
expands outward toward the overlying ectoderm, while its
connection to the forebrain (called the optic stalk)
becomes constricted. The fiber bundles thus formed are
called the optic nerves anterior to the optic chiasm,
whereas their continuation posterior to the chiasm is
called the optic tract, which terminates in the dien-
cephalon. The optic vesicle contributes to inductive inter-
actions upon the overlying surface ectoderm to produce
the lens placode, which will form the lens of the eye. The
part of the forebrain that lies rostral to the optic vesicle
will become the telencephalon (see Fig. 2-2C). In particu-
lar, the portion of the telencephalon that lies in a lateral
position will form the cerebral hemispheres. The remain-
ing part, which lies in a medial position, will become the
diencephalon.

Diencephalon. The diencephalon appears as swellings of the
lateral aspect of the neural canal. In this region, the canal
originally had a large lumen. The lumen is diminished
with the emergence of the swellings forming the thalamus,
dorsally, and hypothalamus, ventrally (Fig. 2-5). The deri-
vation of the diencephalon is somewhat controversial.
However, it has been suggested that it develops mainly
from the alar plate because the basal plate appears to be
absent in this region. Likewise, the diencephalon does not
appear to contain a floor plate but does retain a roof plate,
which differentiates into the choroid plexus after becom-
ing attached to the pia mater.

The thalamus displays the greatest amount of growth
and becomes the largest component of the diencephalon.
The cells will differentiate into many cell groups, forming
the varied nuclei of the thalamus. In fact, the rapid growth
of the thalamus is such that a small bridge is often formed
between the two sides called the massa intermedia (or
interthalamic adhesion) (Fig. 2-5D).

As the walls of the third ventricle expand ventrally, they
do so to a much smaller extent than at dorsal levels. This
region will become the hypothalamus and will contain a
smaller number of anatomically well-defined nuclei than
the thalamus does. However, other structures will become
associated with the hypothalamus. These structures include
the optic chiasm, which is formed at a rostral level of the
hypothalamus and is the product of the growth of retinal
fibers; rounded bodies called the mammillary bodies; the
tuber cinereum; and the infundibulum (infundibular
stalk), all of which are located on the ventral surface of the
hypothalamus (see Chapter 24). The infundibulum gives
rise to a pituitary stalk and neural hypophysis (posterior
lobe of pituitary). The anterior lobe of the pituitary is
derived from an ectodermal diverticulum called Rathke’s
pouch, which is in contact with the infundibulum. Rathke’s
pouch ultimately develops into the anterior lobe of pitui-
tary (adenohypophysis). The rostral limit of the third
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FIGURE 2-5

Development of the forebrain. (A-D) Medial views of four different stages of development of the cerebral hemispheres and their fusion with

the diencephalon. Note the C-shaped arrangement of the telencephalic structures, including the hippocampus and fornix as well as the basal ganglia
complex formed later in development. (E and F) Cross-sectional diagram taken from levels indicated in panels A and D illustrating how the cerebral
hemispheres are formed at different stages of development. Note that, as shown in panel F, the choroid plexus develops from the roof of the ventricles.

ventricle is formed by the lamina terminalis, in front of
which lies the telencephalon.

Telencephalon. After the growth of the telencephalic vesicles
of the telencephalon from the dorsal aspect of the fore-
brain, primitive sac-like structures form within each cere-
bral hemisphere in the developing brain. These structures
will become the lateral ventricles, which are continuous
with the third ventricle through a small channel known as
the interventricular foramen (of Monro) (Fig. 2-5B).

The cerebral cortex is formed by the continued growth
of the cerebral hemispheres in both anterior and dorsal
directions during the third and fourth months of develop-
ment (see Fig. 2-2B). The anterior and dorsal expansion
results in the formation of the frontal lobe. Expansion lat-
erally and dorsally results in development of the parietal
lobe, and growth in a posterior and ventral direction results
in the development of the temporal and occipital lobes. As
immature neurons within the cortex begin to differentiate,
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they form different cell groups. Much of the cerebral cor-
tex contains six histologically distinct layers, which are
present in higher vertebrates; this form of cortex is referred
to as neocortex. One cell type that is formed, the pyrami-
dal cell, gives rise to axons that will grow out into other
regions of cortex and form the internal capsule (see discus-
sion in “Internal Capsule” section). Thus, this cell type
constitutes the principal means by which the cerebral cor-
tex communicates with other regions of the CNS; includ-
ing the spinal cord. Other cell types are also formed; the
most common is the granule cell, which receives input
principally from different regions of the thalamus.

As the cerebral hemispheres display growth in rostral
and dorsal directions, the roof plate becomes fused with the
pia mater, which contains tissue of vascular mesodermal ori-
gin to form the choroid plexus of the lateral ventricle (Fig.
2-5F). With continued growth, the choroid plexus becomes
most extensive within the lateral ventricles. As the cerebral
hemispheres continue to expand, the lateral ventricles also
appear to be carried along with them, thus contributing to
their continued growth and elongation.

Basal Ganglia. Major components of the basal ganglia, which
include the caudate nucleus, putamen, and globus pal-
lidus, are formed when immature neurons within the floor
of the telencephalon and situated lateral to the interven-
tricular foramen begin to proliferate. With continued
growth of the basal ganglia, differentiation is noted. One
group of cells, the caudate nucleus, comes to occupy a dor-
somedial position. A second group of cells arise from the
same general region but migrate ventrally to form the amy-
gdaloid complex (see Chapter 1). Other groups of cells, the
lentiform or lenticular nucleus (i.e., putamen and globus
pallidus), display considerable growth and development
and are displaced in a ventrolateral position relative to that
of the caudate nucleus. The putamen assumes a position
directly lateral to that of the globus pallidus (Fig. 2-5F).

The main body of the caudate nucleus (i.e., the region
that will become the head and body of the caudate nucleus)
displays little change from its original position, whereas
the posterior aspect (i.e., the part that will become the tail
of the caudate nucleus) becomes elongated by virtue of the
growth of the hemisphere. The resulting effect is that the
tail of the caudate follows the growth pattern of the lateral
ventricle, which, in turn, is directed by the rapid growth of
the cerebral hemispheres relative to that of the dien-
cephalon. In this manner, the tail of the caudate is first
pulled backward toward the occipital pole, then down-
ward, and, finally, somewhat anteriorly together with the
inferior horn of the lateral ventricle. The trajectories of
both structures, therefore, basically follow the contour of
the posterior aspect of the thalamus.

Internal Capsule. Neurons associated with the cerebral cor-
tex give rise to axons that are directed caudally to the
basal ganglia, thalamus, brainstem, and spinal cord.
These developing neurons form the internal capsule and
pass between the thalamus and the lentiform nucleus
(i-e., globus pallidus and putamen [Fig. 2-5F]). Neurons
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associated with much of the frontal lobe contribute to
the formation of the anterior limb of the internal cap-
sule. Neurons located in portions of the cortical region
that will develop into the precentral and postcentral gyri
as well as other parts of the parietal lobe contribute to
the formation of the posterior limb of the internal cap-
sule. Those fibers situated in the temporal lobe are called
the sublenticular component of the internal capsule. In
addition, the internal capsule is also formed by fibers
arising in the thalamus that grow toward the cerebral
cortex and innervate different regions of the cortex.

Hippocampal Formation and Related Structures. The hippocampal
formation (archipallium) arises from the medial surface
of the telencephalic vesicle. The entorhinal and pyriform
cortices (paleopallium) arise from the ventral surface of
the telencephalon and are further directed in a ventrome-
dial direction where they become situated on the medial
and ventral surfaces of the temporal lobe adjacent to the
hippocampal formation in which the entorhinal cortex
lies caudal to the pyriform cortex (Fig. 2-5B). With the
growth of the temporal neocortex, the hippocampal for-
mation is pulled in a caudal direction that follows the
course of the inferior horn of the lateral ventricle. Axons
of the hippocampal formation form a major pathway
called the fornix that is directed in a dorsomedial direc-
tion to the level of the anterior commissure, at which
point it then passes downward and caudally until it makes
contact with hypothalamic nuclei (Fig. 2-5D). The ante-
rior aspect of the forebrain becomes enlarged to form
structures directly associated with olfactory functions,
which include the olfactory bulb and a region located
near the ventral surface of the anterior aspect of the fore-
brain called the olfactory tubercle and (Fig. 2-5B).

Commissures. Several prominent commissures can be iden-
tified within the forebrain. These include the corpus cal-
losum (Fig. 2-5C), anterior commissure (Fig. 2-5D), and
the posterior commissure (Fig. 2-5D). The corpus callo-
sum is the largest and most extensive of the commissures.
It grows out of the dorsal aspect of the lamina terminalis
and extends caudally beyond the level of the posterior
aspect of the thalamus. The corpus callosum arises from
pyramidal cells of the cerebral cortex and extensively con-
nects homotypical regions of both sides of the brain.

The anterior commissure passes through the lamina ter-
minalis and provides a connection between the temporal
lobes, olfactory cortices, and olfactory bulbs on both sides
of the brain. The posterior commissure is located on the
border between the midbrain and diencephalon. The pos-
terior commissure is located on the border between the
midbrain and diencephalon and connects the pretectal
area and neighboring nuclei on both sides of the rostral
midbrain.

Myelination in the Central Nervous System

Myelination within the CNS is essential for efficient
and rapid transmission of signals. It begins at approxi-
mately the fourth month of fetal development at cervical
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levels of the spinal cord. But myelination within the
spinal cord is not completed until after the first year of
birth. In the brain, myelination begins at approximately
the 6th month of gestation and is generally limited to
the region of the basal ganglia. This is followed by myeli-
nation of ascending fiber systems, which extends into
the postnatal period. Surprisingly, much of the brain
remains unmyelinated at birth. For example, the corti-
cospinal tract begins to become myelinated by the 6th
month after birth and requires several years for myelina-
tion to be completed. Other regions of the brain may not
be fully myelinated until the beginning of the second
decade of life.

ABNORMALITIES IN DEVELOPMENT
OF THE NERVOUS SYSTEM

Spina Bifida

Spina bifida, called myeloschisis, occurs when the poste-
rior neuropore fails to close. It is manifested by a failure of
the vertebral canal to close, and spina bifida follows. Two
types of spina bifida have been described: spina bifida
occulta and spina bifida aperta (also called spina bifida
cystica). Spina bifida occulta represents a simple defect of
mesodermal origin in which one or more vertebrae fails to
close (Fig. 2-6B). With this type of spina bifida, there is no
involvement of the meninges or the underlying spinal
cord, and the overlying skin is closed. As a result, there
may be improper development of the spinal cord, which
can be detected by radiography. In general, there are few

Spinal cord

Transverse
process

FIGURE 2-6 Examples of abnormalities in the
development of the brain and spinal cord.
(A) The normal arrangement of the vertebra
and associated spinal cord. (B) Figure illustrates
a given vertebra and the neural tube where the
posterior arch failed to close. It is an example of
spina bifida occulta. It is characterized by the
absence of the vertebral lamina at a particular
level or levels, the effect of which is to allow the
meninges to be exposed. (C) An example of an
encephalocele, a defect in the cranium in which
there is an occipital herniation, causing a
protrusion, in this case, of the meninges alone.

neurologic symptoms associated with this disorder except
if there is bony compression of the exposed area of spinal
cord or if there are fat deposits that form in the exposed
region.

Spina bifida aperta involves the protrusion of either the
meninges alone (called a meningocele) or spinal cord
together with the meninges (called a meningomyelocele).

A meningocele is a condition that typically involves
the lumbar and sacral portions of the spinal cord and is
covered by the meninges and by overlying skin. There is
little evidence of motor or sensory deficits, although
this disorder may produce defects in the development of
the vertebral column and lower aspect of the spinal cord
(called myelodysplasia).

A meningomyelocele involves herniation of the spinal
cord (or brainstem) and adjoining meninges through the
defect in the vertebral column. This condition, which is
much more common than meningocele, is not limited to a
specific region of spinal cord. In fact, not only can it affect
any of the regions of spinal cord, but it can also involve the
brainstem. A meningomyelocele produces much more
severe deficits than does a meningocele. In particular, it
may produce symptoms characteristic of a partial or total
transection of the cord, especially if it involves the cervi-
cal region. It may also involve hydrocephalus and its asso-
ciated sensory, motor, and autonomic deficits.

A related disorder involving the brainstem and cerebel-
lum is called the Arnold-Chiari malformation. Because
the vertebral column grows faster than the spinal cord, the
cerebellum and parts of the medulla are displaced and,
consequently, pulled through the foramen magnum. This
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effect will block the flow of CSF that normally passes from
the roof of the fourth ventricle to the cisterns, causing
hydrocephalus (see Chapter 3 for description of CSF flow)
and even syringomyelia (see next section).

Syringo(hydro)myelia

A developmental abnormality in the formation of the cen-
tral canal is called syringo(hydro)myelia. In this condi-
tion, there is a cavitation filled with CSF in the region of
the central canal, which damages the crossing fibers of the
spinothalamic tract, the net effect of which is to cause seg-
mental loss of pain and temperature (see Chapter 9). Clin-
ically, children with this anomaly have motor dysfunction
from interruption of the corticospinal tract, which travels
through the spinal cord. A full diagnosis is often made by
magnetic resonance imaging (MRI) of the lower spine.
These children are typically treated with surgical closure

of the defect.

Tethered Cord

Tethered cord involves the anchoring of the lowest part of
the spinal cord to the sacrum. The malformation can result
in sensory and motor deficits of the lower extremities as
well as bladder difficulties, back pain, and scoliosis.

Encephalocele

Encephalocele, which constitutes a failure of portions of
the anterior neuropore to close, is manifested by the pro-
trusion of a sac from the cranium consisting of portions of
the meninges and CSE glial tissue, and brain substance
with or without the ventricles. This anomaly is rarely an
isolated occurrence and is usually associated with abnor-
malities of the cerebral hemispheres, cerebellum, and mid-
brain. Similar malformations have been produced in
animals experimentally from exposure to teratogens
(a drug or agent taken by the mother during pregnancy
that causes an abnormality in development) during early
gestation. Clinical findings are variable and depend upon
the extent and location of the sac; however, mental retar-
dation and corticospinal tract dysfunction (such as weak-
ness) are two of the most commonly encountered problems
among children with this anomaly. Figure 2-6C depicts
an example of an occipital encephalocele.

Cerebral malformations may also result in neonatal and
infantile seizures, although many other factors may con-
tribute to infantile seizures, such as metabolic disorders,
hypocalcemia, and injury in delivery. Seizures can be
treated with antiepileptic drugs, but this approach can be
a problem if the seizures are not associated with electroen-
cephalographic discharges.

Neutral tube defects can be detected by several methods,
including ultrasound examination and amniocentesis.
Amniocentesis is a procedure based on the assumption that
a-fetoprotein, a principal component of fetal serum, leaks
out into the amniotic fluid when the neural tube is not
closed. This leakage results in significantly elevated levels
of this protein, which enables its detection.
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Dandy-Walker Syndrome

Dandy-Walker syndrome appears to involve the congeni-
tal absence of the lateral apertures (of Luschka) and the
median aperture (of Magendie), which, through lack of
communication with the remainder of the ventricular sys-
tem, can be one cause of hydrocephalus. As a result of this
malformation, there is a partial or complete agenesis of the
cerebellar vermis, in addition to cystic dilation of the pos-
terior fossa communicating with the fourth ventricle.
Other malformations may be found in approximately 68%
of patients, the most common of which is the absence of a
corpus callosum. There is a mnemonic for remembering
the components of this syndrome: Dandy-Walker Syn-
drome: Dilated fourth ventricle, Water on the brain, small ver-
mis (see also the explanations of the questions in Chapter
3 for hydrocephalus).

Clinically, the most common problem seen with this
defect is macrocephaly, or an enlarged cranium. Other
problems those with this syndrome may have include vom-
iting, headaches, delayed acquisition of motor skills,
breathing problems, truncal ataxia (a lack of coordination
in the trunk), and cranial nerve problems. All of these
symptoms and signs are a result of hydrocephalus, com-
pression of portions of the posterior fossa, and absence of
the cerebellar vermis. A definitive diagnosis is made with
the use of a computed tomography (CT) scan or an MRI
of the head. This condition may also be treated with sur-
gery, which may include decompression of the cyst and the
insertion of a shunt, which serves to redirect the CSF from
the brain to another part of the body better able to absorb
it, such as the peritoneum.

Anencephaly

Anencephaly consists of partial or complete absence of
the brain with associated defects of the cranial vault and
scalp. It occurs as a result of a severe failure of the ante-
rior neuropore to close at the 21st to 26th day of gesta-
tion. Portions of the cranial bones may be absent, and
the exposed tissue underneath becomes a fibrous mass
containing degenerated neural and glial tissue. The cer-
ebellum, brainstem, and spinal cord may be present but
are often small and malformed. The eyes are well devel-
oped, but the optic nerves are usually absent. In addi-
tion, the pituitary gland and adrenal glands may be small
or absent. Commonly, the arms are relatively large
compared to the legs. This anomaly is not compatible
with life.

MECHANISMS UNDERLYING NEURAL
DEVELOPMENT

In discussing the development of the nervous system, it is
useful to consider the mechanisms that govern such events
as induction of differentiation of cells, neuronal genera-
tion and cell death, how neurons are guided to their respec-
tive targets, and how synapses are formed. Each of these
mechanisms is briefly reviewed here.
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Signal Induction and Neural Cell Differentiation

How a cell differentiates depends upon its position in the
embryo where it can be exposed to specific inductive sig-
nals, the type of transcription factors present in the cell,
and the types of receptors and molecules present in the
cell. Ectodermal tissue (from which neural tissue ema-
nates) undergoes neural differentiation. Differentiation of
neural plate cells is directly determined by the presence of
organizer proteins, such as follistatin, noggin, and chordin,
which block the suppressive effects of bone morphogenetic
protein and which lead to the expression of transcription
factors in the developing cells.

How the cells develop after neural induction is
dependent upon their positions along the medial-to-
lateral axis, which ultimately is transformed into a
dorsal-to-ventral axis, and an anterior-to-posterior axis.
The positions along these axes determine the specialized
properties of these cells, which, in turn, control their sig-
naling characteristics and, thus, provide the patterning
mechanism for the arrangement of cells in the future spi-
nal cord, brainstem, and forebrain. In this manner, cells
of mesodermal origin determine the fate of neural cells
in the ventral aspect of the neural plate, whereas non-
neural cells of ectodermal origin determine the fate of
cells that lie in its dorsal aspect. Such a mechanism
would explain why cells in the dorsal aspect of the neural
plate form neural crest cells and sensory neurons, whereas
cells in the ventral aspect form motor neurons.

Cells in the notochord induce a protein called sonic
hedgehog, which, in turn, induces differentiation in floor
plate cells, ventral motor neurons, and interneurons. Inter-
actions between sonic hedgehog and the receptor complex
in cells lead to regulation of several protein kinases, causing
activation of a series of transcription factors, in which the
specific concentration of sonic hedgehog differentially affect
induction of motor neurons, floor plate cells and interneu-
rons. In development of the brainstem, a series of swellings
appear along the neural tube. These swellings are referred to
as rhombomeres. These rhombomeres contain neurons
(sensory and motor) that innervate the various branchial
arches. One class of genes called the Hox genes are expressed
in different domains along the anterior— posterior axis of
the developing brainstem and can be identified in different
rhombomeres. It is likely that the Hox gene is regulated by
other transcription factors as well as by cells in the organizer
region of mesodermal tissue, thus governing the degree to
which differentiation will take place in the brainstem and
forebrain as well as the anatomical positions that specific
types of neurons will occupy within these regions.

Neuronal Generation and Cell Death

The process of the cell becoming a neuron presumably
involves a variety of complex transcription factors as well as
the presence and interaction of a host of proteins that serve
signaling and modulating functions, in part, by extending
over the cell surface and which are encoded by the genes
notch and delta. With respect to these two proteins, notch

serves as a receptor for delta, which functions as a ligand.
Delta can produce significant activation of notch activity,
which can prevent the cell from becoming a neuron. In
contrast, if notch activation is low, then the likelihood of
that cell becoming a neuron is increased. This is an impor-
tant process because the embryonic nervous system has the
potential for generating too many neurons.

Factors Affecting Formation and Survival of Neurons

1. Bone morphogenic protein. This protein controls
induction in the neural tube.

2. Timing associated with migration of neurons. Devel-
opment of such zones as the cerebral and cerebellar cor-
tices where the particular cell layer in either of these
cortices to which a neuron will migrate is dependent
upon the time at which migration begins.

3. Influence of signals from neuronal target. When axon
terminals make contact with their target, these con-
tacts determine not only the nature of the neurotrans-
mitter of the presynaptic neuron, but they also have an
important impact on its survivability. Neurotrophic
factors, such as nerve growth factor, bind with and
interact to several classes of receptors. These include
tyrosine kinases as well as lower affinity receptors in
which intracellular signals are transmitted through
transduction pathways dependent upon membrane lip-
ids. When neurotrophic factors (also called neuro-
trophins) are eliminated, cell death often ensues. This
process is called apoptosis and involves shrinkage and
fragmentation into membrane-bound bodies and
phagocytosis of the cell. It appears that apoptosis is trig-
gered by an active biochemical process involving tran-
scription of a variety of genes and that the presence of
a neurotrophic factor blocks the activation of the bio-
chemical process, leading to apoptosis.

How Axons are Directed to Their Targets and
Synapses are Formed: Neurochemical Specificity

There is neurochemical specificity of the developing axon
and its target structure. The way in which the growing
axon can sense cues is via a specialized expanded structure
at the end of the growing axon called a growth cone. The
growth cone is capable of converting these cues into sig-
nals that direct and control the cytoskeleton of the axon,
thus directing the extent of its growth and directionality.
The sensory properties of the growth cone are generated
by many filament-like extensions called filopodia, which
contain receptors. When these receptors are activated by
environmental cues, they direct the growing axon by
causing it to keep moving forward, turn, or withdraw. In
addition to the mechanism described above, a second
mechanism is also possible. Growth cones may come in
contact with specific molecules that are present either on
the cell surface or in an extracellular matrix, which is
composed of substances generated by cells but that are not
connected to cells. Concerning the molecules present on
the cell surface, one class consists of glycoproteins called
cadherins, which are calcium dependent. The cadherin
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molecules are present on both the growth cone and cell
surface, thus enabling two identical molecules to recognize
and bind to each other. A second group of molecules pro-
moting adhesion include immunoglobulin molecules,
which are not calcium dependent. As immunoglobulin
molecules of the same kind may bind to each other, differ-
ent classes of molecules may also bind to one another. The
extracellular matrix contains a number of different classes
of molecules such as collagen, fibronectin, and laminin.
Because the growth cone contains receptors called
integrins, which bind to these molecules, the binding
process sets off a series of events in the axon that directs its
growth. The directionality taken by an axon can also be
influenced by inhibitory signals. Such inhibitory signals,
which serve to prevent the growth of axons, may be situ-
ated on either the cell surface or in the extracellular matrix.
One class of such inhibiting molecules is called sema-
phorins, and the receptors for this class are immunoglobu-
lins. Collectively, the actions of both the positive responses
of the growth cone to environmental cues as well as the
reaction of the axon to inhibitory signals ultimately deter-
mine the extent of growth and directionality of the grow-
ing axon.

Our best understanding of how synapses are formed is
derived from studies involving the neuromuscular junc-
tion. The critical event in synapse formation takes place
when the growth cone of the axon makes contact with the
developing muscle fiber. This contact initiates the process
of synapse formation as both presynaptic and postsynaptic
differentiation takes place. The growth cone is transformed
into a nerve terminal, and the region of the muscle receiv-
ing contact from the nerve terminal (i.e., postsynaptic
site) begins to develop specialized properties. Two key

@ Clinical Case

History

Jimmy is a 4-month-old infant who was the product of a normal, full-term
pregnancy. His parents thought that his health was fine until he developed spells
upon awakening from sleep. These spells consisted of sudden, bilateral
contractions of the muscles of the neck, trunk, and limbs occurring in clusters
every 20 seconds for periods of 20 to 30 minutes. Each contraction lasted only a
second or two and was often followed by a tonic contraction. The contractions
involved flexion of the head, trunk, and limbs. He often cried between spells,and
his parents noted some abnormal eye movements at these times as well.

Examination

The pediatric neurologist reviewed videotape of the spells and examined the
infant. Jimmy had just recently begun to smile, and his motor tone was diffusely
somewhat diminished. An electroencephalogram (EEG) showed an irregular
pattern of high-voltage slow waves and epileptiform spikes (hypsarrhythmia).
A magnetic resonance imaging scan of Jimmy’s brain showed several areas of
ectopic cortical tissue in the superficial white matter of the left frontal lobe. His
doctor started him on corticosteroids (to reduce possible brain swelling), and the
episodes stopped.
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features should be noted here. The first is that this process
results in the activation of genes encoding acetylcholine
receptor subunits. The second is that the motor neuron
synthesizes a protein called agrin, which is transported
down the axon where it binds to the postsynaptic receptor.
The importance of agrin in the formation of the neuromus-
cular junction has been shown in experiments that dem-
onstrated a marked decrease in the number of the
neuromuscular junctions in agrin-deficient mice or when
antibodies against agrin are introduced into the nerve-
muscle preparation. It has been suggested that a receptor
tyrosine kinase (called muscle-specific kinase) may serve
as the key receptor for agrin. Because agrin does not bind
directly to muscle-specific kinase, it is likely that a second
cytoplasmic protein subunit called rapsyn is required for
muscle-specific kinase to be effective and for signaling in
the process of differentiation of the neuromuscular
junction. In the developing neuromuscular junction, one
additional feature should be indicated, namely, that the
presynaptic neuron secretes a transmembrane protein
called neuregulin. Neuregulin increases or stimulates the
synthesis in the expression of the acetylcholine receptor in
the muscle and, in this manner, contributes to the spe-
cialization of the postsynaptic receptor.

During development, synapses are continuously elimi-
nated. It has been suggested that reduction in input from
the presynaptic neuron may be the basis for this phenom-
enon in which the presynaptic neuron is actually retracted
from its connection with the postsynaptic neuron. The
most likely effect of synapse elimination would appear to
be changes in the extent of convergence as well as diver-
gence of neuronal inputs onto postsynaptic neurons in the

CNS.

Explanation

The spells described are examples of infantile spasms, a type of seizure, typically
first manifesting between the fourth and seventh month of life. They often occur
in clusters and are abrupt contractions of the neck, trunk, and limb muscles. The
most common type is flexor spasms, often called “Salaam spasms.” Infantile
spasms are most commonly seen as either part of a syndrome called West
Syndrome or a triad of infantile spasms, mental retardation,and a chaotic pattern
seen on the EEG called hypsarrhythmia. Infantile spasms are caused by many
different problems including neonatal infections, anoxic-ischemic insults
surrounding birth, cerebral malformations, diffuse brain damage, metabolic
problems, and genetic problems. Developmental delay often accompanies the
presence of infantile spasms.

A gray matter heterotopia is a type of migrational disorder where cells of the
gray matter fail to reach their destination. This may be caused by a variety of
toxic, metabolic, and infectious disorders. Migrational disorders may occur any
time from the second month of gestation until the postnatal period.
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\
Questions

Choose the best answer for each question.

Questions 1 and 2

Examination of a 2-month-old infant revealed that the anterior
neuropore had failed to close. Later on, a number of severe
deficits appeared.

1. The most likely deficits to be expected include:
a. Loss of spinal reflexes
b. Difficulty in swallowing
c. Mental retardation
d. Loss of tactile sensation
e. Cardiovascular abnormalities

2. Astheinfant grows into childhood, the most likely region of
the central nervous system to be affected is the:
a. Hypothalamus
b. Pontine tegmentum
c. Medulla
d. Cerebral cortex
e. Globus pallidus

3. Ayoung child is brought to the hospital for evaluation after
displaying a series of major problems,including an enlarged
cranium, cerebellar damage, headaches, vomiting, an inabil-
ity to learn and maintain acquisition of motor skills,and lack
of coordination of the trunk. This disorder can best be
described as:

a. Meningomyelocele

b. Dandy-Walker syndrome
c. Anencephaly

d. Spina bifida

e. Tethered cord

4. During prenatal development, an abnormality occurs in
which the neural crest cells fail to migrate properly. As a
result, a number of different types of cells fail to develop,
whereas others are preserved. Among the cell types listed
below, which one would be preserved?

a. Dorsal root ganglion

b. Autonomic ganglion cells
¢. Chromaffin cells

d. Ventral horn cells

e. Schwann cells

5. The hypoglossal nucleus is derived from the:
a. Roof plate
b. Floor plate
c. Alar plate
d. Basal plate
e. Neural crest cells

Answers and Explanations
1.and 2. Answers: 1-c, 2-d

Failure of the anterior neuropore to close results in protru-
sion of the meninges, cerebrospinal fluid, glia, and related
brain tissue. This deficit is associated with considerable
damage to the cerebral hemispheres, cerebellum, and mid-
brain. Damage to the cerebral hemispheres will invariably
lead to mental retardation. The other choices for question
1 involve functions associated with structures linked to the
lower brainstem or spinal cord. Concerning question 2, the
cerebral cortex is the structure primarily affected by this
disorder, whereas the other choices for that question appear
to show little or no damage.

. Answer:b

The symptoms described in this question are characteristic
of the Dandy-Walker syndrome, which involves primarily
hydrocephalus with loss of the cerebellar vermis. Recall
again the mnemonic for the components of this syndrome:
Dilated fourth ventricle, Water on the brain, Small vermis.
The other choices involve developmental disorders, which
affect the cerebral cortex and other regions of the brain
(meningomyelocele and anencephaly), spinal cord, or sen-
sory and motor deficits of the lower extremities (spina bifida
and tethered cord); none of these other disorders would
produce the symptoms described in this question.

. Answer:d

The neural crest is formed from cells associated with the
neural folds that become separated from the neural tube on
its dorsal aspect.Dorsal root ganglion cells,autonomic gan-
glion cells, chromaffin cells, and Schwann cells are derived
from the neural crest. Because neural crest cells become
separated from the neural tube, those cells developing from
the walls of the neural tube that include the alar, basal,and
floor plates have no relationship with neural crest cells. The
ventral horn cells are derived from the basal plate.

. Answer:d

In the medulla, the brain tissue situated medial to the sulcus
limitans is derived from the basal plate. The cranial nerve
nuclei in this region relate to motor functions and include
such motor nuclei as those of CN XlI (hypoglossal nucleus),
CN X, and CN IX (nucleus ambiguus). Cranial nerve nuclei
situated lateral to the sulcus limitans relate to sensory func-
tions. The roof and floor plates do not give rise to cranial
nerve nuclei. The neural crest cells give rise to autonomic
ganglia, cranial nerve sensory ganglia, Schwann cells, and
cells of the suprarenal medulla.
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Abnormality

Spina bifida occulta

Meningocele

Meningomyelocele

Hydrocephalus

Syringomyelia

Tethered cord

Encephalocele

Dandy-Walker
syndrome

Anencephaly

CHAPTER SUMMARY TABLE

Abnormalities in Development of the Nervous System

Description

Failure of posterior neuropore
(vertebral column) to close

Herniation of meninges with-
out herniation of neural tissue

Herniation of both meninges
and neural tissue (i.e., spinal
cord or brainstem) through
defect in vertebral column

Obstructive (e.g.,aqueduct ste-
nosis); communicating (e.g.,
choroid plexus papilloma)

Cavitation around the central
canal of spinal cord, which is
filled with cerebrospinal fluid

Anchoring of lowest part of
spinal cord to sacrum

Portions of anterior neuropore
fail to close

Congenital absence of lateral
(foramen of Luschka) and
medial (foramen of Magendie)
apertures

Failure of closure of the ante-
rior neuropore

Deficits

Bony defect; few neurological signs

Usually involves sacral and lumbar portions of spinal cord;
few sensory or motor deficits although deficits in develop-
ment of vertebral column may occur

Spinal cord: spina bifida aperta can result in significant sen-
sory and motor deficits of spinal cord; Brainstem: Arnold-
Chiari malformation, in which parts of medulla are pulled
through foramen magnum, can result in hydrocephalus,
major sensory and motor dysfunction, and loss of bladder
control

Associated with a variety of abnormalities described in this
table (e.g., Arnold-Chiari malformation, encephalocele,
Dandy-Walker syndrome) can result in a wide variety of
disorders affecting sensory and motor systems, mental
retardation, and epilepsy

Can result in segmental loss of pain and temperature, bilat-
erally

Some sensory and motor deficits of lower extremities, back
pain, and bladder difficulties

Seizures, mental retardation, weakness of motor functions
due to dysfunction of corticospinal tract

Macrocephaly (enlarged cranium), agenesis of cerebellar
vermis, hydrocephalus, vomiting, headaches, delayed
acquisition of motor skills, breathing problems

Partial or complete absence of brain; this condition is not
compatible with life
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OBJECTIVES

In this chapter, the student should learn:

absorption of CSF.
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THE MENINGES

The tissues comprising the brain and spinal cord are very
delicate and require special protection. This is provided by
the bony cranial vault, the bony vertebral canal, and the
meninges. The cranial cavity is generally divided into three
regions known as the anterior, middle, and posterior fossae,
which house the anterior frontal lobe, the temporal lobe,
and the cerebellum and brain stem, respectively. Within
the cranial cavity, the brain is surrounded by meninges.
The meninges consist of three layers of connective tissue
membranes (dura, arachnoid, and pia mater). The arach-
noid and pia are known as the leptomeninges (“lepto”
means thin and fine in Greek). There are several differ-
ences in the meninges covering the brain and spinal cord,
and, accordingly, they are discussed separately. The menin-
ges consist of fibroblasts and collagen fibrils. The amount of
collagen varies in different meningeal layers. For example,
the dura mater contains copious amounts of collagen fibrils,
whereas the arachnoid mater has no collagen.

COVERINGS OF THE BRAIN

Dura Mater

The cranial dura mater (Fig. 3-1) is a tough, fibrous mem-
brane consisting of two connective tissue layers: an exter-
nal periosteal layer and an inner meningeal layer. These
two layers are fused together except where the dural venous
sinuses are located (e.g., superior sagittal sinus). The peri-
osteal layer of the dura mater adheres to the inner surface
of the skull bone and is highly vascular and innervated.
There is no space between the dura and the cranium
(Fig. 3-1B). Thus, the cranial epidural space is a potential
space that becomes filled with a fluid only in pathological
conditions. The cranial epidural space (when present) is
located between the periosteal layer of the dura and the
cranium. The meningeal layer of the dura is smooth and
avascular and is lined by mesothelium (a single layer of
squamous-like, flattened cells) on its inner surface. At the
foramen magnum (a large opening at the base of the
occipital bone through which the medulla is continuous
with the spinal cord), the meningeal layer of the cranial
dura joins the spinal dura.

Sheet-like processes, called septa, extend from the
meningeal layer of the dura deep into the cranial cavity,
forming freely communicating compartments. The func-
tion of these septa is to reduce or prevent displacement of
the brain when the head moves. One of the septa, the falx
cerebri, is vertically oriented, divides the cranium into two
lateral compartments, and separates the two cerebral hem-
ispheres. The tentorium cerebelli is attached dorsally to
the falx cerebri in the midline and posteriorly to the ridges
of the occipital bone. Its rostral edge is free and forms the
boundary of the tentorial notch through which the mid-
brain traverses. The tentorium cerebelli forms a tent-like
roof over the posterior cranial fossa. The occipital lobes lie
on the dorsal surface of the tentorium cerebelli, whereas
the dorsal surface of the cerebellum lies inferior to it. The
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falx cerebelli consists of a vertically oriented triangular
projection into the posterior fossa. It partially separates the
cerebellar hemispheres located in the posterior fossa.

The anterior part of the dura is supplied by the anterior
meningeal arteries (which arise from the anterior ethmoi-
dal branches of the ophthalmic arteries), the posterior part
is supplied by the branches of the vertebral and occipital
arteries, and the lateral aspect is supplied by the middle
meningeal artery and its branches. Some of the branches
of these vessels supply bones of the scalp. As a result of
severe head injury, these vessels may become damaged,
leading to a hematoma that can cause a variety of neuro-
logical deficits. The dura is drained by meningeal veins
that travel parallel to the meningeal arteries. Further dis-
cussion of the vascular supply of the meninges is presented
in Chapter 4.

Arachnoid Mater

The location of arachnoid mater and the structures associ-
ated with it are shown in Figure 3-1. This membrane lies
between the dura and pia mater. It is a delicate, avascular
membrane and surrounds the brain loosely without pro-
jecting into sulci. The space between the arachnoid and
pial membranes, called the subarachnoid space, is filled
with cerebrospinal fluid (CSF). The formation and distri-
bution of CSF are described later in this chapter. Fine
strands of connective tissue, called arachnoid trabeculae,
arise from the arachnoid, span the subarachnoid space,
and then connect with the pia. These trabeculae help to
keep the brain suspended within the meninges. At several
places in the cranial cavity, the subarachnoid space is
enlarged; these enlargements are called subarachnoid cis-
terns. The cerebellomedullary cistern, located between
the medulla and the cerebellum, is the largest cistern and
is accordingly called the cisterna magna (Fig. 3-1). To
identify pathological processes, such as those caused by
tumors in the brain, it is essential to use radiological pro-
cedures to visualize subarachnoid cisterns adjacent to the
suspected site of the pathological process. For example, the
chiasmatic cistern is located adjacent to the optic chiasm
(Fig. 3-1), so to identify pathological processes adjacent to
the optic chiasm, radiological visualization of the chias-
matic cistern may be necessary.

Small tufts of arachnoidal tissue, called arachnoid villi,
project into the superior sagittal sinus (Fig. 3-1) and other
dural sinuses. Large aggregations of arachnoid villi are
called arachnoid granulations. The arachnoid villi consist
of a spongy tissue with many interconnecting small tubules
and function as one-way valves. The CSF flows from the
subarachnoid space into the dural venous sinuses through
arachnoid villi, but the blood from the dural venous sinuses
cannot flow back into the subarachnoid space via these
villi. Normally, the pressure in the subarachnoid space is
greater (about 200 mm H,O) than that in the dural venous
sinuses (about 80mm H,O); this pressure difference pro-
motes the CSF flow into the dural venous sinuses through
the fine tubules located in the arachnoid villi. However,
even if the pressure in the dural venous sinuses exceeds
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FIGURE 3-1
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The coverings of the brain and spinal cord. (A) The brain and spinal cord are covered with three membranes: dura, arachnoid, and pia mater.

The periosteal and meningeal layers of the dura are separate at the dural sinuses (e.g., superior sagittal sinus). At other places, the dura consists of fused
periosteal and meningeal layers. The space between the arachnoid and pial membranes is called the subarachnoid space. The subarachnoid space is
enlarged at some places (e.g., cisterna magna and chiasmatic cistern). Small tufts of arachnoidal tissue (arachnoid villi) project into the dural venous
sinuses. Other structures are shown for orientation purposes. CSF = cerebrospinal fluid. (B) Magnified view of the dura, arachnoid, and pia maters.

that of the subarachnoid space, the blood from the dural
sinuses does not flow back into the subarachnoid space
because the tubules in the arachnoid villi collapse.

Pia Mater

The location of pia mater is shown in Figure 3-1. This
membrane is the innermost layer of the meninges. It is
tightly attached to the surface of the brain and projects
into the fissures as well as the sulci. Pia mater consists of
small plexuses of blood vessels that are embedded in

connective tissue and is externally covered with mesothe-
lial cells (a single layer of flattened cells). When small
branches of blood vessels penetrate the brain tissue, they
carry with them a cuff of pia and arachnoid into the brain
for a short distance creating a small space, called the
perivascular space, around the vessel. This space is con-
tinuous with the subarachnoid space. It has been suggested
that the perivascular space may serve as a channel for
movement of CSF into the brain tissue, but its exact func-
tion has not been established with certainty.
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COVERINGS OF THE SPINAL CORD

The conical-shaped caudal end of the spinal cord, known
as the conus medullaris, is located at the caudal edge of
the first or rostral edge of the second lumbar vertebra
(Fig. 3-2). A thin filament enclosed in pia and consisting
of ependymal cells and astrocytes (for the description of
these cells, see Chapter 5) emerges from the conus med-
ullaris. This filament is called the filum terminale inter-
num. It extends from the conus medullaris and passes
through the caudal end of the dural sac (which ends at the
second sacral vertebra). At this level (S2), a caudal thin

Spinal cord

Dorsal side

internum

Dura mater

Conus medullaris

Filum terminale

Lumbar cistern

Puncture needle
(position for adult)

Puncture needle
(position for child)

extension of the spinal dura, called the coccygeal ligament
(filum terminale externum) surrounds the filum termi-
nale. [t emerges and anchors the dural sac to the vertebral
canal.

The spinal cord is also covered by three membranes:
the spinal dura, arachnoid, and pia mater (Fig. 3-2C).
These coverings are generally similar to those of the brain.
However, there are some differences. First, the spinal dura
is single-layered and lacks the periosteal layer of the cra-
nial dura. Second, the spinal epidural space is an actual
space in which venous plexuses are located and is used
clinically for the administration of epidural anesthesia to

Spinal nerves

Cauda equina

Dural sac

Coccygeal ligament
(filum terminale externum)

Vertebral canal

Dorsal side of

spinal cord

Dorsal root

Dorsal root ganglion

Spinal nerve &
P Ventral root

Connective tissue
trabeculae

c

Ventral side of
spinal cord

Spinal pia mater
Subarachnoid space

Spinal arachnoid mater

Spinal dura mater

Dentate ligament

FIGURE3-2 The spinal cord. (A) The lumbar cistern extends from the caudal end of the spinal cord (conus medullaris) to the second sacral vertebra (S2).
The subarachnoid space (widest in this region) contains the filum terminale internum (a thin filament). L = lumbar. (B) The subarachnoid space in the
lumbar cistern also contains the cauda equina (a bundle of nerve roots of all the spinal nerves caudal to the second lumbar vertebra). (C) The three mem-
branes of the spinal cord: the dura, arachnoid, and pia mater. The dorsal and ventral sides of the spinal cord, spinal nerves, the dorsal and ventral roots of
the spinal nerves, and dorsal root ganglion are shown for orientation purposes.
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produce a paravertebral nerve block. (The cranial epidural
space is a potential space that becomes filled with a fluid
only in pathological conditions.) Third, the spinal epi-
dural space is located between the meningeal layer of the
dura (there is no periosteal layer) and the periosteum of
the vertebra, whereas the cranial epidural space (when
present) is located between the periosteal layer of the dura
and the cranium.

Spinal Dura Mater

The spinal dura mater consists of only the meningeal layer
and lacks the periosteal layer of the cranial dura. Rostrally,
the spinal dura joins the meningeal layer of the cranial
dura (Fig. 3-1) at the margins of the foramen magnum.
The spinal epidural space separates the spinal dura from
the periosteum of the vertebra and is filled with fatty con-
nective tissue and plexuses of veins. Caudally, the spinal
dura ends at the level of the second sacral vertebra
(Fig. 3-2A). As mentioned earlier, at this level, it becomes
a thin extension (the coccygeal ligament or filum termi-
nale externum) and serves to anchor the fluid-filled spinal
dural sac to the base of the vertebral canal.

Spinal Arachnoid Mater

The spinal arachnoid mater invests the spinal cord and is
connected to the dura via connective tissue trabeculae
(Fig. 3-2C). Rostrally, it passes through the foramen mag-
num to join the cranial arachnoid, and caudally it sur-
rounds the cauda equina. The cauda equina consists of a
bundle of nerve roots of all the spinal nerves caudal to the
second lumbar vertebra (Fig. 3-2B).

Spinal Pia Mater

The spinal pia mater (Fig. 3-2C) is thicker than the cra-
nial pia mater. It is a vascular membrane and projects into
the ventral fissure of the spinal cord. At intervals, toothed
ligaments of pial tissue, called dentate ligaments, extend
from the lateral surfaces of the spinal cord; these ligaments
serve to anchor the spinal cord to the arachnoid and the
inner surface of the dura.

Lumbar Cistern

The lumbar cistern extends from the caudal end of the
spinal cord to the second sacral vertebra. The subarach-
noid space (Fig. 3-2) is widest in this region and contains
the filum terminale internum and nerve roots of the cauda
equina. Because of the large size of the subarachnoid space
and relative absence of neural structures, this space is most
suitable for the withdrawal of CSF by lumbar puncture.
This procedure is used to gain specific information about
the cellular and chemical composition of the CSF in disor-
ders such as meningitis. As noted earlier, the caudal end of
the spinal cord in the normal adult is located at the caudal
end of the first (L1) or rostral edge of the second (L2) lum-
bar vertebra. Therefore, a needle for lumbar puncture is
usually inserted between the third and fourth lumbar ver-
tebrae (L3-L4) in the adult patient.

In children, the caudal end of the spinal cord is usually
located at the third lumbar vertebra (L3). Therefore, the
needle for lumbar puncture is inserted at the L4-L5 level
in children (Fig. 3-2A). Typically 5 to 15mL of the CSF is
removed during the lumbar puncture to perform the cell
count, protein analysis, and microbiological studies. For
the procedure of lumbar puncture, the patient is placed in
a lateral recumbent position, and the CSF pressure is meas-
ured by a manometer. Normally, the CSF pressure is
between 100 and 150mm H,O (< 200mm H,0) in the
adult person and between 60 and 150 mm H,O (< 180 mm
H,0) in young children and infants. If the intracranial
pressure (ICP) is high, withdrawal of CSF is contraindi-
cated because brain tissue may get herniated through the
foramen magnum.

BRAIN VENTRICULAR SYSTEM

Four cavities, known as ventricles, are present in the brain
(Fig. 3-3A), including two lateral ventricles and the third
and fourth ventricles. Each lateral ventricle corresponds
to the shape of the cerebral hemisphere in which it is
located and consists of four basic components: the anterior
(frontal) horn located in the frontal lobe, the body located
in the parietal lobe, the posterior (occipital) horn located in
the posterior lobe, and an inferior horn located more ven-
trally in the temporal lobe.

The two lateral ventricles are connected with the third
ventricle through two short channels called the interven-
tricular foramina or foramina of Monro (Fig. 3-3A). The
third ventricle forms the medial surface of the thalamus
and the hypothalamus (see Chapter 1). The floor of the
third ventricle is formed by a portion of the hypothalamus.
Anteriorly, a thin plate or wall, called the organum vascu-
losum lamina terminalis (OVLT) forms the anterior limit
of the third ventricle (Fig. 3-3B). Thus, the third ventricle
occupies the midline region of the diencephalon. The
third ventricle is connected with the fourth ventricle via a
narrow and relatively short channel, called the cerebral
aqueduct (aqueduct of Sylvius) (Fig. 3-3A). The cerebral
aqueduct traverses throughout the rostro-caudal extent of
the mesencephalon (see Chapter 1).

The fourth ventricle is located posterior to the pons and
upper half of the medulla and ventral to the cerebellum. Its
floor is flat and rhomboid-shaped (sometimes referred to as
“rhomboid fossa”), and its roof is tent-shaped, with the peak
of the tent (the fastigium) projecting into the cerebellum.
The fourth ventricle communicates with the subarachnoid
space via two lateral apertures, called the foramina of
Luschka, and one medial aperture, the foramen of
Magendie (Fig. 3-3A). At the caudal end of the fourth
ventricle, a small central canal extends throughout the spi-
nal cord but is patent only in the upper cervical segments.

The Choroid Plexus

A choroid plexus, which produces CSF, is present in each
ventricle. In each lateral ventricle, the choroid plexus is
located in the medial wall and extends from the tip of the
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FIGURE3-3  The location and connections between the ventricles of the brain. (A) Note the lateral ventricles (consisting of anterior, posterior, and inferior
horns) and the third and fourth ventricles. Also, note the positioning of the choroid plexus. Black arrows indicate the flow of cerebrospinal fluid.

(B) The location of circumventricular organs.

inferior horn to the interventricular foramina (Fig. 3-3A).
In the third and fourth ventricles, the choroid plexus is
located in the roof (Fig. 3-3A). A choroid plexus consists
of three layers of membranes: (1) an endothelial layer of
the choroidal capillary wall, which has fenestrations
(openings), (2) a pial membrane, and (3) a layer of choroi-
dal epithelial cells that contain numerous mitochondria
and have many basal infoldings and microvilli on the sur-
face facing the inside of the ventricle. Tight junctions (see
“Cerebrospinal Fluid Formation” section below) exist
between adjacent choroidal epithelial cells.

CEREBROSPINAL FLUID

Formation

About 70% of the CSF present in the brain and spinal
cord is produced by the choroid plexuses. The remaining
30% of CSE, which is secreted by the parenchyma of the
brain, crosses the ependyma (a single layer of ciliated
columnar epithelial cells lining the ventricular system)
and enters the ventricles. The formation of CSF is an
active process involving the enzyme carbonic anhydrase
and specific transport mechanisms.
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The formation of the CSF first involves filtration of the
blood through the fenestrations of the endothelial cells
that line the choroidal capillaries. However, the move-
ment of peptides, proteins, and other larger molecules
from this filtrate into the CSF is prevented by the tight
junctions that exist in the neighboring epithelial cells that
form the outer layer of the choroid plexus. Energy-
dependent active transport mechanisms are present in the
choroidal epithelium for transporting Na* and Mg?* ions
into the CSF and for removing K* and Ca?* ions from the
CSE Water flows across the epithelium for maintaining
the osmotic balance. Normally, the rate of formation of
CSF is about 500 mL/day and the total volume of CSF is
90 to 140mL, of which about 23 mL is in the ventricles,
and the remaining is in the subarachnoid space.

Circulation

The movement of CSF is pulsatile. It flows from the lat-
eral ventricles into the third ventricle through the
foramina of Monro (Fig. 3-3A [the direction of flow is
indicated by arrows]) where it mixes with more CSE
Then, it flows through the cerebral aqueduct (aqueduct of
Sylvius) into the fourth ventricle, where additional CSF
is secreted. The fluid leaves the ventricular system via the
foramina of Luschka and Magendie and enters the cere-
bellomedullary cistern (cisterna magna). The CSF then
travels rostrally over the cerebral hemisphere where it
enters the arachnoid villi (Fig. 3-1A). The arachnoid
villi allow flow of CSF into the dural venous sinuses but
do not allow flow in the opposite direction because the
pressure in the subarachnoid space is higher (about
200mm H,0) compared with the pressure in the dural
venous sinuses (about 80 mm H,O). The CSF in the cer-
ebellomedullary cistern also flows downward into the spi-
nal subarachnoid space and then ascends along the
ventral surface of the spinal cord into the basal part of the
brain where it courses dorsally to empty into the dural
sinuses (Fig. 3-1A).

Functions

There are four main functions of the CSE (1) The brain
and spinal cord float in the CSF because the specific gravi-
ties of these central nervous system (CNS) structures are
approximately the same. This buoyant effect of the CSF
results in reduction of traction exerted upon the nerves
and blood vessels connected with the CNS. (2) The CSF
provides a cushioning effect on the CNS and dampens the
effects of trauma. (3) The CSF also serves as a vehicle for
removal of metabolites from the CNS. (4) Under normal
conditions, the CSF provides a stable ionic environment
for the CNS. However, the chemical composition of the
CSF may change in certain situations such as administra-
tion of drugs that cross the blood-brain barrier.

Composition

Normally, very little protein is present in the CSF, and this
is the primary difference between CSF and blood serum.

TABLE 3-1 Composition of Normal Serum and Cerebrospinal Fluid

Constituent Serum CSF
Protein (g/L) 60-78 0.15-0.45
Glucose (mmol/L) 39-58 2.2-39
Ca* (mmol/L) 2.1-25 1-1.35
K* (mmol/L) 4-5 2.8-32
Na* (mmol/L) 136-146 147-151
(I~ (mmol/L) 98-106 118-132
Mg?* (mmol/L) 0.65-1.05 0.78-1.26

(SF = cerebrospinal fluid.

The concentrations of glucose, as well as Ca** and K* ions,
are slightly smaller in the CSE, and the concentrations of
Na*, CI, and Mg?* ions are slightly greater when compared
with that of serum (Table 3-1).

Alteration of the Cerebrospinal Fluid in Pathological

Conditions

Normally, the CSF is a clear and colorless fluid. However,
it may be colored in pathological states. For example, xan-
thochromia (yellow color) of the CSF results several hours
after subarachnoid hemorrhage when red blood cells
(RBCs) undergo lysis and the liberated hemoglobin is bro-
ken down into bilirubin, which imparts a yellow color to
the CSE Because CSF is sterile, the results of microbio-
logical studies on normal CSF should be negative, with a
normal sample of CSF containing up to 5 lymphocytes/uL
and no RBCs. Thus, an increased white blood cell (WBC)
count in CSF is indicative of disease (e.g., bacterial men-
ingitis or viral encephalitis). Gamma globulin levels are
elevated in CSF of patients with multiple sclerosis (a dis-
order associated with localized areas of demyelination in
the white matter of the CNS) or chronic infections of the
CNS. CSF glucose level is low in acute bacterial and
chronic fungal infections of the CNS. Increased glycolysis
by polymorphonuclear leukocytes in these conditions may
be responsible for decreased glucose levels. In contrast,
CSF glucose levels are commonly normal in viral infec-
tions of the CNS. Alterations in the composition of CSF
in some pathological states are listed in the Summary Table
at the end of the chapter.

The Blood-Brain Barrier and Blood-CSF Barrier

Large molecules cannot pass from the blood into the inter-
stitial fluid of the CNS. This is due to the existence of the
blood-brain barrier, which is located at the interface
between the capillary wall and brain tissue. The blood-
brain barrier consists of: (1) endothelial cells lining the
capillary wall with tight junctions between them, (2) proc-
esses of astrocytes abutting on the capillaries as perivascu-
lar end-feet (see Chapter 5), and (3) a capillary basement
membrane. This arrangement of different cells or their
processes prevents the passage of large molecules from the
blood into the extracellular space between the neurons
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and neuroglia and forms the anatomical basis of the
blood-brain barrier. One of the beneficial functions of the
blood-brain barrier is to prevent entry of blood-borne for-
eign substances into the brain tissue. However, the exist-
ence of this blood-brain barrier also presents a problem
when the goal is to deliver drugs into the CNS. In other
organs, tight junctions do not exist between the neighbor-
ing endothelial cells lining the capillaries.

Large molecules cannot pass from the blood into the
CSE This is due to the presence of a blood-CSF barrier. In
the choroid plexus, tight junctions do not exist between
the neighboring endothelial cells lining the capillary wall.
Unlike in other parts of the CNS, the capillary endothe-
lium in the choroid plexuses is fenestrated. Therefore,
large molecules can pass from blood through the capillary
endothelium of the choroid plexus. However, the choroi-
dal plexus has an outermost layer of epithelial cells. Tight
junctions exist between choroidal epithelial cells that pre-
vent large molecules in the blood from entering the CSE

There are seven structures in the CNS that lack a
blood-brain barrier. Called circumventricular organs,
they are the area postrema, pineal body, subcommissural
organ, subfornical organ, OVLT, neurohypophysis (the
posterior pituitary gland), and the median eminence
(Fig. 3-3B). They lack tight junctions in their capillaries.
Instead, they have fenestrated capillaries, capillary loops,
and large perivascular spaces that permit the passage of
larger circulating molecules into the adjacent brain tissue.
It is believed that some circulating hormones consisting of
large molecules reach their target areas in the brain via the
circumventricular organs. For example, the subfornical
organ lies in the roof of the third ventricle. Blood-borne
angiotensin I] reaches the subfornical organ readily because
of the lack of the blood-brain barrier in this organ and
induces thirst for overall regulation of fluid balance and
cardiovascular homeostasis.

Disorders Associated With Meninges

Meningitis

Infection of the meninges, meningitis, can be life-threat-
ening if it is not treated promptly. In leptomeningitis, the
arachnoid and pia mater are infected. Most commonly
meningitis is caused by bacterial, viral, or fungal infection.
Bacterial meningitis is most serious and needs prompt
treatment. It is most commonly caused by Streptococcus
penumoniae and Neisseria meningitidis. In acute meningitis,
the symptoms develop rapidly (within 24 hours) and last
for several days. In subacute meningitis, the onset of symp-
toms is slow and the course of disease is longer (weeks).
Most prominent symptoms include headache, fever, chills,
stiff neck, vomiting, photophobia (fear of bright lights),
and confusion and about one third of such patients suffer
from seizures. Accompanying these symptoms is an increase
in CSF pressure; the CSF is cloudy and contains increased
protein levels, WBCs, and bacteria. Treatment of bacterial
meningitis includes administration of an appropriate anti-
biotic (intravenous route) for treating the infection, corti-
costeroids (e.g., dexamethasone) to reduce inflammation
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and increased CSF pressure, acetaminophen to reduce
fever, and an anticonvulsant (e.g., phenytoin) to prevent
seizures. In viral meningitis the onset of symptoms is slow
(several days). There is no drug treatment for viral menin-
gitis. Typically medications for fever and pain are adminis-
tered and the patient recovers within 1 to 2 weeks. A
vaccine is available for meningitis caused by Neisseria
meningitidis. The pneumonia vaccine can provide protec-
tion against meningitis caused by Streptococcus penumonia.

Meningiomas

Tumors arising from the meninges are called meningiomas.
They are generally slow-growing tumors. They are classi-
fied as benign (typical), atypical, or malignant meningi-
omas. Benign meningiomas consist of slow-growing cells,
atypical meningiomas contain rapidly reproducing cells,
and malignant meningiomas contain aggressively growing
cells. The exact cause of meningiomas is not known. How-
ever, many patients with meningiomas have abnormalities
in chromosome 22, which normally suppresses tumor
growth. Abnormalties in other genes have also been
reported in these patients. For example, extra copies of
platelet-derived growth factor receptor and epidermal
growth factor receptor have been detected in meningioma
tissue. Treatment of meningiomas includes surgical removal
or radiosurgery (external beam radiation is aimed at the
tumor and a small region surrounding it).

Epidural Hematoma

Head injury may result in loosening of the periosteal dura
from the cranium, and an artery (e.g., middle meningeal
artery) may be damaged leading to extravasation of blood
to form an epidural hematoma. The patient usually expe-
riences headache, disorientation, and lethargy.

Subdural Hematoma

Normally, there is no space at the junction of dura and
subarachnoid mater; branches of veins pass through the
subarachnoid space to enter the dural sinuses. Head injury
may damage these veins, causing extravasation of blood,
which creates a space between the dura and subachnoid to
form a subdural hematoma.

Subarachnoid Hemorrhage

Head trauma may cause rupture of an intracranial aneu-
rysm (local dilatation of an artery or vein resulting in a
bulge and weakening of the vessel wall) resulting in
extravasation of blood into the subarachnoid space. The
aneurysms may be congenital or caused by pathological
processes. The extravasated blood may be sequestered in
the subarachnoid space or it may collect in cisterns. Sub-
arachnoid hemorrhage is associated with intense head-
ache, nausea and vomiting, and, finally, unconsciousness.

Disorders of the Cerebrospinal Fluid System
Hydrocephalus

Dilation of the ventricles (or hydrocephalus) occurs when
the circulation of CSF is blocked or its absorption is
impeded, while the CSF formation continues to occur at a
constant rate. This results in an increase in ventricular
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pressure that, in turn, causes ventricular dilation. The ven-
tricular dilation exerts pressure on the adjacent tissue, caus-
ing impairment of such structures as the corticobulbar and
corticospinal tracts. Therefore, a progressive loss of motor
function ensues. Hydrocephalus may occur before birth
and is usually noted during the first few months of life.

When movement of CSF out of the ventricular system
is impeded (e.g., by blockage at the cerebral aqueduct or
foramina of the fourth ventricle), the ensuing hydrocepha-
lus is classified as a noncommunicating hydrocephalus. If
the movement of the CSF into the dural venous sinuses is
impeded or blocked by an obstruction at the arachnoid
villi, hydrocephalus developed in this manner is called a
communicating hydrocephalus. In communicating hydro-
cephalus, a tracer dye injected into the lateral ventricle
appears in the lumbar CSE indicating that there is no
obstruction to the flow of CSF in the ventricular or extra-
ventricular pathways. On the other hand, in noncommu-
nicating hydrocephalus, a tracer dye injected into the lat-
eral ventricle does not appear in the lumbar CSF indicating
that there is an obstruction to the flow of CSF in the ven-
tricular pathways.

Increase in Intracranial Pressure
The craniovertebral cavity and its dural lining form a
closed space. An increase in the size or volume of any

@ Clinical Case

History

Charles is a 77-year-old man who has been having gait problems and urinary
incontinence for the past 6 months. Although he was reluctant to see a physician,
his daughter persevered and brought him to a neurologist. His daughter believed
that his condition was worsening because, in the past month or so, she noticed
that his short-term memory was deteriorating and that he was receiving notices
from collection agencies for unpaid or incorrectly paid bills. The gait problem
manifested itself as difficulty with climbing stairs and frequent, unexplained
falls. During the Korean War, Charles had suffered a subarachnoid hemorrhage as
a result of his close proximity to an exploding grenade. The neurologist was
informed by the patient’s daughter that, until the recent events, Charles had been
an active, healthy, intelligent, and coherent person.

Examination

When the neurologist asked Charles to remember three random, unrelated
objects, he was unable to recall any of them after 5 minutes. He did not know
how many quarters are in $1.75, and he incorrectly spelled the word “world.” A
grasp reflex (squeezing the examiner’s hand as a reflex reaction to stroking of the
palm) was present. Although motor strength was normal in his arms and legs
bilaterally, when asked to walk, Charles took many steps in the same place
without moving forward and then started to fall. His cranial nerve, sensory, and
cerebellar examinations were normal.

Explanation

Various meningeal and ependymal conditions, such as chronic meningitis and
prior subarachnoid hemorrhages, may cause this condition by initially blocking
cerebrospinal fluid (CSF) absorption. As a result, formation of CSF diminishes
slightly, but so does its absorption.The ventricles compensate by enlarging due to

This case is an example of a condition called normal pressure hydrocephalus.

constituent of the cranial cavity results in an increase in
ICP. For example, the ICP may increase in the following
situations: (1) when the total volume of brain tissue is
increased by diffuse cerebral edema; (2) when regional
increase in the volume of brain tissue results from an
intracerebral hemorrhage or tumors; (3) when the CSF
volume increases due to an obstruction in its flow; and
(4) when a venous obstruction causes an increase in blood
volume in the brain tissue.

The following symptoms may accompany increased
ICP: headache (due to stretching of cranial pain-sensi-
tive mechanisms), nausea and vomiting (due to the
activation of a chemoreceptor trigger zone located near
the area postrema), bradycardia (due to the increased
pressure on the nucleus ambiguus and dorsal motor
nucleus of vagus in the medulla), an increase in sys-
temic blood pressure (due to the increased pressure on
the ventrolateral medulla where vasomotor centers are
located), and loss of consciousness. The nucleus ambig-
uus and the dorsal motor nucleus of vagus contain pre-
ganglionic parasympathetic neurons whose axons travel
in the vagus nerve and provide parasympathetic inner-
vation to the heart. An elevation and blurring of the
optic disk margin (papilledema) may occur due to
increased pressure in the subarachnoid space along the
optic nerve.

the initial higher pressure, as well as the larger volume of CSF, and a new
equilibrium is attained. If there is continued obstruction, this process will repeat
itself. As a result, the force exerted by the larger ventricles causes hydrostatic
impairment to the nerve fiber tracts in the central white matter surrounding the
ventricles. The frontal lobe white matter absorbs maximal ventricular expansion
with preservation of the cortical gray matter and subcortical structures. As a
result, patients with normal pressure hydrocephalus have abnormal frontal lobe
function, including gait apraxia (dysfunction of gait not explained by weakness,
cerebellar problems, or sensory problems), urinary incontinence without bladder
dysfunction, and dementia. Frontal lobe dysfunction may also cause the
reappearance of primitive reflexes, which normally disappear shortly after birth,
such as the grasp reflex, because this brain region normally suppresses them.
Later, urinary incontinence may also manifest itself in a manner similar to that in
ayoung child, in which the patient may be indifferent to it. Headaches are rare in
this particular type of hydrocephalus because ventricular expansion is slow and
increased intracranial pressure is transient. The symptoms of this disorder (e.g.,
incontinence, gait apraxia, and dementia) are commonly referred to as the “3Ws"
(wet, wobbly, and weird).

Normal pressure hydrocephalus is usually diagnosed through a neurologic
examination, computed tomography, or magnetic resonance imaging of the
brain and neuropsychological testing. The imaging studies of the brain show
enlarged ventricles and, occasionally, interstitial fluid within the white matter
adjacent to the lateral ventricles. Measurement of CSF pressures with a lumbar
puncture (normal) and radionuclide cisternography (a procedure where a
radionuclide is injected into the CSF and distribution is observed over a period of
24 hours) may be helpful but are not always necessary. Occasionally, shunting
procedures allowing the CSF to draininto the peritoneal cavity or the bloodstream
are helpful if performed early in the course of this condition.
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|
Questions

Choose the best answer for each question.

1. A 50-year-old man was admitted to the emergency room
after a head injury resulting from an automobile accident.
The patient was diagnosed as having a subarachnoid hem-
orrhage. Which of the following changes are most likely in
the composition of the cerebrospinal fluid of this patient?
a. Decreased protein, normal glucose, and presence of a
few white blood cells

b. Increased protein, normal glucose, and presence of red
blood cells

c. Increased protein, decreased glucose, and presence of
polymorphonuclear leukocytes

d. Decreased protein, normal glucose, and presence of a
small number of lymphocytes

e. Decreased protein, decreased glucose, and presence of
tumor cells

2. An adult male suffering from chills, fever, headache, nau-
sea, vomiting, and pain in the back was admitted to the
emergency room and diagnosed as having meningococ-
cal meningitis. Which of the following changes are most
likely in the composition of the cerebrospinal fluid of this
patient?

a. Increased protein, decreased glucose, and increased
polymorphonuclear white blood cells

b. Increased protein, normal glucose,and excessive number
of lymphocytes

c. Increased protein, normal glucose, and a few white blood
cells

d. Increased protein, normal glucose, and presence of
tumor cells and white blood cells

e. Increased protein, increased glucose, and a few white
blood cells

3. A 75-year-old man was admitted to the emergency room
complaining that he had trouble walking and that he could
not move his arms as well. A magnetic resonance image
revealed the presence of a brain tumor.Tracer dye injected
into the lateral ventricle did not appear in the lumbar cere-
brospinal fluid, suggesting that the patient had developed
a noncommunicating hydrocephalus. Which one of the fol-
lowing is the most likely location of the tumor?

a. Interventricular foramen

. Cerebellar cortex

Cerebral cortex

. Lateral thalamus

. Lateral medullary reticular formation

o

m o n

4. A 22-year-old man was admitted to the emergency room
after a motorcycle accident. A clinical examination showed
that he had elevated intracranial pressure (ICP) due to head
trauma. The patient suffered from severe bradycardia. Act-
ing on which of the following brain regions would elevated
ICP most likely cause bradycardia?

a. Cerebral cortex

. Basal ganglia

Brainstem

. Thalamus

. Cerebellum

o

man

5. The membranes that line the cisterns in the cranial cavity

are:
a. Dura and arachnoid mater

b. Dura mater and ependymal cell layer

¢. Neuronal cell membrane and the pia mater

d. Pia and arachnoid mater

e. Periosteal and meningeal layers of dura mater

Answers and Explanations

1o

Answer:b

Normal cerebrospinal fluid (CSF) may contain a few lym-
phocytes and polymorphonuclear leukocytes, but it con-
tains no red blood cells (RBCs).The presence of RBCs in CSF
is characteristic of subarachnoid hemorrhage. In viral and
tubercular meningitis and metastatic cancer, the CSF will
show an increased number of lymphocytes, whereas the
number of polymorphonuclear leukocytes is increased in
bacterial meningitis. Most pathologic conditions do not
decrease protein levels in the CSF; glucose level may be
decreased in metastatic cancer and tubercular or bacterial
meningitis. The presence of white blood cells in the CSF
occurs in pathologies other than subarachnoid hemorrhage
(see Chapter Summary Table).

Answer:a

Increased protein, decreased glucose, and increased poly-
morphonuclear WBCs are observed in the cerebrospinal
fluid (CSF) of patients with bacterial meningitis. The glucose
levels in CSF decrease because the bacteria present in CSF
(usually meningococcus, pneumococcus and Haemophilus
influenzae organisms) use glucose. The CSF glucose levels
are low in tubercular meningitis also; however, in this con-
dition, the cells in CSF are predominantly lymphocytes. In
viral meningitis, the glucose levels in CSF remain normal
because, in this condition, the viruses do not use glucose.In
addition, the number of lymphocytes present in the CSF is
excessive (see Table 3-2).

Answer:a

In patients suffering from hydrocephalus, the circulation of
cerebrospinal fluid (CSF) is blocked or its absorption is
impeded, while the CSF formation continues to occur. The
ventricles dilate, and pressure is exerted on the adjacent tis-
sue, causing impairment of such structures as the corticobul-
bar and corticospinal tracts. Therefore, a progressive loss of
motor function ensues. Hydrocephalus that develops when
the movement of CSF out of the ventricular system is impeded
is called a noncommunicating hydrocephalus.In noncommu-
nicating hydrocephalus, a tracer dye injected into the lateral
ventricle does not appear in the lumbar CSF, indicating that
there is an obstruction to the flow of CSF in the ventricular
pathways. Therefore, of the structures listed as choices, the
interventricular foramen is the most likely site where the
tumor is present. If the movement of the CSF into the dural
venous sinuses is impeded or blocked by an obstruction at
the arachnoid villi, this type of hydrocephalus is called a com-
municating hydrocephalus. A tracer dye injected into the lat-
eral ventricle in this condition does appear in the lumbar CSF,
indicating that there is no obstruction to the flow of CSF in
the ventricular or extraventricular pathways.
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. Answer:c

The craniovertebral cavity and its dural lining form a closed
space. An increase in the size or volume of any constituent
of the cranial cavity results in an increase in intracranial
pressure (ICP). The following symptoms may accompany
increased ICP:loss of consciousness, headache, nausea and
vomiting, increase in systemic blood pressure, and brady-
cardia. The bradycardia (decrease in heart rate) is usually
due to the increased pressure on the nucleus ambiguus and

5. Answer:d

The cisterns are formed by enlargements of subarachnoid
space located between the pia and arachnoid mater. Other
choices listed are not appropriate. For example, there is no
space between the dura and arachnoid mater. Ependymal
cells line the ventricles. There is no space between the pia
and brain tissue; the pia mater is tightly attached to the
brain. The periosteal and meningeal layers of the dura
mater are fused except at the places where venous sinuses

dorsal motor nucleus of vagus located in the medulla. The
other brain structures listed are not involved in the control
of heart rate.

are located.

Pathological Condition Protein

Subarachnoid hemorrhage Increased (+)

Guillain-Barré syndrome Increased (++)

Metastatic cancer in the menin- Increased (+)

ges

Viral meningitis Increased (+)

Increased (+)

Tubercular meningitis

Bacterial meningitis Increased (+)

CHAPTER SUMMARY TABLE

Alterations in Cerebrospinal Fluid Composition in Some Pathological Conditions

Glucose Cells
Normal Presence of RBCs
Normal Presence of a few WBCs

Normal or decreased

Presence of increased number of
WBCs (lymphocytes) Tumor cells

Normal Presence of excessive number of
WBCs (lymphocytes)

Decreased Presence of increased number of
WBCs (lymphocytes)

Decreased Presence of increased number of

WBCs (polymorphonuclear leuko-
cytes)

CSF = cerebrospinal fluid; RBC = red blood cell; WBC = white blood cell. Plus sign (+) indicates increase. Relatively greater increase is shown by
two plus signs (++).




This page intentionally left blank.



CHAPTER OUTLINE

* ARTERIAL SUPPLY OF THE BRAIN
Internal Carotid Arteries
The Ophthalmic Artery
The Posterior Communicating Artery
The Anterior Choroidal Artery
The Anterior Cerebral Artery
The Anterior Communicating Artery
The Medial Striate Artery (Recurrent Artery of Heubner)
The Orbital Branches
The Frontopolar Branches
The Callosomarginal Artery
The Pericallosal Artery
The Middle Cerebral Artery
The Lenticulostriate Branches
The Orbitofrontal Artery
The Precentral (Pre-Rolandic) and Central (Rolandic)
Branches
The Anterior and Posterior Parietal Arteries
The Angular Artery
The Anterior, Middle, and Posterior Temporal Arteries
Vertebro-Basilar Circulation
The Vertebral Artery
The Anterior Spinal Artery
The Posterior Inferior Cerebellar Artery
The Posterior Spinal Artery
The Basilar Artery
The Anterior Inferior Cerebellar Artery
The Labyrinthine (Internal Auditory) Artery
The Pontine Arteries
The Superior Cerebellar Artery
The Posterior Cerebral Arteries
Cerebral Arterial Circle (Circle of Willis)
Arteries of the Dura
* VENOUS DRAINAGE OF THE BRAIN
The Sinuses
The Superior Sagittal Sinus

# Blood Supply of the
Central Nervous System

The Inferior Sagittal Sinus
The Transverse Sinuses
The Confluence of Sinuses
The Cavernous Sinuses
The Sphenoparietal Sinuses
The Cerebral Veins
The Superficial Cerebral Veins
The Deep Cerebral Veins
* THE SPINAL CORD
Arteries
Posterior Spinal Arteries
Anterior Spinal Artery
The Spinal Medullary and Radicular Arteries
Veins
* CLINICAL CASE
History
Examination
Explanation
« CHAPTERTEST
Questions
Answers and Explanations

OBJECTIVES

In this chapter, the student should be able to describe:

1. The major arteries (internal carotid and
vertebral) and their prominent branches
supplying the brain.

2. The prominent neural structures supplied by
these arteries.

3. The cerebral arterial circle (circle of Willis).

4. The sinuses of the dura and the major veins
draining the brain.

5. The arterial blood supply and the venous
drainage of the spinal cord.
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The central nervous system (CNS) represents one of the
most metabolically active systems in the body. The meta-
bolic demands of the brain must be met with the blood
supply to this organ. Normal cerebral blood flow is about
50mL/100g of brain tissue/min. Thus, a brain of average
weight (1,400-1,500¢) has a normal blood flow of 700 to
750 mL/min. Even a brief interruption of the blood supply
to the CNS may result in serious neurological disturbances.
A blood flow of 25 mL/100¢g of brain tissue/min constitutes
ischemic penumbra (a dangerously deficient blood supply
leading to loss of brain cells). A blood flow of 8 mL/100g of
brain tissue/min leads to an almost complete loss of func-
tional neurons. Consciousness is lost within 10 seconds of
the cessation of blood supply to the brain. Neurological
deficits of vascular origin are described in Chapter 27. This
chapter focuses on the arterial supply and venous drainage

of the CNS.

ARTERIAL SUPPLY OF THE BRAIN

Blood supply to the brain is derived from two arteries: (1)
the internal carotid artery and (2) the vertebral artery.
These arteries and their branches arise in pairs that supply

Anterior cerebral artery

Ophthalmic artery

Circle of Willis

Lenticulostriate arteries

Superior cerebellar artery

Pontine arteries

Anterior inferior cerebeller artery

Labyrinthine (internal auditory) artery

Posterior inferior cerebeller
artery (PICA)

Posterior spinal artery

FIGURE 4-1

blood to both sides of the brain. The basilar artery
(described later in the chapter) is a single artery located in
the midline on the ventral side of the brain. The branches
of the basilar artery also arise in pairs. The origin of the
arteries supplying blood to the brain, their major branches,
and the neural structures supplied by them are described in
the following sections.

Internal Carotid Arteries

The internal carotid arteries (Fig. 4-1) arise from the
common carotid artery on each side at the level of the
thyroid cartilage and enter the cranial cavity through
the carotid canal. They penetrate the dura just ventral to
the optic nerve. The main intracranial branches of each
internal carotid artery are described in the following
sections.

The Ophthalmic Artery

The ophthalmic artery (Fig. 4-1) enters the orbit through
the optic foramen and gives rise to the central artery of
the retina, which supplies the retina and cranial dura.
Interruption of blood flow in the ophthalmic artery causes
loss of vision in the ipsilateral eye.

Anterior communicating artery

Optic chiasm
Infundibulum

Recurrent artery of Heubner
(medial striate artery)

Internal carotid artery
Middle cerebral artery
Anterior choroidal artery

Posterior communicating artery

Posterior cerebral artery

Basilar artery

Vertebral artery

Anterior spinal artery

The internal carotid artery and vertebro-basilar system. Major branches of the internal carotid artery are the ophthalmic artery, the posterior

communicating artery, the anterior choroidal artery, the anterior cerebral artery, and middle cerebral artery. The main branches of the vertebral artery are
the anterior spinal artery and the posterior inferior cerebellar artery. The basilar artery is formed by the confluence of the two vertebral arteries; its major
branches are the anterior inferior cerebellar artery, the pontine arteries, the superior cerebellar artery, and the posterior cerebral artery. Note the cerebral
arterial circle (circle of Willis; marked by a dashed black line). The optic chiasm and infundibulum are shown for orientation purposes.
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The Posterior Communicating Artery

The posterior communicating artery (Fig. 4-1) arises
at the level of the optic chiasm and travels posteriorly to join
the posterior cerebral arteries. Small branches arising from
this artery supply blood to the hypophysis, infundibulum,
parts of the hypothalamus, thalamus, and hippocampus.

The Anterior Choroidal Artery

The anterior choroidal artery (Fig. 4-1) arises near the
optic chiasm and supplies the choroid plexus located in
the inferior horn of the lateral ventricle, the optic tract,
parts of the internal capsule, hippocampal formation, glo-
bus pallidus, and lateral portions of the thalamus.

The Anterior Cerebral Artery

At the level just lateral to the optic chiasm, the internal
carotid artery divides into a smaller anterior cerebral
artery and a larger middle cerebral artery (Fig. 4-1). The
anterior cerebral artery travels rostrally through the inter-
hemispheric fissure. It supplies blood to the medial aspect
of the cerebral hemisphere, including parts of the frontal
and parietal lobes. This artery also supplies blood to the
postcentral gyrus (which is concerned with the processing
of sensory information from the contralateral leg) and pre-
central gyrus (which is concerned with the motor control
of the contralateral leg). Occlusion of one of the anterior
cerebral arteries results in loss of motor control (paralysis)
and loss of sensation in the contralateral leg. The symp-
toms associated with the occlusion of the anterior cerebral
artery are consistent with the somatotopic representation
of body parts in the cortex. The leg and foot are repre-
sented in the medial surface of the precentral and postcen-
tral gyri. It should be noted that when the parts of the body
are drawn in terms of the degree of their cortical represen-
tation (i.e., in the form of a somatotopic arrangement),
the resulting disproportionate figure that is depicted is

Callosomarginal artery

Frontopolar artery

Rostral end of
cerebral hemisphere

Orbital branches

commonly called a homunculus (see Chapter 19 for more
details). Other structures supplied by the anterior cerebral
artery include the olfactory bulb and tract, anterior
hypothalamus, parts of the caudate nucleus, the internal
capsule, the putamen, and the septal.

The Anterior Communicating Artery At the level of the optic chi-
asm, the anterior communicating artery connects the
anterior cerebral arteries on the two sides (Fig. 4-1). A
group of small arteries arising from the anterior communi-
cating and anterior cerebral arteries penetrates the brain
tissue almost perpendicularly and supplies blood to the
anterior hypothalamus, including the preoptic and supra-
chiasmatic areas. Intracranial aneurysms commonly occur
(20%-25% incidence) on the anterior communicating
artery or at the junction of this artery and the anterior
cerebral artery. These aneurysms may cause visual deficits
due to their proximity to the optic chiasm.

The main branches of the anterior cerebral artery are
described in the following sections.

The Medial Striate Artery (Recurrent Artery of Heubner). The medial
striate artery (Fig. 4-1), also called recurrent artery of
Heubner, arises from the anterior cerebral artery at the
level of the optic chiasm and supplies blood to the antero-
medial part of the head of the caudate nucleus and parts of
the internal capsule, putamen, and septal nuclei. The
medial striate and the lenticulostriate arteries penetrate
the perforated substance.

The Orbital Branches. The orbital branches (Fig. 4-2) arising
from the anterior cerebral artery supply the orbital and
medial surfaces of the frontal lobe.

The Frontopolar Branches. The frontopolar branches (Fig. 4-2)
of the anterior cerebral artery supply medial portions of
the frontal lobe and lateral parts of the convexity of the
hemisphere.

Pericallosal artery

Caudal end of
cerebral hemisphere

FIGURE4-2  Major branches of the anterior cerebral artery (viewed from the medial side). The branches include the orbital branches, the frontopolar
branches, the callosomarginal artery, and the pericallosal artery. The rostral and caudal ends of the cerebral hemisphere are shown for orientation

purposes.
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The Callosomarginal Artery. The callosomarginal artery (Fig.
4-2), arising from the anterior cerebral artery, supplies the
paracentral lobule and portions of the cingulate gyrus.

The Pericallosal Artery. The pericallosal artery (Fig. 4-2) con-
tinues caudally along the dorsal margin of the corpus
callosum and supplies the precuneus (the portion of the
parietal lobe caudal to the paracentral lobule).

The Middle Cerebral Artery

As mentioned earlier, the internal carotid artery divides
into the smaller anterior cerebral artery and the larger
middle cerebral artery (Figs. 4-1 and 4-3A) at the level

Group of
lenticulostriate
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Parietal branches

Central
(Rolandic) artery

Precentral
(pre-Rolandic) artery

Temporal
branches

A Middle cerebral Anterior
artery communicating
artery
Central

(Rolandic) artery

Precentral
(pre-Rolandic) artery

Orbitofrontal
artery

Middle cerebral
artery

just lateral to the optic chiasm. Branches of the middle
cerebral artery supply blood to the lateral convexity of the
cerebral hemisphere, including parts of the temporal, fron-
tal, parietal, and occipital lobes. The middle cerebral artery
gives off the following major branches.

The Lenticulostriate Branches. This group of small arteries (Figs.
4-1 and 4-3A) are the first branches of the middle cerebral
artery. The lenticulostriate branches supply the putamen,
caudate nucleus, and anterior limb of the internal capsule.

The Orbitofrontal Artery. The orbitofrontal artery supplies
parts of the frontal lobe (Fig. 4-3B).

Internal capsule

Internal
Anterior  carotid
cerebral  artery
Optic  artery
chiasm

Anterior parietal

artery
Posterior parietal
artery

Angular artery

Posterior temporal
artery

Middle temporal
artery

Anterior temporal
artery

FIGURE 4-3  Major branches of the middle cerebral artery. (A) Coronal section showing the lenticulostriate, the precentral (pre-Rolandic), central
(Rolandic),and the parietal and temporal branches.The internal carotid, anterior cerebral,and anterior communicating arteries; the optic chiasm; the
internal capsule; and the temporal lobe of the brain are shown for orientation purposes. (B) Top view showing the anterior, middle, and posterior
temporal arteries; the angular artery; the posterior and anterior parietal arteries; the central (Rolandic) and precentral (pre-Rolandic) arteries;and the

orbitofrontal arteries.
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The Precentral (Pre-Rolandic) and Central (Rolandic) Branches. The
precentral and central arteries (also called pre-Rolandic
and Rolandic arteries, respectively [Fig. 4-3, A and B])
supply different regions of the frontal lobe.

The Anterior and Posterior Parietal Arteries. The anterior and pos-
terior parietal arteries (Fig. 4-3B) supply different regions
of the parietal lobe.

The Angular Artery. The angular artery (Fig. 4-3B) supplies
the angular gyrus.

The Anterior, Middle, and Posterior Temporal Arteries. The anterior,
middle, and posterior temporal arteries (Fig. 4-3, A and B)
supply different regions of the temporal lobe. Branches of
the posterior temporal artery also supply the lateral portions
of the occipital lobe.

Vertebro-Basilar Circulation

This system includes the two vertebral arteries, the basi-
lar artery (which is formed by the union of the two verte-
bral arteries), and their branches (Fig. 4-1). This arterial
system supplies the medulla, pons, mesencephalon, and
cerebellum. Different branches of the vertebral artery are
described in the following sections.

The Vertebral Artery

The vertebral artery (Fig. 4-1) on each side is the first
branch arising from the subclavian artery. It enters the
transverse foramen of the sixth cervical vertebrae, ascends
through these foramina in higher vertebrae, and eventu-
ally enters the cranium through the foramen magnum. In
the cranium, at the medullary level, each vertebral artery
gives off the anterior spinal artery, the posterior inferior
cerebellar artery, and the posterior spinal artery.

The Anterior Spinal Artery

At the confluence of the two vertebral arteries, two small
branches arise and join to form a single anterior spinal
artery (Fig. 4-1). This artery supplies the medial structures
of the medulla, which include the pyramids, medial lemnis-
cus, medial longitudinal fasciculus, hypoglossal nucleus,
and the inferior olivary nucleus. It should be recalled that
the axons contained within the pyramid originate in the
cerebral cortex (see Chapter 1). At the caudal end of the
medulla, near its juncture with the spinal cord, most of
the fibers contained within the pyramid pass to the contral-
ateral side through a commissure, the pyramidal decussation.

The Posterior Inferior Cerebellar Artery

The posterior inferior cerebellar artery (PICA [Fig. 4-1])
arises from the vertebral artery and supplies the regions of
the lateral medulla that include the spinothalamic tract,
dorsal and ventral spinocerebellar tracts, descending sym-
pathetic tract, descending tract of cranial nerve V, and
nucleus ambiguus. Occlusion of this artery produces Wal-
lenberg’s syndrome, which is characterized by damage to
the lateral medulla where the nucleus ambiguus is located.
Damage to the nucleus ambiguus, which provides inner-
vation to laryngeal muscles, results in lack of coordina-
tion in speech (dysphonia), disturbance in articulation

(dysarthria), and dysphagia (difficulty in swallowing).
The PICA also supplies the vermal region and inferior-
lateral surface of the cerebellar hemisphere.

The Posterior Spinal Artery

The posterior spinal artery (PSA) is the first branch of
the vertebral artery in the cranium in about 25% of cases.
However, in a majority of cases (75%), the PSA arises
from the PICA (Fig. 4-1). In the caudal medulla, this
artery supplies the fasciculus gracilis and cuneatus as
well as the gracile and cuneate nuclei, spinal trigeminal
nucleus, dorsal and caudal portions of the inferior cere-
bellar peduncle, and portions of the solitary tract and
dorsal motor nucleus of the vagus nerve.

The Basilar Artery

The two vertebral arteries join at the caudal border of the
pons to form the single basilar artery (Fig. 4-1). The major
branches of the basilar artery are described in the follow-
ing sections.

The Anterior Inferior Cerebellar Artery

The anterior inferior cerebellar artery (AICA) is the
most caudal branch arising from the basilar artery (Fig.
4-1). The AICA supplies the ventral and inferior surface
of the cerebellum and lateral parts of the pons.

The Labyrinthine (Internal Auditory) Artery

The labyrinthine (internal auditory) artery (Fig. 4-1) is
usually a branch of the AICA and supplies the cochlea and
labyrinth.

The Pontine Arteries

Several pairs of pontine arteries (Fig. 4-1) arise from the
basilar artery. Some pontine arteries (the paramedian
arteries) enter the pons immediately and supply the medial
portion of the lower and upper pons. The following struc-
tures are located in these regions: the pontine nuclei, cor-
ticopontine fibers, the corticospinal and corticobulbar
tracts, and portions of the ventral pontine tegmentum and
medial lemniscus. Some pontine arteries (the short cir-
cumferential arteries) travel a short distance around the
pons and supply a wedge-shaped area in the ventrolateral
pons. The long circumferential arteries supply most of the
tegmentum of the rostral and caudal pons and lateral por-
tions of the midbrain tegmentum.

The Superior Cerebellar Artery

The superior cerebellar artery (Fig. 4-1) arises just caudal
to the bifurcation of the basilar artery and supplies the ros-
tral level of the pons, caudal part of the midbrain, and
superior surface of the cerebellum. This artery supplies the
following structures: portions of the superior and middle
cerebellar peduncles, the medial and lateral lemniscus,
part of the spinal trigeminal nucleus and tract, the spi-
nothalamic tract, and superior cerebellar peduncle.

The Posterior Cerebral Arteries

The posterior cerebral arteries arise at the terminal bifur-
cation of the basilar artery (Fig. 4-1). Branches of the
posterior cerebral arteries (Fig. 4-4) supply most of the
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midbrain, thalamus, and subthalamic nucleus. The major
branches arising from this artery after it passes around the
midbrain (anterior and posterior temporal and parieto-
occipital branches) supply the temporal lobes and medial
and inferior occipital lobes of the cerebral cortex. The
branch called the calcarine artery supplies the primary
visual cortex.

Cerebral Arterial Circle (Circle Of Willis)

The cerebral arterial circle (Fig. 4-1) surrounds the optic
chiasm and the infundibulum of the pituitary. It is formed
by the anastomosis of the branches of the internal carotid
artery and the terminal branches of the basilar artery. The
anterior communicating artery connects the two anterior
cerebral arteries, thus forming a semicircle. The circle is
completed as the posterior communicating arteries aris-
ing from the internal carotid arteries at the level of the
optic chiasm travel posteriorly to join the posterior cere-
bral arteries that are formed by the bifurcation of the basi-
lar artery. The circle of Willis is patent in only 20% of
individuals. When it is patent, this arterial system supplies
the hypothalamus, hypophysis, infundibulum, thalamus,
caudate nucleus, putamen, internal capsule, globus pal-
lidus, choroid plexus (lateral ventricles), and temporal
lobe. When the blood flow in either the internal carotid
arteries or vertebro-basilar system is reduced, collateral cir-
culation in the circle of Willis provides blood to the
deprived brain regions.

Arteries of the Dura

Meningeal arteries arise from the internal carotid artery as
it passes through the cavernous sinus. The primary arterial
supply to the dura is provided by the middle meningeal
artery. The anterior meningeal arteries supply the dura

Section ] GROSS ANATOMY OF THE BRAIN

FIGURE 4-4 Major branches of the posterior cerebral artery. These
include the anterior and posterior temporal branches, the parieto-oc-
cipital branch, and the calcarine branch.

located in the anterior fossa, and the posterior meningeal
arteries supply the dura located in the posterior fossa.

VENOUS DRAINAGE OF THE BRAIN

The brain is drained by a system of veins that empty into
the dural sinuses. The sinuses empty into the right and
left internal jugular veins.

The Sinuses

The Superior Sagittal Sinus

The superior sagittal sinus (Fig. 4-5, A and B) lies along
the superior border of the falx cerebri and empties into the
confluence of sinuses.

The Inferior Sagittal Sinus

The inferior sagittal sinus (Fig. 4-5B) lies in the inferior
border of the falx cerebri. The great cerebral vein of Galen
joins the inferior sagittal sinus to form the straight sinus
(Fig. 4-5B) that runs caudally and empties into the caudal
end of the superior sagittal sinus at the level of the conflu-
ence of sinuses.

The Transverse Sinuses

The transverse sinuses (Fig. 4-5, A and B) originate on
each side of the confluence of sinuses. Each transverse
sinus travels laterally and rostrally and curves downward
to form the sigmoid sinus that empties into the internal
jugular vein on the same side (Fig. 4-5A).

The Confluence of Sinuses

At the confluence of sinuses, the superior sagittal, straight,
transverse, and occipital sinuses join (Fig. 4-5, A and B).
The occipital sinus ascends from the foramen magnum.
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FIGURE4-5 Major dural sinuses and veins. (A) Major dural sinuses shown here include the superior sagittal, straight, occipital, transverse, and sigmoid
sinuses. The superior sagittal, straight, transverse, and occipital sinuses join at the confluence of sinuses. Major veins include the superficial middle cere-
bral vein, the superior anastomotic vein of Trolard, and the inferior anastomotic vein of Labbé. (B) Major dural sinuses shown here include the superior
sagittal, inferior sagittal, straight, occipital, and transverse sinuses, and their confluence. Major veins shown here include the great vein of Galen, the basal

vein of Rosenthal, and the internal cerebral vein.

The Cavernous Sinuses

The cavernous sinuses are located on each side of the
sphenoid bone. Ophthalmic and superficial middle cere-
bral veins drain into these sinuses.

The Sphenoparietal Sinuses
The sphenoparietal sinuses are located below the sphe-
noid bone and drain into the cavernous sinus.

The Cerebral Veins
The cerebral veins are usually divided into the superficial

cerebral veins and the deep cerebral veins.

The Superficial Cerebral Veins
There are three major veins in the group of the superficial
cerebral veins (Fig. 4-5A). (1) The superficial middle

cerebral vein, which runs along the lateral sulcus, drains
the temporal lobe and empties into the cavernous sinus.
(2) The superior anastomotic vein of Trolard is the larg-
est superficial vein; it travels across the parietal lobe, drains
into the superior sagittal sinus, and connects the superfi-
cial middle cerebral vein with the superior sagittal sinus.
(3) The inferior anastomotic vein of Labbé connects the
superficial middle cerebral vein with the transverse sinus.
It is the largest vein draining into the transverse sinus. It
travels across the temporal lobe.

The Deep Cerebral Veins
Three major veins are included in the group of the deep

cerebral veins (Fig. 4-5B): (1) the great cerebral vein of
Galen, (2) the basal vein of Rosenthal, and (3) the
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internal cerebral vein. The great cerebral vein of Galen is
a short vein (about 2 cm long) and is formed by the union
of two internal cerebral veins at the level of the splenium
of corpus callosum. It courses caudally and joins the infe-
rior sagittal sinus to form the straight sinus, which then
empties into the confluence of sinuses. The basal vein of
Rosenthal receives blood from the orbital surface of the
frontal lobe, anterior part of corpus callosum, rostral parts
of the cingulate gyrus, the insula, the opercular cortex (a
portion of the motor area for speech), and the ventral
parts of the corpus striatum. The basal vein empties into
the great cerebral vein of Galen. The internal cerebral
veins receive venous blood from the thalamus, striatum,
caudate nucleus, internal capsule, choroid plexus, and
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Ventral root

hippocampus. The cerebellum and medulla are drained by
a network of veins that empty into the great cerebral vein
of Galen as well as the straight, transverse, and superior
and inferior petrosal sinuses.

THE SPINAL CORD

Arteries

Posterior Spinal Arteries

As stated earlier, in a majority of cases (75%), the PSAs
arise from the PICA (Fig. 4-6A). They descend on the
dorsolateral surface of the spinal cord slightly medial to
the dorsal roots.

Anterior spinal
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Vertebral artery

Dorsal root

Posterior radicular vein

Posterior spinal
medullary vein

>
"- Spinal nerve

Anterior spinal  Anterior radicular vein

medullary vein

FIGURE4-6  Vascular supply of the spinal cord. (A) Major arteries supplying the spinal cord. Note especially the two posterior and one anterior spinal arter-
ies. The vertebral, posterior inferior cerebellar, and basilar arteries and the dorsal and ventral roots of the spinal nerve are shown for orientation purposes.
(B) Major veins draining the spinal cord. The vertebra and spinal nerve are shown for orientation purposes.
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Anterior Spinal Artery

Two small branches arise from the vertebral arteries as they
ascend on the anterolateral surface of the medulla. These
branches unite to form one single anterior spinal artery
(ASA [Fig. 4-6A]) that courses along the midline of the

ventral surface of the spinal cord.

The Spinal Medullary and Radicular Arteries

The posterior and anterior spinal medullary and radicular
arteries arise from the segmental arteries and communi-
cate with the PSAs and ASA (Fig. 4-6A). These arteries
provide blood supply to the thoracic, lumbar, and sacral
regions of the spinal cord.

@ Clinical Case

History

Stan is a 78-year-old man who was brought to the local emergency room (ER)
because his family noted that he was suddenly not using his left arm and leg. In
addition, he began to show some behavioral changes. When asked about his
inability to move hisright side, he said,"l am fine. What is wrong with you?” Although
normally very cooperative, he appeared to be more withdrawn and irritable. The
morning that he was brought to the ER, he only shaved the right half of his face,
combed the right side of his hair,and wore a sock and shoe on the right foot.

Examination

A neurologist examined Stan and found a loud bruit (pronounced as“bru-ee”; a
rumbling sound) over the right carotid artery in his neck.When asked to show his
left hand, Stan ignored the question. When his hand was lifted and he was
confronted with the question of whether, indeed, the hand was his; he denied it
and insisted that the hand belonged to the doctor. He did not blink when a hand
was waved over the left lateral aspect of his visual fields,and when asked to draw
a clock, he put all of the numbers on the clock on the right side. He denied any
problem with the clock that he drew.The left side of his face drooped, excluding
his forehead, which was symmetrical,and although there was minimal movement
on the left side of his body, he moved it very infrequently. When the lateral aspect
of the plantar surface of his left foot was scratched, the great toe dorsiflexed and
the other toes fanned upwards.When the same maneuver was performed on the
other side, the toes deviated downward.

Veins

In the spinal cord, on the ventral side, the anteromedian
spinal vein is located in the midline and two anterolateral
spinal veins are located along the line of attachment of
the ventral roots (Fig. 4-6B). On the dorsal side, the pos-
teromedian spinal vein is located in the midline and two
posterolateral spinal veins are located along the line of
attachment of the dorsal roots. The posteromedian
and posterolateral veins are drained by posterior spinal
medullary and radicular veins. The anterior median and
anterolateral spinal veins are drained by anterior spinal
medullary and radicular veins.

Explanation

Stan has a classic example of a right parietal stroke, which most often involves
the superior parietal lobule. The artery infarcted is the right middle cerebral
artery.Because the middle cerebral artery continues in nearly a straight line from
the internal carotid artery, it is a common route for small emboli originating from
the internal carotid artery.The bruit noted is most likely the result of a thrombus
(clot) occluding the lumen of the carotid artery. When blood flows across the
thrombus, a bruit is heard.

The parietal lobe is responsible for primary and secondary sensory
information. One of the types of sensory information provided by this region is
the ability to localize objects in space. People with lesions in the right parietal
lobe live in “right-sided worlds” and ignore the left side of their bodies and all
objects in space. Behavioral changes, including dulling of affect, accompany
these deficits. These patients may become less cooperative, and it is not
unknown for them to have several automobile accidents, colliding with objects
on their left sides, before their deficits are recognized. Because the fibers from
the lateral fields of the optic tract run through the parietal lobe of the
contralateral side, a visual defect often accompanies strokes in this region, and
patients don't blink in response to hand-waving in this field. The motor strip
may also be affected by an infarct of this artery, so genuine motor weakness
with a Babinski sign (the up-going toe) would be present, signifying upper
motor neuron weakness.

[
Questions

Choose the best answer for each question.

1. A 40-year-old man noticed that he had an almost complete
loss of vision in his right eye. A funduscopic examination of
his eye indicated a loss of blood supply to the right eye.The
blood supply of which one of the following arteries may be
occluded in this patient?

a. Posterior communicating artery
b. Ophthalmic artery

c. Posterior cerebral artery

d. Anterior choroidal artery

e. Middle cerebral artery

2. Aneurologic examination of a 55-year-old woman indicated
that she had weakness and loss of discriminative touch and
vibratory sense on the left side of her body. When she
attempted to protrude her tongue, it deviated to the right.
The blood supply of which one of the following arteries may
be occluded in this patient?

a. Basilar artery

b. Branches of the anterior spinal artery

c. Branches of the superior cerebellar artery
d. Posterior spinal artery

e. Anterior inferior cerebellar artery
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3. A 65-year-old man suffering from lack of coordination in
speech and disturbance of articulation was referred to a
neurologist by his primary physician. The neurologist diag-
nosed the patient to be suffering from Wallenberg’s syn-
drome and sent him for angiography. Which one of the
following arteries is most likely to be occluded in this
patient?

a. Anterior cerebral artery

b. Middle cerebral artery

c. Posterior cerebral artery

d. Anterior inferior cerebellar artery
e. Posterior inferior cerebellar artery

4. A 70-year-old woman suffering from loss of motor control
and sensation in her left leg was examined by her neurolo-
gist. Subsequent angiographic procedures performed on
the patient revealed that one of the arteries supplying the
brain was 80% occluded. Which one of the following arter-
ies most likely was occluded in this patient?

a. Right anterior cerebral artery

b. Left anterior cerebral artery

c. Posterior cerebral artery

d. Posterior communicating artery
e. The vertebral artery

5. Which one of the following statements regarding the circle

of Willis is correct?

a. Itis the primary source of blood supply to the pons and
medulla.

b. It includes two vertebral arteries.

c. It is the site where most of the cerebrospinal fluid is
formed.

d. The superior cerebellar artery arises from this circle of
arteries.

e. It surrounds the optic chiasm, tuber cinereum, and the
interpeduncular region.

Answers and Explanations

1. Answer:b

The ophthalmic artery, which supplies the ipsilateral eye,
arises from the internal carotid artery in the cranium. It
enters the orbit through the optic foramen and gives rise to
the central artery of the retina, which supplies the retina in
the ipsilateral eye. Although the other arteries mentioned as
alternative choices arise in the region of the optic chiasm,
they do not supply the eye.

2. Answer:b
The anterior spinal artery (ASA) supplies the medial struc-
tures of the medulla.These structures include the pyramids,
medial lemniscus, and hypoglossal nucleus. It should be
recalled that the axons contained within the pyramids orig-
inate in the cerebral cortex. At the caudal end of the medulla,
near its juncture with the spinal cord, most of the fibers con-
tained within the pyramid pass to the contralateral side. If
the loss of senses occurs on the patient’s left side, the corti-
cospinal fibers on the right side must be impaired,implying
that the branches of the ASA supplying the right side of the
caudal medulla must be occluded.The fibers that form the
medial lemniscus arise from cells of nuclei gracilis and

cuneatus.The cells of these nuclei are involved in mediating
the sense of discriminative touch and vibration.These fibers
cross in the lower medulla. Therefore, damage to these fib-
ers on the right side will impair the sense of discriminative
touch and vibration on the left side of the body. Normally,
right hypoglossal nerve fibers innervate the left side of the
tongue and vice versa. Activation of both hypoglossal
nerves allows the tongue to remain straight when it is
protruded. If the hypoglossal nerve fibers on the right side
of the medulla are damaged, the tongue will deviate to the
right when it is protruded (i.e., the tongue, when protruded,
deviates to the side of the lesion). The other arteries listed
do not supply blood to the medulla.

. Answer: e

The posterior inferior cerebellar artery supplies the regions
of lateral medulla that include the spinothalamic tract, dor-
sal and ventral spinocerebellar tracts, descending sympa-
thetic tract, descending tract of cranial nerve V, and the
nucleus ambiguus. Occlusion of this artery produces Wal-
lenberg’s syndrome.The symptoms (lack of coordination in
speech and disturbance in articulation) are caused by dam-
age to the nucleus ambiguus, which provides innervation to
laryngeal muscles.The other arteries do not supply the lat-
eral medulla.

. Answer:a

The anterior cerebral artery supplies blood to the dorsal and
medial parts of the cerebral hemisphere. This artery sup-
plies the postcentral gyrus (which is concerned with the
processing of sensory information from the contralateral
leg) and the precentral gyrus (which is concerned with the
motor control of the contralateral leg). Therefore, occlusion
of the right anterior cerebral artery is likely to result in the
loss of motor and sensory control in the patient’s left leg.
Other arteries listed do not supply blood to the precentral
and postcentral gyri, and, therefore, their occlusion would
not elicit the symptoms observed in this patient. For exam-
ple, the vertebral artery and its branches supply the medulla;
the posterior cerebral arteries supply most of the midbrain;
and the posterior communicating arteries supply blood to
the hypophysis, infundibulum, and parts of the hypothala-
mus, thalamus, and hippocampus.

. Answer: e

The cerebral arterial circle (circle of Willis) surrounds the
optic chiasm and the infundibulum of the pituitary. It is
formed by the anastomosis of the branches of the internal
carotid artery and the terminal branches of the basilar
artery.The arteries that form the circle of Willis include the
anterior communicating artery, posterior communicating
arteries, and the posterior cerebral arteries. Vertebral and
superior cerebellar arteries are not included in the circle of
Willis, which, under normal circumstances, does not supply
blood to the pons and medulla. When the circle of Willis is
patent (20% of individuals), it supplies the hypothalamus,
hypophysis,infundibulum, thalamus, caudate nucleus, puta-
men, internal capsule, globus pallidus, choroid plexus (lat-
eral ventricles), and temporal lobe. The choroid plexuses
produce about 70% of the cerebrospinal fluid present in the
brain and spinal cord.
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Major Branches

CHAPTER SUMMARY TABLE

Major Arteries of the Brain

Major Sub-branches

Major Brain Structures Supplied

Internal Carotid Artery

Ophthalmic

Posterior
communicating

Anterior choroi-
dal

Anterior cerebral

Middle cerebral

Anterior communicating
Medial striate artery
(recurrent artery of Heub-
ner)

Orbital branches

Frontopolar branches

Callosomarginal

Pericallosal artery

Lenticulostriate branches
Orbitofrontal

Precentral (pre-Rolandic)
and central (Rolandic)

branches

Anterior and posterior
parietal branches

Angular branch

Anterior, middle, and pos-
terior temporal branches

Retina and cranial dura

Hypophysis, infundibulum, parts of hypothalamus, thalamus, and
hippocampus

Choroid plexus, optic tract, parts of internal capsule, hippocampal
formation, globus pallidus, and lateral portions of thalamus

Medial aspect of cerebral hemisphere, including frontal and pari-
etal lobes, postcentral gyrus, and precentral gyrus

Connects the anterior cerebral arteries on the both sides
Anteromedial part of head of caudate nucleus and parts of the
internal capsule, putamen, and septal nuclei

Orbital and medial surfaces of frontal lobe

Medial portions of frontal lobe and lateral parts of the convexity
of the hemisphere

Paracentral lobule and portions of cingulate gyrus

Precuneus (portion of parietal lobe caudal to paracentral lobule
and proximal to occipital cortex)

Lateral convexity of cerebral hemisphere, including parts of tem-
poral, frontal, parietal, and occipital lobes; important neural struc-
tures supplied by middle cerebral artery include: Broca’s area of
speech, prefrontal cortex, and primary and association auditory
cortices including Wernicke’s area and supramarginal and angular
gyri (association cortex)

Putamen, caudate nucleus, and anterior limb of internal capsule

Parts of frontal lobe

Primary sensory and motor cortex

Parts of parietal lobe

Angular gyrus

Parts of temporal lobe and lateral portions of occipital lobe
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Major Branches Major Sub-branches Major Brain Structures Supplied

Vertebral Artery

Anterior spinal

Posterior inferior
cerebellar (PICA)

Posterior spinal
(PSA)

Medial structures of medulla including pyramids, medial lemnis-
cus, medial longitudinal fasciculus, hypoglossal nucleus, and infe-
rior olivary nucleus

Lateral medulla: spinothalamic tract, dorsal and ventral spinocere-
bellar tracts, descending sympathetic fibers, descending tract and
spinal nucleus (CN V), dorsal motor nucleus (CN X), and nucleus
ambiguus (CN IX and X)

Caudal medulla: fasciculus gracilis and cuneatus, gracile and
cuneate nuclei, spinal trigeminal nucleus, dorsal and caudal por-
tions of inferior cerebellar peduncle, and portions of the solitary
tract and dorsal motor nucleus of the vagus (CN X)

Anterior inferior
cerebellar (AICA)

Labyrinthine
(internal auditory)

Pontine arteries

Superior cerebel-
lar

Posterior cerebral

(N = cranial nerve.

Paramedian branches

Short circumferential
branches

Long circumferential
branches

Anterior and posterior

temporal; parieto-occipi-

tal

Calcarine

Basilar Artery

Ventral and inferior surface of cerebellum and lateral parts of the
pons

Cochlea and labyrinth

Medial portion of lower and upper pons: pontine nuclei, cortico-
pontine fibers, corticospinal and corticobulbar tracts,and por-
tions of ventral pontine tegmentum and medial lemniscus

A wedge-shaped area in the ventrolateral pons

Most of tegmentum of the rostral and caudal pons and lateral
portions of midbrain tegmentum

Rostral level of pons, caudal part of midbrain, and superior surface
of cerebellum including portions of superior and middle cerebel-

lar peduncles, medial and lateral lemniscus, part of spinal trigemi-
nal nucleus and tract, and spinothalamic tract

Most of midbrain, thalamus, and subthalamic nucleus

Temporal lobes and medial and inferior occipital lobe

Primary visual cortex
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In this chapter, the student is expected to know:

Other Types of Neurons 1. The composition and function of different
« NEUROGLIA components of the neuron (e.g., plasma
Astrocytes membrane, cell body, nucleus, nucleolus,
Protoplasmic Astrocytes cytoplasm, dendrites, and axon).
Fibrous Astrocytes 2. The mechanism of axonal transport and its
Miiller Cells application to the study of neuroanatomy.
Oligodendrocytes 3. Different types of neurons found within the
Microglia nervous system.

Ependymal Cells
* MYELINATED AXONS
Peripheral Nervous System
Central Nervous System
* COMPOSITION OF PERIPHERAL NERVES

Different types of neuroglia and their functions.
The nature of myelin formation.

The composition of the peripheral nerves.

UM

The types of neuronal injury and the process of
regeneration.
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THE NEURON

Signals from one nerve cell to another are transferred
across special zones of contact between the neurons that
are known as synapses. The mechanism by which neurons
communicate with each other is called synaptic transmis-
sion. Chemical neurotransmission is the most prevalent
mechanism of communication between neurons. It
involves release of chemical substances (neurotransmit-
ters) from the presynaptic terminals of neurons, which
excite or inhibit one or more postsynaptic neurons. The
details of synaptic neurotransmission are described in
Chapter 7.

The human brain consists of about 10" nerve cells.
Each nerve cell (neuron) consists of a cell body (peri-
karyon or soma) from which numerous processes (neur-
ites) arise. The neurites that receive information and
transmit it to the cell body are called dendrites (Fig. 5-1,
A and B). A long neurite conducts information from the
cell body to different targets and is known as an axon

Dendrites

Cell membrane

Cell body or
perikaryon or soma

Nucleus

Nissl substance

Nucleolus

hillock

Initial
segment

Axon
A terminals

FIGURE 5-1

Nucleus
Nuclear pore

Nuclear
membrane

Nucleolus

Golgi apparatus

Rough endoplasmic
reticulum

(Fig. 5-1, A and B). The cytoskeleton of a neuron consists
of fibrillar elements (e.g., neurofilaments and microfila-
ments) and their associated proteins (Fig. 5-1B). Descrip-
tions of the different components of the neuron are
provided in the following sections.

The Cell Membrane

The cell (plasma) membrane (Fig. 5-1, A and B) forms the
external boundary of the neuronal cell body and its proc-
esses. [t is about 6 to 8 nanometers (nm) thick and consists
of a double layer of lipids in which proteins, including ion
channels, are embedded. Inorganic ions enter and leave
the neuron through the ion channels. Functions of the
neuronal membrane are discussed in Chapter 6.

The Nerve Cell Body

The neuronal cell body, also called perikaryon or soma
(Fig. 5-1, A and B), consists of a mass of cytoplasm bounded
by an external membrane. The presence of neurites

Dendrite
Cytoplasm

Mitochondrion

Microfilament
Microtubule

Cell body

Cell membrane

Axon
hillock

Axon Neurofilament

A schematic representation of a neuron. (A) Note the orientation of the dendrites, axon, and nucleus. The first few microns of the axon as it

emerges from the axon hillock represent the initial segment of the axon. (B) Components of the neuron: the cell membrane, nucleus, nuclear membrane,

nucleolus, and the organelles.
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increases the surface area of the cell body for receiving sig-
nals from axons of other neurons. The total volume of
cytoplasm present in the neurites is much greater than in
the cell body proper. The cell body contains the nucleus
and various organelles and is the metabolic and trophic
(relating to nutrition) center of the neuron. Accordingly,
the synthesis of most proteins, phospholipids, and other
macromolecules occurs in the soma.

The Nucleus

Histologically, the term nucleus refers to the round struc-
ture that is usually located in the center of the cell body
(Fig. 5-1). It should be noted that, in neuroanatomy, the
term “nucleus” also refers to a collection of neurons in the
brain or spinal cord with similar morphological character-
istics (e.g., nucleus ambiguus). The contents of the nucleus
are enclosed within a nuclear membrane. The nuclear
membrane is double-layered and contains fine pores
through which substances can diffuse in and out of the
nucleus (Fig. 5-1B). The genetic material of the nucleus,
consisting of deoxyribonucleic acid (DNA), is called chro-
matin. When the nucleoplasm is homogenous and does
not stain with basic dyes, the DNA is said to be widely
dispersed and in euchromatin form. The nucleus contains
a prominent (relatively large) nucleolus that is concerned
with the synthesis of ribonucleic acid (RNA) and stains
deeply. In the female, the Barr body represents one of the
two X chromosomes and is located at the inner surface of
the nuclear membrane.

The Cytoplasm

The following organelles and inclusions are present in the
cytoplasm.

Niss Substance or Bodies

This granular material is present in the entire cell body and
proximal portions of the dendrites. However, it is not
present in the axon hillock (portion of the soma from which
the axon arises) and the axon (Fig. 5-1A). The Nissl sub-
stance consists of RNA granules called ribosomes
(Fig. 5-1A). In all neurons, a net-like meshwork consisting
of a highly convoluted single membrane, called the endo-
plasmic reticulum, extends throughout the cytoplasm.
Many ribosomes are attached to the membrane of the endo-
plasmic reticulum and create regions known as rough
endoplasmic reticulum (Fig. 5-1B). Many ribosomes lie
free in the cytoplasm. The Nissl substance is basophilic and
stains well with basic dyes (e.g., toluidine blue or basic ani-
line dyes). It is responsible for the synthesis of proteins that
are carried into the dendrites and the axon.

Mitochondria

These spherical or rod-shaped structures consist of a dou-
ble membrane (Fig. 5-1B). The inner membrane consists
of folds projecting into the interior of the mitochondria,
and many enzymes involved in the tricarboxylic cycle and
cytochrome chains of respiration are located on this mem-
brane. The mitochondria are present in the soma, dendrites,

and the axon of the neuron and are involved in the
generation of energy for the neuron.

Golgi Apparatus

The Golgi apparatus (Fig. 5-1B) consists of aggregations of
flat vesicles of various sizes made up of smooth endoplas-
mic reticulum. Protein-containing vesicles that bud off
from the rough endoplasmic reticulum are transported to
the Golgi apparatus where the proteins are modified (with
processes such as glycosylation or phosphorylation), pack-
aged into vesicles, and transported to other intracellular
locations (such as nerve terminals).

Lysosomes

Lysosomes are small (300-500 nm) membrane-bound ves-
icles formed from the Golgi apparatus that contain hydro-
lytic enzymes. They serve as scavengers in the neurons.

(ytoskeleton

This cytoplasmic component, the cytoskeleton, is the
main determinant of the shape of a neuron. It consists of
the following three filamentous elements: microtubules,
neurofilaments, and microfilaments.

1. Microtubules (Fig. 5-1B) consist of helical cylinders
made up of 13 protofilaments, which, in turn, are line-
arly arranged pairs of alpha and beta subunits of tubulin.
They are 25 to 28nm in diameter and are required in
the development and maintenance of the neuron’s
processes.

2. Neurofilaments (Fig. 5-1B) are composed of fibers that
twist around each other to form coils. Two thin proto-
filaments form a protofibril. Three protofibrils form a
neurofilament that is about 10nm in diameter. Neuro-
filaments are most abundant in the axon. In Alzheimer’s
disease, neurofilaments become modified and form a
neurofibrillary tangle (see Chapter 25 for more details
regarding this disease).

3. Microfilaments (Fig. 5-1B) are usually 3 to 7nm in
diameter and consist of two strands of polymerized glob-
ular actin monomers arranged in a helix. They play an
important role in the motility of growth cones during
development and in the formation of presynaptic and
postsynaptic specializations.

Dendrites

Dendrites are short processes arise that from the cell
body. Their diameter tapers distally, and they branch
extensively (Fig. 5-1, A and B). Small projections, called
dendritic spines, extend from dendritic branches of some
neurons. The primary function of dendrites is to increase
the surface area for receiving signals from axonal projec-
tions of other neurons. The presence of dendritic spines
further enhances the synaptic surface area of the neuron.
The dendritic spines are usually the sites of synaptic con-
tacts. The cytoplasmic composition in the dendrites is
similar to that of the neuronal cell body. Nissl granules
(ribosomes), smooth endoplasmic reticulum, neurofila-
ments, microfilaments, microtubules, and mitochondria
are found in the dendrites.
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Axon

A single, long, cylindrical and slender process arising usu-
ally from the soma of a neuron is called an axon. The axon
usually arises from a small conical elevation on the soma of
aneuron that does not contain Nissl substance and is called
an axon hillock (Fig. 5-1A). The plasma membrane of the
axon is called the axolemma, and the cytoplasm contained
in it is called axoplasm. The axoplasm does not contain
the Nissl substance or Golgi apparatus, but it does contain
mitochondria, microtubules, and neurofilaments. The first
50 tol00um of the axon, after it emerges from the axon
hillock, is known as the initial segment (Fig. 5-1A). The
action potential originates at the axon hillock. An action
potential is a brief fluctuation in the membrane potential,
which moves like a wave along the axon in order to trans-
fer information from one neuron to another. Membrane
potential is the voltage difference across the cell membrane
brought about by differences in extracellular and intracel-
lular ionic distributions (see Chapter 6). Axons are either
myelinated or unmyelinated; the mechanism of myelina-
tion is described later in this chapter. Usually, the axons do
not give off branches near the cell body. However, in some
neurons, collateral branches arise from the axon near their
cell body; these branches are called recurrent collaterals.
At their distal ends, the axons branch extensively
(Fig. 5-1A); their terminal ends, which are mostly enlarged,
are called synaptic terminals (synaptic boutons).

Axonal Transport

Various secretory products produced in the cell body are
carried to the axon terminals by special transport mecha-
nisms. Likewise, various constituents are carried from the
axon terminals to the cell body. Three main types of axonal
transport are fast anterograde transport, slow anterograde
transport, and fast retrograde transport.

Fast Anterograde Transport

Fast anterograde transport (orthograde or forward flow-
ing) is involved in the transport of materials that have a
functional role at the nerve terminals (e.g., precursors of
peptide neurotransmitters, enzymes needed for the synthe-
sis of small molecule neurotransmitters, and glycoproteins
needed for reconstitution of the plasma membrane) from
the cell body to the terminals. Polypeptides much larger
than final peptide neurotransmitters (pre-propeptides) and
enzymes needed for the synthesis of small molecule neuro-
transmitters are synthesized in the rough endoplasmic
reticulum (Fig. 5-2A, a). Vesicles containing these propep-
tides and enzymes bud off from the rough endoplasmic
reticulum and are transported to the Golgi apparatus
(Fig. 5-2A, b) where they are modified and packaged into
vesicles. The vesicles formed in the Golgi apparatus then
become attached to the microtubules and are transported
by fast axonal transport (at a rate of 100-400mm/d) into
the nerve terminal (Fig. 5-2A, c¢). The propeptides are
then cleaved to smaller peptides (Fig. 5-2A, d). Small mol-
ecule neurotransmitters are synthesized in the neuronal
terminal. The neurotransmitters (either small peptides or

small molecule neurotransmitters) are packaged in vesicles
(Fig. 5-2A, e). The neurotransmitters are then released
into the synaptic cleft by exocytosis. During the process of
exocytosis, the membranes of the vesicles and terminal
membrane fuse together, an opening develops, and the
contents of the vesicle are released in the synaptic cleft
(Fig. 5-2A, f).

The rapid axonal transport depends on the microtu-
bules. The microtubule provides a stationary track and a
microtubule-associated ATPase (kinesin) forms a cross-
bridge between the organelle to be moved and the micro-
tubule. On one end, kinesin contains two globular heads
that bind to the microtubule and, on the other end, it has
a fan-shaped tail that binds to the surface of an organelle.
The organelle then moves by sliding of the kinesin mole-
cule along the microtubule (Fig. 5-2B).

Slow Anterograde Transport

Slow anterograde transport involves movement of neuro-
filaments and microtubules synthesized in the cell body to
the terminals at a rate of 0.25 to 5mm/d. Soluble proteins
transported by this mechanism include actin, tubulin
(which polymerizes to form microtubules), proteins that
make up neurofilaments, myosin, and a calcium-binding
protein (calmodulin).

Fast Retrograde Transport

Fast retrograde transport is slower than the fast antero-
grade transport (about 50-200mm/d). Rapid retrograde
transport carries materials from the nerve terminals to the
cell body; the transported materials travel along microtu-
bules. For example, when a transmitter is released from the
synaptic terminal by exocytosis, the surplus membrane in
the terminal is transported back to the cell body by retro-
grade fast axonal transport (Fig. 5-2A, g), where it is either
degraded by lysosomes or recycled (Fig. 5-2A, h). Also
transported by this mechanism is nerve growth factor, a
peptide synthesized by a target cell and transported into
certain neurons in order to stimulate their growth. Materi-
als lying outside the axon terminals are taken up by endo-
cytosis and transported to the cell body. Endocytosis is a
process by which materials enter the cell without passing
through the cell membrane. The process involves folding
of the cell membrane inward after surrounding the mate-
rial outside the cell, forming a sac-like vesicle which is
then pinched off from the membrane so that the vesicle
lies in the cytoplasm. Fast retrograde axonal transport is
also involved in some pathological conditions. For exam-
ple, the herpes simplex, polio, and rabies viruses and teta-
nus toxin are taken up by the axon terminals in peripheral
nerves and carried to their cell bodies in the central nerv-
ous system (CNS) by rapid retrograde transport.

Axonal transport (anterograde as well as retrograde)
has been used to trace target sites of neurons. A simplified
procedure for anterograde tracing techniques involves the
microinjection of a fluorescent dye at the desired site in
the CNS. The dyes are taken up by the neuronal cell bod-
ies and transported anterogradely to their axon terminals.
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FIGURE5-2  Axonal transport. (A) Large molecule peptides (pre-propeptides) are converted into smaller peptides (propeptides) in the rough endoplasmic
reticulum (a). The propeptides and enzymes are packaged into vesicles that are transported to the Golgi apparatus, modified, and packaged into vesicles
(b). The vesicles get attached to microtubules and are carried to the terminals by fast axonal transport (c). The propeptides are cleaved to produce smaller
peptide transmitters in the terminal (d). Small molecule neurotransmitters are synthesized in the neuronal terminal and packaged into vesicles (e). The
peptides and neurotransmitters are released into the synaptic cleft by exocytosis (f). Surplus membrane elements in the terminal are carried back to the
cell body by retrograde transport (g). The retrieved vesicular membrane is degraded or recycled (h). (B) A model showing how kinesin (a microtubule-

associated ATPase) can move an organelle along a microtubule.

The fluorescence of the axons and their terminals is then
visualized under a microscope to ascertain the projections
of the neuron.

Retrograde tracing techniques involve the microin-
jection of an enzyme (e.g., horseradish peroxidase [HRP]),
fluorescent dyes (e.g., Fluoro-Gold), cholera toxin, or
viruses at the desired site. The injected substance
(e.g., HRP) is taken up by axon terminals and transported
retrogradely into the neuronal cell bodies. The neurons
labeled with HRP are visualized by a chemical reaction in
which a dense precipitate is formed and can be identified
under dark-field or bright-field illumination. Likewise,
fluorescent substances such as Fluoro-Gold, microinjected
at the desired site, are taken up by axon terminals and

transported to the cell bodies where they are visualized
under a fluorescent microscope.

TYPES OF NEURONS

Based on morphological characteristics, the neurons have
been classified into the following groups: multipolar, bipo-
lar, pseudo-unipolar, and unipolar.

Multipolar Neurons

Multipolar neurons are most common in the brain and
spinal cord. They possess three or more dendrites and one
long axon issuing from the cell body (Fig. 5-3A). A large
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motor neuron of the anterior horn of the spinal cord is one
example of such a neuron.

Bipolar Neurons

In bipolar neurons, two processes, one on each end, arise
from an elongated cell body (Fig. 5-3B). One process ends
in dendrites, and the other process, an axon, ends in ter-
minals in the CNS. These neurons have sensory functions
and transmit information received by the dendrites on one
end to the CNS via the axon terminals on the other end.
Retinal bipolar cells, sensory cells of the cochlea, and ves-
tibular ganglia are included in this category.

Pseudo-Unipolar Neurons

In pseudo-unipolar neurons, a single process arises from
the cell body and divides into two branches. One of
these branches projects to the periphery, and the other
projects to the CNS (Fig. 5-3C). Each branch has the

structural and functional characteristics of an axon.

Multipolar neuron

Axon

Information collected from the terminals of the
peripheral branch is transmitted to the CNS via the ter-
minals of the other branch. Examples of this type of cell
are sensory cells in the dorsal root ganglion and barore-
ceptor-sensitive cells in the nodose ganglion. The
baroreceptor-sensitive cells sense changes in the sys-
temic blood pressure and transmit this information to
neurons in the dorsal medulla.

Unipolar Neurons

Unipolar neurons are relatively rare in vertebrates. In
these neurons, dendrites arise from one end of the neuron,
and an axon arises from the site where the dendrites are

located (Fig. 5-3D).

Other Types of Neurons
Neurons can also be divided into two groups:

1. Principal or projecting neurons are also known as
type 1 or Golgi type I neurons. Principal neurons
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Different types of neurons. (A) Multipolar neuron. (B) Bipolar neuron. (C) Pseudo-unipolar neuron. (D) Unipolar neuron. CNS = central nervous
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(e.g., motor neurons in the ventral horn of the spinal
cord) possess very long axons and form long fiber tracts
in the brain and the spinal cord.

2. Intrinsic neurons are also known as type II or Golgi
type II neurons. Intrinsic neurons have very short
axons. These neurons are interneurons and are consid-
ered to have inhibitory function. They are abundant in
the cerebral and cerebellar cortex.

NEUROGLIA

The supporting cells located in the CNS are called neuro-
glia or simply glial cells. They are more numerous (5-10
times) than neurons. Glial cells do not propagate action
potentials. They are involved in maintaining the appropri-
ate environment for normal neuronal function and provid-
ing structural support for the neurons. Neuroglia have
been classified into the following groups: astrocytes, oli-
godendrocytes, microglia, and ependymal cells.

Astrocytes

Among the glial cells, astrocytes are the largest and have
a stellate (star-shaped) appearance because their processes
extend in all directions. Their nuclei are ovoid and cen-
trally located. The astrocytes provide support for the neu-
rons, a barrier against the spread of transmitters from
synapses, and insulation to prevent electrical activity of
one neuron from affecting the activity of a neighboring
neuron. Some transmitters (for example, glutamate and
v-aminobutyric acid [GABA]), when released from nerve
terminals in the CNS, are taken up by astrocytes, thus
terminating their action. The neurotransmitters taken up
by astrocytes are processed for recycling (see Chapter 8).
The intermediate filaments in astrocytes contain a distinc-
tive protein called glial fibrillary acidic protein(GFAP).
Astrocytes are capable of proliferation in the mature brain.
This may be the reason for the majority of CNS tumors to
be of astrocytic origin.

When extracellular K* increases in the brain due to
local neural activity, astrocytes take up K* via membrane
channels and help to dissipate it over a large area. Excess
K* is distributed to several adjacent astrocytes via gap
junctions connecting them and is finally distributed to
perivascular spaces. Astrocytes are further subdivided into
the following subgroups: protoplasmic astrocytes, fibrous
astrocytes, and Miiller cells.

Protoplasmic Astrocytes

Protoplasmic astrocytes are present in the gray matter in
close association with neurons. Because of their close asso-
ciation with the neurons, they are considered satellite cells
and serve as metabolic intermediaries for neurons. They
give out thicker and shorter processes, which branch pro-
fusely. Several of their processes terminate in expansions
called end-feet (Fig. 5-4A). The neuronal cell bodies, den-
drites, and some axons are covered with end-feet of the
astrocytes. The end-feet join together to form a limiting
membrane on the inner surface of the pia mater (glial

limiting membrane) and outer surface of blood vessels
(called perivascular lining membrane) (Fig. 5-4A). The
perivascular end-feet may serve as passageways for the
transfer of nutrients from the blood vessels to the neurons.
Abutting of processes of protoplasmic astrocytes on the
capillaries as perivascular end-feet is one of the anatomical
features of the blood-brain barrier.

Fibrous Astrocytes

These glial cells are found primarily in the white matter
between nerve fibers (Fig. 5-4B). Several thin, long, and
smooth processes arise from the cell body; these processes
show little branching. Fibrous astrocytes function to
repair damaged tissue, and this process may result in scar
formation.

Miiller Cells
Modified astrocytes, Miiller cells are present in the retina

(see Chapter 16).

Oligodendrocytes

These cells are smaller than astrocytes and have fewer and
shorter branches. Their cytoplasm contains the usual
organelles (e.g., ribosomes, mitochondria, and microtu-
bules), but they do not contain neurofilaments. In the
white matter, oligodendrocytes are located in rows along
myelinated fibers and are known as interfascicular oli-
godendrocytes (Fig. 5-4C). These oligodendrocytes are
involved in the myelination process (described later). The
oligodendrocytes present in the gray matter are called
perineural oligodendrocytes (Fig. 5-4D).

Microglia

These are the smallest of the glial cells (Fig. 5-4E). Micro-
glia usually have a few short branching processes with
thorn-like endings. These processes arising from the cell
body give off numerous spine-like projections. They are
scattered throughout the nervous system. When the CNS
is injured, the microglia become enlarged, mobile, and
phagocytic. In the CNS, microglia may be activated in
response to trauma or stroke and release cytokines (small
proteins that mediate and regulate immunity and inflam-
mation) such as tumor necrosis factor-alpha (TNF-ot).
Some of these released cytokines are neurotoxic. Thus,
activation of microglia may be responsible for secondary
neuronal damage in such situations.

Ependymal Cells

Ependymal cells consist of three types of cells: ependymo-
cytes, tanycytes, and choroidal epithelial cells.

Ependymocytes are cuboidal or columnar cells that
form a single layer of lining in the brain ventricles and the
central canal of the spinal cord. They possess microvilli
and cilia (Fig. 5-5A). The presence of microvilli indicates
that these cells may have some absorptive function. The
movement of their cilia facilitates the flow of the cerebro-
spinal fluid (CSF).

Tanycytes are specialized ependymal cells that are
found in the floor of the third ventricle, and their processes
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FIGURE 5-4 Different types of neuroglia. (A) Protoplasmic astrocyte. (B) Fibrous astrocyte. (C) Interfascicular oligodendrocyte. (D) Perineural

oligodendrocyte. (E) Microglia.

extend into the brain tissue where they are juxtaposed to
blood vessels and neurons (Fig. 5-5B). Tanycytes have
been implicated in the transport of hormones from the
CSF to capillaries of portal system and from hypothalamic
neurons to the CSE

Choroidal epithelial cells are modified ependymal cells.
They are present in the choroid plexus and are involved in
the production and secretion of CSE They have tight
junctions that prevent the CSF from spreading to the adja-
cent tissue.

MYELINATED AXONS

Myelinated axons are present in the peripheral nervous
system (PNS) and the CNS.

Peripheral Nervous System
In the PNS, Schwann cells (Fig. 5-6A) provide myelin

sheaths around axons. The myelin sheaths are interrupted
along the length of the axons at regular intervals at the

nodes of Ranvier (Fig. 5-6A). Thus, the nodes of Ranvier
are uninsulated and have a lower resistance. These nodes
of Ranvier are rich in Na* channels, and the action poten-
tial becomes regenerated at these regions. Therefore, the
action potential traveling along the length of the axon
jumps from one node of Ranvier to another. This type of
propagation enables the action potential to conduct rapidly
and is known as saltatory conduction. During the myelina-
tion, the axon comes in contact with the Schwann cell,
which then rotates around the axon in clockwise or coun-
terclockwise fashion. As the Schwann cell wraps around
the axon, the cytoplasm becomes progressively reduced,
and the inner layers of the plasma membrane come in con-
tact and fuse together (Fig. 5-6, B-E).

Central Nervous System

Within the brain and the spinal cord, oligodendrocytes
form the myelin sheaths around axons of neurons. Several
glial processes arise from one oligodendrocyte and wrap
around a portion of the axon (Fig. 5-7). The intervals
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FIGURE5-6 Myelination of peripheral nerves. (A) A longitudinal section showing a myelinated nerve fiber. The myelin sheaths are discontinuous along
the length of the axons, and the intervals between these sheaths are called nodes of Ranvier. (B-E) Cross sections showing different stages of formation
of a myelin sheath.
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between adjacent oligodendrocytes are devoid of myelin
sheaths and are called the nodes of Ranvier (Fig. 5-7).
Unlike in peripheral axons, the process of an oligodendro-
cyte does not rotate spirally on the axon. Instead, it may
wrap around the length of the axon. The cytoplasm is
reduced progressively, and the sheath consists of concen-
tric layers of plasma membrane. Unlike in peripheral
nerves, one oligodendrocyte forms myelin sheaths around
numerous (as many as 60) axons of diverse origins.

COMPOSITION OF PERIPHERAL NERVES

Each peripheral consists of the following

components:

nerve

1. Epineurium, which consists of a dense connective tissue

layer enclosing several bundles of nerve fibers (Fig. 5-8);

2. Perineurium, which is a sheath of connective tissue
enclosing each bundle of nerve fibers (Fig. 5-8); and

. Endoneurium, which consists of a loose, delicate con-

nective tissue layer in which nerve fibers are enclosed

(Fig. 5-8).

Nerve fibers have been classified into three major groups
based on the diameters and conduction velocities
(Table 5-1). Peripheral nerves include the following groups
of nerves: cranial nerves, spinal nerves, and preganglionic

o8}
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and postganglionic nerves of the autonomic nervous
system (Chapter 22). The axons in a peripheral nerve may
be myelinated or unmyelinated. It should be noted that
nerve bundles traversing the CNS (e.g., internal capsule)
lack the connective tissue coverings (e.g., epineurium and
perineurium) that enclose peripheral nerves.

CLINICAL CONSIDERATIONS

Disorders Associated With Defective Myelination

Normal conduction of the nerve impulses is dependent on
appropriate insulation provided by the myelin sheath sur-
rounding the axons in the CNS and PNS. Demyelination
of axons occurs in diseases such as multiple sclerosis and
Guillain-Barré syndrome.

Multiple Sclerosis
Multiple sclerosis is described in Chapter 6 (text and clin-
ical case).

Guillain-Barré Syndrome

Guillain-Barré syndrome (GBS) is an inflammatory dis-
ease in which demyelination occurs in the axons within
the peripheral nerves. It should be noted that, in multiple
sclerosis, demyelination occurs in the axons within the

FIGURE5-7 Myelination in the central nervous system (CNS). Within the
CNS, oligodendrocytes form the myelin sheaths around neurons. Sev-
eral glial processes arise from one oligodendrocyte and wrap around a
portion of the axon. The intervals between adjacent oligodendrocytes
are devoid of myelin sheaths and are called the nodes of Ranvier.
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TABLE 5-1 General Classification of Nerve Fibers*

Conduction
Type Size (um) Velocity (m/sec) Functions
Myelinated
A 1-20 5-120 Larger, faster conducting fibers (60—120 m/sec) transmit motor impulses to the skeletal muscle; smaller
Afibers conduct afferent impulses from muscle spindles, Golgi tendon organs, and mechanoreceptors
B 1-3 3-15 Afferent and efferent innervation of the viscera
Unmyelinated
C <2 0.6-2 Efferent: postganglionic fibers of the autonomic nervous system

Afferent:impulses of poorly localized pain in the viscera or periphery

* Other nomenclature for the classification of nerve fibers is presented in Chapter 15 (Table 15-1). m/sec: meters/second.

CNS. Although the precise cause of GBS is rarely found,
the disease is believed to be an immunological reaction
resulting from a prior infection or inflammatory process. It
is characterized by progressive motor weakness. Clinically,
motor and sensory loss potentially affecting the face, limbs,
trunk, and diaphragm is manifested. Areflexia may be
present because of damage to both reflex arcs of the deep
tendon reflex. Inflammatory cells (lymphocytes and mac-
rophages) are often found within the peripheral nerves.
Additionally, segmental demyelination and Wallerian
degeneration (see next section) may be found (see also
clinical case at the end of this chapter). Most patients
recover. Treatment is aimed at the immunological aspect,
with gamma globulin administration and plasma exchange
being the most commonly used. Gamma globulin blocks
receptors where antibodies attach to cause damage. In
plasma exchange, blood is filtered and plasma removed
and replaced by albumin so that antibodies causing demy-
elination are eliminated.

Neuronal Injury

Injury of the Neuronal Cell Body

The neuronal cell body may be damaged by disease,
ischemia (lack of blood supply), or trauma. In the CNS
(the brain and spinal cord), the debris produced by neuro-
nal damage is phagocytosed (see below) by microglia. The
adjacent fibrous astrocytes proliferate, and the neurons are
replaced by scar tissue. In the PNS, macrophages are
responsible for the removal of the debris produced by neu-
ronal damage, and the scar tissue is produced by the prolif-
eration of the fibroblasts.

Necrotic cell death is caused by acute traumatic injury
that involves rapid lysis of cell membranes. Necrotic cell
death is different from apoptosis. Apoptosis is defined as a
genetically determined process of cell death and is charac-
terized by shrinkage of the cell, cellular fragmentation, and
condensation of the chromatin. During the process of for-
mation of tissues from undifferentiated germinal cells in
the embryo (histogenesis), more neurons (about 2 times
more) are formed than the neurons present in the mature
brain. The excess number of neurons is destroyed during
the development by apoptosis. The mechanism of apoptosis

involves activation of a latent biochemical pathway that is
present in neurons and other cells of the body. The cellular
debris after neuronal cell death is removed by phagocyto-
sis, which involves transport of solid material into the
cells (e.g., microglia) that remove the debris by indenta-
tion of the cell membrane of the phagocyte and formation
of a vesicle. Pinocytosis is similar to phagocytosis, except
that liquid material is removed. Exocytosis involves fusion
of a vesicle inside the nerve terminal (e.g., a vesicle con-
taining a neurotransmitter) with the plasma membrane
and transportation of the contents of the vesicle outside
the nerve terminal.

Axonal Damage

Wallerian Degeneration. Wallerian degeneration refers to the
changes that occur distally to the site of damage on an
axon. Because protein synthesis occurs primarily in the
neuronal cell body, the segment distal to the damaged site
on the axon is affected profoundly. Initially, the axon
swells up and becomes irregular. Later, the axon and the
terminal are broken down into fragments that are phago-
cytosed by adjacent macrophages and Schwann cells
(Fig. 5-9, A-D). Myelin is converted into fine drops of
lipid material in the Schwann cells and is extruded from
these cells; it is removed by macrophages in the PNS and
microglial cells and invading macrophages in the CNS.

Alterations (similar to those mentioned earlier) may
also be present in the proximal segment of the axon up to
the first node of Ranvier.

Chromatolysis. Sectioning of an axon may produce changes in
the cell body, and if the injury is close to the cell body, the
neuron may degenerate. The cell body swells up due to
edema and becomes round in appearance, and the Nissl
substance gets distributed throughout the cytoplasm. This
process is known as chromatolysis (Fig. 5-9, E). The nucleus
moves from its central position to the periphery due to
edema. The degenerative changes start within hours and
are complete within a relatively short time (about a week).

Anterograde Transneuronal Degeneration. Anterograde transneu-
ronal degeneration occurs in the CNS when damage to a
neuron results in the degeneration of another postsynaptic
neuron closely associated with the same function
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FIGURE5-9  Effects of axonal injury. (A-D) Wallerian degeneration. (E) If the injury is close to the cell body, chromatolysis occurs in the cell body. (F) In the
central nervous system, the neuron receiving input from a degenerated axon undergoes anterograde transneuronal degeneration, and (G) the neuron,

from which the inputs to the chromatolytic neuron arise, degenerates.

(Fig. 5-9, F). For example, damage to an optic nerve results
in the degeneration of the lateral geniculate neurons
receiving inputs from this nerve.

Retrograde Transneuronal Degeneration. Retrograde transneu-
ronal degeneration occurs in neurons sending inputs to
an injured neuron. In this situation, terminals of the
neuron synapsing with a chromatolytic neuron withdraw
and are replaced by processes of glial cells. The neuron,
from which the inputs to the chromatolytic neuron arise,
eventually degenerates (Fig. 5-9, G).

Recovery of Neuronal Injury (Regeneration)

In the adult CNS, if the damage is not severe and some
neuronal cell bodies are spared, sprouting of axons does

"

Clinical Case

History

Roseanne is a 40-year-old woman who was brought to a local emergency room
(ER) due to 7 days of progressive numbness and weakness, first appearing in her
toes, then moving proximally to her feet, knees, and hands. She initially ignored
the symptoms because she thought that the tingling in her feet was merely her
feet “falling asleep.” However, the symptoms progressed proximally, and she
finally realized that something was wrong when she was unable to climb the
stairs of her house and developed increasing shortness of breath.

Examination

Roseanne was short of breath continuously when she arrived at the ER. Her vital
capacity (the greatest volume of air that can be exhaled from the lungs after
maximal inspiration) was extremely low, which was consistent with severe
weakness of the diaphragm and poor oxygenation. Her arms and legs were weak
bilaterally, and she had no sensation in her legs or her arms below her elbows.
She was able to feel a pin on her upper chest. No deep tendon reflexes could be
elicited. Roseanne was transferred to the intensive care unit.

occur, but this process ceases within a short time (about
2 weeks). Astrocytes proliferate at the site of injury in a
random fashion and form a scar which acts as a barrier for
axonal sprouts. Furthermore, astrocytes may not release
growth factors that are needed for axonal growth, and oli-
godendrocytes may release substances that retard axonal
growth. In this situation, regeneration of axonal tracts does
not occur, and normal functions of the neurons are not
restored. However, in peripheral nerves, an axon can
regenerate satisfactorily if the endoneurial sheaths are
intact. In this situation, the regenerating axons reach the
correct destination, and the chances of recovery of func-
tion are reasonable. The growth rate of an axon has been
estimated to be 2 to 4 mm per day.

Explanation

Roseanne has a condition called Guillain-Barré syndrome (GBS). GBS is an
inflammatory demyelinating disease of peripheral nerves, which may be rapidly
progressive. Conduction of action potentials in the affected nerves is either
slowed down or blocked due to demyelination. Histologically, inflammatory cells
are found within the nerves. Additionally, segmental demyelination and
Wallerian degeneration progressing in a proximal direction may be found.
Clinically, progressive motor and sensory loss is manifested, potentially affecting
the limbs, face, trunk, and diaphragm. This damage also eliminates both reflex
arcs of the deep tendon reflexes. GBS is thought to be an immunologic reaction
resulting directly or indirectly from a prior infection or inflammatory process,
although the precise cause is rarely found. Sometimes, the patient gives a history
of a viral infection 2 or 3 weeks prior to the onset of the GBS symptoms. Most
patients recover; however, and treatment is aimed at the immunological aspect,
with gamma globulin administration and plasma exchange being the most
common treatments.
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Questions
Choose the best answer for each question.
1. Due to the neurologic findings of muscle weakness; spastic-

ity;and impairment of vibratory/position, pain, temperature,

and touch sensations, a 25-year-old woman was diagnosed

with multiple sclerosis. Which one of the following options
constitutes one of the mechanisms for the impairment of
her motor and sensory functions?

a. Schwann cells providing myelin sheaths on the axons in
the central nervous system are degenerated.

b. Oligodendrocytes providing myelin sheaths on the axons
in the peripheral nervous system are degenerated.

c¢. Oligodendrocytes providing myelin sheaths on the axons
in the central nervous system are degenerated.

d. Noradrenergic neurons in the central nervous system
responsible for maintaining muscle tone are degener-
ated.

e. A genetic defect resulting in proliferation of astrocytes
impaired the insulation of neurons in the patient’s cen-
tral nervous system.

. A 20-year-old young man was admitted to an emergency
room with serious traumatic injury of the median nerve in
his right forearm.The axons distal to the injured nerve were
swollen and irregular,and the terminals were broken down
into fragments. In addition, Schwann cells were filled with
lipid material. Which of the following describes this type of
neuronal injury?

a. Chromatolysis

b. Wallerian degeneration

c. Transneuronal degeneration

d. Necrosis

e. Apoptosis

. While out on a hike, a 23-year-old man was bitten on his left
leg by a raccoon.Being in the remote woods of a State Forest,
he could not receive immediate medical attention. Several
weeks later,he developed profound changes in his emotional
state and suffered from bouts of terror and rage. A clinician
who examined the young man suspected that the raccoon
that bit him was rabid, and the rabies virus had affected his
hippocampus. The rabies virus may have traveled to the
young man’s brain by which of the following mechanisms?
a. Fast anterograde axonal transport

b. Phagocytosis

c. Transneuronal transport

d. Slow retrograde transport

e. Pinocytosis

. Which one of the following statements regarding different

types of neurons is correct?

a. Multipolar neurons have many axons.

b. Sensory cells of the cochlear ganglion are unipolar neu-
rons.

c. Pseudo-unipolar neurons in the nodose ganglion sense
systemic blood pressure changes.

d. Sensory cells in the dorsal root ganglion represent
multipolar cells.

e. Golgi type | neurons possess very short axons.

5. Which one of the following statements is correct regarding

the components of a central nervous system neuron?

a. The Nissl substance is not present in the axon hillock.

b. The synthesis of proteins occurs in the mitochondria.

¢. The Barr body represents aY chromosome.

d. Nissl substance consists of DNA granules called
ribosomes.

e. The axoplasm contains Nissl substance and Golgi
apparatus.

Answers and Explanations
1. Answer:c

Multiple sclerosis is a chronic disease that begins in young
adults. It is more common in women than in men.The symp-
toms and signs are diverse. Most common symptoms
include muscle weakness, spasticity,and impairment of sen-
sory pathways. The disease is characterized by demyelina-
tion in multiple areas in the central nervous system (CNS).In
the CNS, oligodendrocytes are involved in the myelination
process. Schwann cells provide myelin sheaths around
axons in the peripheral nervous system.Noradrenergic neu-
rons in the CNS are not involved in maintaining muscle tone
(see Chapter 8).

. Answer:b

Because the injury to the median nerve is in the forearm, the
site of injury is distant from the cell body located in the ven-
tral horn of the spinal cord. Wallerian degeneration occurs
distal to the site of damage on an axon.The axon swells up
and becomes irregular,and the axon and its terminals break
down into fragments that are phagocytosed by adjacent
macrophages and Schwann cells. Myelin is converted into
fine drops of lipids in the Schwann cells and is extruded
from these cells and removed by macrophages in the
peripheral nervous system.The other choices are not rele-
vant to the processes described in the question. In chroma-
tolysis, sectioning of an axon may produce changes in the
cell body, which swells up due to edema and becomes
round in appearance, the Nissl substance gets distributed
throughout the cytoplasm, and the nucleus moves from its
central position to the periphery. Transneuronal degenera-
tion occurs in the central nervous system when damage to
one group of neurons results in the degeneration of another
set of neurons closely associated with the same function.
Necrotic cell death, or necrosis, is caused by acute traumatic
injury that involves rapid lysis of cell membranes. Apoptosis
is a genetically determined process of cell death.

. Answer:c

Rabies virus infecting the leg muscles of the young man
may have been taken up by nerve terminals and carried to
the cell bodies of the neurons in the spinal cord by fast ret-
rograde transport, thus infecting these neurons. The infec-
tion must have spread from neuron to neuron by transport
across synapses (transneuronal transport) and, therefore,
must have reached the hippocampus of the young man by
this mechanism. This type of transport has been observed
in tracing techniques in which viruses, such as the pseu-
dorabies virus that does not infect humans, have been used
to trace neuronal networks in experimental animals.

/
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Anterograde transport involves transport of materials that
have a functional role at the nerve terminals (e.g., neuro-
transmitters, lipids, and glycoproteins, which are necessary
to reconstitute the plasma membrane) from the cell body
to the terminals. Phagocytosis involves the transport of a
solid into the cell by a process of indentation of the cell
membrane and vesicle formation. Pinocytosis involves the
transport of a liquid into the cell by a process of indentation
of the cell membrane and vesicle formation.

. Answer:c

In pseudo-unipolar neurons, a single axon arising from the
cell body divides into two branches. One of the branches
terminates as fine endings that serve as peripheral recep-
tors, whereas the other branch terminates on neurons in
the central nervous system (CNS). The peripheral nerve
endings of the pseudo-unipolar neurons located in the
nodose (vagus nerves) and petrosal (glossopharyngeal
nerves) ganglia terminate in the vascular walls of the

carotid sinus and aortic arch and sense blood pressure
changes. Signals received from the vascular nerve endings
are transmitted to the CNS for making appropriate adjust-
ment in the systemic blood pressure. Other pseudo-unipo-
lar neurons lie in the dorsal root ganglia. Golgi type |
neurons have relatively long axons, whereas Golgi type Il
neurons have relatively short axons. Multipolar neurons
(e.g., motor neurons in the anterior horn of the spinal cord)
have several dendrites and one long axon arising from the
cell body.

. Answer:a

Nissl substance is present in the entire cell body and proxi-
mal portions of the dendrites. However, it is not present in
the axon hillock (portion of the soma from which the axon
arises) and the axon. Protein synthesis occurs in the cell
body, the Barr body represents an X chromosome, Nissl sub-
stance consists of RNA, and the axoplasm does not contain
Nissl substance or a Golgi apparatus.
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CHAPTER SUMMARY TABLE

Disorder

Guillain-Barré
syndrome

Multiple
sclerosis®

Charcot-
Marie-Tooth
syndrome®

Clinical Disorders Associated With Defective Myelination

Defect

Demyelination of axons in
peripheral nerves;
immunological reaction
resulting from a prior
infection or inflammatory
process; Wallerian degen-
eration

Demyelination of axons
in central nervous system
(CNS); autoimmune dis-
ease with inflammatory
features affecting CNS

Demyelination of periph-
eral nerves; caused by a
mutation in one of the con-
nexin genes expressed in
Schwann cells; failure of for-
mation of gap-junctions,
which are necessary for
flow of ions and small
metabolites between mye-
lin layers

Symptoms

Progressive motor weakness; motor
and sensory loss affecting the face,
limbs, trunk, and diaphragm; areflexia
due to damage of both reflex arcs of
the deep tendon reflex; inflammatory
cells (lymphocytes and macrophages)
found within peripheral nerves

Antibodies attack myelin, which swells
and detaches; a scar (sclerosis) devel-
ops on nerve fibers, which delays or
blocks nerve impulses; finally, nerve fib-
ers degenerate; somatosensory path-
ways are compromised causing
numbness in one or more limbs and
tingling or pain in parts of the body;
visual pathways are affected (partial or
complete loss of vision in one eye at a
time and double or blurred vision); dis-
turbances in speech

Demyelination affects both motor and
sensory nerves; weakness of the foot
and lower leg muscles is typical;
patients have a high-stepped gait with
frequent tripping or falls; deformities in
the foot and digits

aSee Chapter 6,“Clinical Considerations,”“Clinical Case,” and Table 6-3.
See Chapter 7,“Clinical Considerations.”

Treatment/Management

Gamma globulin (blocks
receptors where antibodies
attach to cause damage);
plasma exchange to reduce
or eliminate the antibodies
causing demyelination; most
patients recover

Interferon beta-la and
interferon beta-Ib;
glatiramer (Copaxone);
natalizumab (Tysabril);
mitoxantrone (Novantrone);
plasma exchange
(plasmapheresis)

No cure; patients are
advised to undergo physical
and occupational therapy;
nonfatal and patients have
normal life expectancy
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CHAPTER SUMMARY TABLE

Injury of the Neuronal Cell

Body

Necrotic cell death

Apoptosis

Chromatolysis

Anterograde transneuronal
degeneration

Retrograde transneuronal
degeneration

Axonal Injury

Wallerian degeneration

CNS = central nervous system.

Types of Neuronal Injury

Characteristics

Caused by acute traumatic injury that involves rapid lysis of cell membranes

Genetically determined process of cell death characterized by shrinkage of the cell,
cellular fragmentation, and condensation of the chromatin; involves activation of a
latent biochemical pathway that is present in neurons and other cells of body

If axonal injury is close to cell body neuron may degenerate, cell body swells up due
to edema and becomes round in appearance; Nissl substance gets distributed
throughout cytoplasm; nucleus moves from its central position to periphery due to
edema

Occurs in the CNS when damage to a neuron results in the degeneration of another
postsynaptic neuron closely associated with the same function

Occurs in neurons sending inputs to an injured neuron; terminals of neuron synaps-
ing with a chromatolytic neuron withdraw and are replaced by processes of glial
cells; neuron, from which the inputs to the chromatolytic neuron arise, eventually
degenerates

Characteristics

Changes that occur distally to the site of damage on an axon; axonal segment distal
to the damaged site swells up and becomes irregular; eventually axon and terminal
are broken down into fragments that are phagocytosed by adjacent macrophages
and Schwann cells; myelin is converted into fine drops of lipid material in the
Schwann cells and is extruded from these cells and removed by macrophages in
peripheral nervous system and by microglial cells in CNS
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OBJECTIVES

In this chapter, the student is expected to:

1.

Know the structure and permeability of the
neuronal membrane.

Know the mechanisms of different types of
transport (simple diffusion, passive or facilitated
diffusion, and active transport).

Understand the properties and functions of
Na*-K* ATPase.

Know the general properties of ion channels
and their major classes.

Learn the ionic mechanisms contributing to the
resting membrane potential.

Learn the ionic mechanisms of the action
potential.

Learn the mechanism of propagation of an
action potential along an axon.
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To understand the mechanisms by which the nervous sys-
tem regulates complex functions and behaviors, it is impor-
tant to have knowledge of the structure and function of its
basic unit, the neuron. The most striking properties of
neurons are their excitability and ability to conduct elec-
trical signals. This chapter will first describe the organiza-
tion of the neuronal membrane and its role in maintaining
the internal ionic composition. Then, the mechanisms
responsible for generating resting membrane potentials
and action potentials will be discussed.

STRUCTURE AND PERMEABILITY
OF THE NEURONAL MEMBRANE

The neuronal membrane, like other cell membranes, con-
sists of a lipid bilayer in which proteins, including ion
channels, are embedded. Although three major types of
lipids (phospholipids, cholesterol, and glycolipids) are
present in the neuronal membrane, phospholipids are the
most abundant type. Phospholipids consist of long nonpo-
lar chains of carbon atoms that are bonded to hydrogen
atoms. A polar phosphate group (a phosphorus atom
bonded to three oxygen atoms) is attached to one end of a
phospholipid molecule. All lipids in the neuronal mem-
brane are amphiphilic; that is, they have a hydrophilic (or
“water-soluble”) end, as well as a hydrophobic (or “water-
insoluble”) end. Phospholipids have a hydrophilic “polar”
end (head) and a hydrophobic “nonpolar” end (tail). The
lipids in the neuronal membrane form bilayers, with their
hydrophobic tails facing each other and their hydrophilic
heads oriented on opposite sides (Fig. 6-1).

The lipid bilayer isolates the cytosol (cytoplasm) of the
neuron from the extracellular fluid, and the proteins
embedded in it are responsible for most of the membrane
functions, such as serving as specific receptors, enzymes,
and transport proteins. The neuronal membrane is imper-
meable to (1) most polar molecules (e.g., sugars and amino
acids), and (2) charged molecules (even if they are very
small). Cations (positively charged ions) are attracted
electrostatically to the oxygen atom of water (which bears
a net negative charge). Anions (negatively charged ions)

Water filled pore

Extracellular
fluid

Hydrophilic
polar head

.l\
omosera |||

non-polar tail

Intracellular
fluid

are attracted to the hydrogen atom of water (which bears a
net positive charge). Therefore, cations and anions con-
tain electrostatically bound water (water of hydration).
The attractive forces between the ions and the water mol-
ecules make it difficult for the ions to move from a watery
environment into the hydrophobic lipid bilayer of the neu-
ronal membrane. Examples in this category include sodium
(Na*), potassium (K*), calcium (Ca?*), magnesium (Mg**),

chloride (CI"), and hydrogen carbonate (HCO;").

STRUCTURE OF PROTEINS

Protein molecules are made up of different combinations
of amino acids. Each amino acid has a carbon atom
(called the alpha carbon) that is covalently bonded to a
hydrogen (H) atom, an amino group (NH,"), a carboxyl
group (COO™), and an R group (this group varies in dif-
ferent amino acids). In a covalent bond, two atoms share
electrons. Amino acids assemble to form proteins accord-
ing to instructions provided by messenger RNA in cell
organelles called ribosomes. The synthesis of proteins
occurs in ribosomes in the neuronal cell body. The amino
acids are connected by peptide bonds to form a chain. In
a peptide bond, the amino group of one amino acid joins
with the carboxyl group of another amino acid. When a
protein is made of a single chain of amino acids, it is
called a polypeptide. The term “primary structure”
describes the linear sequence of amino acids that make
up the protein. Usually proteins fold up so that the expo-
sure of hydrophobic amino acids to the solvent is mini-
mized while the hydrophilic amino acids are exposed to
the solvent. This is accomplished by secondary and terti-
ary structure of proteins. The secondary structure of pro-
teins consists of alpha- helices and/or beta-sheets. In the
formation of an alpha-helix, there is H-bonding between
amide nitrogens and carbonyl carbons of peptide bonds
spaced four residues apart. The orientation of H-bonding
results in a helical coiling of the peptide backbone so
that R-groups remain on the exterior of the helix and
perpendicular to its axis. Beta-sheets consist of two or
more different regions of stretches of 5-10 amino acids.

lon channel
(channel protein)

i
D e

FIGURE 6-1 Schematic represen-
tation of the neuronal membrane.
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The stretches of the polypeptide backbone are aligned
aside one another. The tertiary structure refers to the
3-dimentional structure of the polypeptide units of a
protein. When different polypeptide chains assemble to
form a large protein molecule, the protein is said to
acquire a quarternary structure. In a quarternary polypep-
tide, each polypeptide is called a subunit.

MEMBRANE TRANSPORT—-PROTEINS

Essential nutrients (e.g., sugars, amino acids, and nucle-
otides) need to enter the neuron, whereas metabolic waste
products must be removed from the neuron. In addition, the
concentration of various ions has to be maintained within
the neuron. Therefore, this necessitates influx of some ions
and efflux of others. These functions are carried out by dif-
ferent membrane transport—proteins. Two types of proteins
are implicated in the transport of solutes across the neuronal
membrane: (1) carrier proteins and (2) channel proteins.

Carrier Proteins (Carriers or Transporters)

When a specific solute binds to a carrier protein, a revers-
ible conformational change occurs in the protein which,
in turn, results in the transfer of the solute across the lipid-
bilayer of the membrane. A hypothetical scheme of how
solutes are transported across neuronal membranes is as
follows. When the carrier protein is in one conformational
state, its binding sites may be exposed to the extracellu-
larly located solute molecules. The binding of the solute to
the carrier protein results in a change in the conforma-
tional state of the protein so that the solute is now exposed
to the cytoplasmic side of the neuronal membrane. The
solute then dissociates from its binding site on the carrier
protein and enters the interior of the neuron.

Solute

Extracellular fluid

i
el

Intracellular fluid

Channel Proteins

The channel proteins span the neuronal membrane and
contain water-filled pores (Fig. 6-1). The inorganic ions of
suitable size and charge (e.g., Na* and K*) can pass through
the pore when it is in the open state and, thus, pass through
the membrane. lon channels are discussed in the “Electro-
physiology of the Neuron” section.

TRANSPORT OF SOLUTES ACROSS
CELL MEMBRANE

Simple Diffusion

The categories of substances that pass through the neuro-
nal membrane by simple diffusion include: (1) all lipid-
soluble (hydrophobic or nonpolar) substances (e.g., oxygen
molecules), and (2) some polar (lipid-insoluble or water-
soluble) molecules, provided they are small and uncharged
(e.g., carbon dioxide, urea, ethanol, glycerol, and water
molecules). The rate of transport of solutes during simple
diffusion is proportional to the solute concentration; the
solutes move from regions of high concentration to regions
of low concentration (i.e., “downhill”). Such a difference
in concentrations of the solute is called a concentration
gradient (Fig. 6-2). No metabolic energy is needed when
the molecules are transported across the cell membrane by
simple diffusion.

Passive Transport (Facilitated Diffusion)

All channel proteins and some carrier proteins embedded
in the neuronal membrane mediate passive transport
(Fig. 6-2). The solutes are transported across the neuronal
membrane passively, so no metabolic energy is needed for
the transport of the molecules. If the molecule to be

Solute

Electrochemical
gradient

\ 4 A\ 4 \ 4
Simple Channel mediated Carrier mediated Active transport
diffusion diffusion diffusion
A B Cc D E

Passive transport

(facilitated diffusion)

FIGURE 6-2 Transport of solutes across the neuronal membrane. (A) Simple diffusion. (B, C) Passive transport (facilitated diffusion) occurs either by
channel-mediated (B) or carrier-mediated (C) diffusion. (D) Active transport occurs by specific carrier proteins, against the (E) electrochemical gradient.
Active transport requires coupling of a carrier protein to a source of metabolic energy (e.g., hydrolysis of adenosine triphosphate).
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transported is uncharged, then the concentration gradient
of the solute determines the direction in which it moves;
it diffuses from the side where its concentration is higher
to the side where its concentration is lower.

Active Transport

Active transport is always mediated by specific carrier pro-
teins and requires coupling of the carrier protein to a
source of metabolic energy (e.g., hydrolysis of adenosine
triphosphate [ATP]) (Fig. 6-2). If the solute molecule has
an electrical charge, the determinants of its movement are
the concentration gradient and the electrical potential
between the two sides. The combination of the concentra-
tion and electrical potential gradients is called the electro-
chemical gradient. There are many negatively charged
organic molecules (e.g., proteins, nucleic acids, carboxylic
groups, and metabolites carrying phosphate) within the
cell that are unable to cross the neuronal membrane. These
are called fixed anions, and they change the charge inside the
neuronal membranes to negative, as compared to the outside of
the cell. Therefore, entry of positively charged ions (cati-
ons) will be permitted, whereas negatively charged ions
(anions) will not be able to enter. Under these conditions,
some carrier proteins transport certain solutes by active
transport (i.e., the solute is moved across the neuronal
membrane against its electrochemical gradient, or
“uphill”). Two examples of this type of carrier protein are
the sodium-potassium (Na*-K*) and calcium pumps.

Sodium-Potassium lon Pump

The sodium-potassium ion pump (Na*-K* pump), also
known as Na*-K* ATPase, is located in the membranes of
neurons as well as other cells. The Na*-K* ATPase consists
of a small glycoprotein (regulatory B subunit) and a large
multi-pass transmembrane unit (catalytic o subunit).
Three Na* ions bind on the cytoplasmic side of the trans-
membrane unit of the ATPase, a conformational change
occurs, and ATP binds to the cytoplasmic side of the trans-
membrane unit. In this new conformation, the protein has
low affinity for Na* ions, which dissociate and diffuse into
the extracellular fluid. The new conformation has high
affinity for K*, and two K* ions bind at the extracellular
site of the transmembrane unit. The bound phophate dis-
sociates, and the ATPase reverts to its original conforma-
tion exposing K* ions to the cytoplasmic side. In this
conformation, the ATPase has low affinity for K* ions, two
of which dissociate and diffuse into the interior of the cell.
The cycle is then repeated.. With each cycle, one molecule
of ATP is hydrolyzed, and the energy generated is used to
move Na* and K* ions across the neuronal membrane.
There are three binding sites for Na* and two binding sites
for K* on the Na*-K* ATPase. Therefore, three Na* ions
are transferred out of the neuron for every two K* ions that
are taken in. A net outward ionic current is generated
because of this unequal flow of Na* and K* ions across the
neuronal membrane. Because a current is generated, the
Na*-K* pump is said to be electrogenic. Because the Na*-K*
pump drives more positive charges (Na*) out of the neuron

than it brings into the neuron (K*), the inside of the
neuron becomes more negative relative to the outside. It
should be noted that the contribution of the Na*-K* pump
in making the inside of the neuron more negative relative
to the outside is only about 10%j the major factor respon-
sible for the negativity of the interior of the neuron is the
presence of fixed anions.

Because the extracellular concentration of Na* ions is
high, these ions leak into the neuron. The Na*-K* ATPase
pumps them out, and, thus, maintains the high extracel-
lular concentration of Na*. It is necessary to keep the
extracellular concentration of Na* ions high to prevent
water from entering the neuron; a high intracellular con-
centration of solutes (fixed anions and accompanying cati-
ons) tends to pull water into the neuron. Thus, Na*-K*
ATPase plays an important role in maintaining (1) the
ionic concentrations inside and outside the neuron and
(2) the osmotic balance of the neuron.

Calcium Pump

The neuronal plasma membrane contains a calcium pump,
which is an enzyme that actively transports Ca’** out of the
cell so that the concentration of this ion remains small
inside the resting cell. One Ca?* is transported for each

ATP hydrolyzed.

INTRACELLULAR AND EXTRACELLULAR
IONIC CONCENTRATIONS

As mentioned earlier, the concentration of various ions
needs to be maintained within the neuron, necessitating
flow of some ions into and out of the cell. Table 6-1 shows
the differences in the intra-cellular and extracellular con-
centrations of major ions. The concentration of Na* ions
is much greater (approximately 10 times) outside the neu-
ron compared with the concentration inside the neuron.
On the other hand, the concentration of K* ions is greater
(approximately 20 times) inside the cell than outside. The
presence of many negatively charged fixed ions makes the
interior of the cell more negative relative to outside.

TABLE 6-1 Approximate Neuronal Intracellular and Extracellular

Concentrations of Some Important lons

Extracellular Intracellular

Concentration Concentration
lon (mM) (mM)
(ations
Na* 150 15
K* 5 100
@ 2 0.0002
Anions
a- 150 13
A~ (fixed anions; organic — 385

acids and proteins)

mM = millimolar concentration.
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To balance these negative charges, positively charged K*
ions are retained inside the neuron, and, as such, the intra-
cellular concentration of K* ions is much greater than the
extracellular concentration. The intracellular concentra-
tion of Ca’* is very small, and most of it is bound with
proteins or stored in various organelles. Like Na* ions, the
concentration of the Cl~ ions is greater outside relative to
inside the neuron. The differences in intracellular and
extracellular concentrations of different ions are main-
tained by Na*-K* and Ca?* pumps.

ELECTROPHYSIOLOGY OF THE NEURON

An understanding of the electrophysiology of neurons is
likely to be facilitated if the student bears in mind the fol-
lowing terms.

Terminology

Ions: Ions are atoms or molecules that have an electrical
charge.

Anions: Anions are negatively charged ions (e.g., Cl7).
Cations: Cations are positively charged ions (e.g., Na*, K*,
and Ca?*).

Influx of ions: The flow of ions into the neuron is influx.
Efflux of ions: The flow of ions out of the neuron is

efflux.

Electrical Charge—Related Terms

Anode: An anode is the positive terminal of a battery;
negatively charged ions (e.g., Cl°) move toward an
anode.

Cathode: A cathode is the negative terminal of battery;
positively charged ions (e.g., Na*) move toward a cathode.
Electrical current: The movement of electrical charge is
electrical current. The flow of electrical current (I) depends
on electrical potential and electrical conductance. It is
measured in amperes (amps).

Electrical potential (voltage): The difference in charge
between the anode and the cathode is its electrical poten-
tial. More current flows when this difference is increased.
Electrical potential is measured in volts (V).

Electrical conductance: The ability of an electrical charge
to move from one point to another is determined by its
electrical conductance (g). It is measured in siemans (S).
Electrical resistance: The inability of an electrical charge
to move from one point to another is determined by elec-
trical resistance (R). It is measured in ohms (Q). Electrical
resistance is the inverse of electrical conductance, and this
relationship is expressed as R = 1/g.

Ohms law: This law describes the relationship between
electrical current (I), electrical conductance (g), and electri-
cal potential (V). According to this law, current is the prod-
uct of the conductance and potential difference (I = gV).

Current Flow—Related Terms

Direction of current flow: In an ionic solution, cations as
well as anions carry electrical current. Conventionally,
current flow is defined as the direction of net movement
of positive charge. Therefore, cations move in the same

direction as the current. Anions move in the opposite
direction as the current.

Inward current: Positively charged ions (e.g., Na*) flow-
ing into the neuron is inward current.

Outward current: Positively charged ions (e.g., K*) mov-
ing out of the neuron or negatively charged ions (e.g., Cl")
moving into the neuron is outward current.

Leakage current: The current due to the flow of ions
through the nongated ion channels (discussed later) is
leakage current.

Membrane Potential—Related Terms

Excitable membrane: Cells capable of generating and
conducting action potentials have excitable membranes.
Membrane potential (V_): The electrical potential differ-
ence across the neuronal membrane (i.e., between the
interior and the exterior of the neuron) at any time is
called the membrane potential.

Resting membrane potential: When a neuron is not gen-
erating action potentials, it is at rest. When the neuron is
at rest, its cytosol along the inner surface of its membrane
is negatively charged compared with the charge on the
outside. Typically, the resting membrane potential (or rest-
ing potential) of a neuron is —65 millivolts (mV) (1 volt =
1,000mV).

Threshold potential: The level of membrane potential at
which a sufficient number of voltage-gated sodium channels
open and relative permeability of sodium ions is greater than
that of potassium ions is its threshold potential. Action
potentials are generated when the membrane is depolarized
beyond the threshold potential.

Depolarization: Depolarization occurs when there is a
reduction in the negative charge inside the neuron (e.g., if
the resting membrane potential is changed from —65 to
-60mV by flow of positively charged ions, like Na*, into
the neuron).

Hyperpolarization: Hyperpolarization occurs when there
is an increase in the negative charge inside the neuron
(e.g., if the resting membrane potential changes from —65
to =70mV by flow of positively charged ions, like K*, out
of the neuron or flow of negatively charged ions, like CI-,
into the neuron).

lon Channels

A brief description of ion channels is presented in this
section. Further discussion of ion channels is provided in
Chapters 7 and 8. lon channels are made up of proteins that
are embedded in the lipid bilayer of the neuronal membrane
across which they span (Fig. 6-1). They are characterized by
the following general properties.

1. The flow of ions through the channels does not require
metabolic energy; the flow is passive.

2. The electrochemical driving force across the mem-
brane, but not the channel itself, determines the direc-
tion and eventual equilibrium of this flow.

3. The ionic charge determines whether a channel allows
an ion to flow through; some channels allow cations,
whereas others allow anions to flow through them.
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4. Most cation-selective channels allow only one ion
species (e.g., Na* or K* or Ca?*) to flow through them.
However, some channels allow more than one ion
species to flow through them. For example, when
L-glutamate (an excitatory amino acid neurotransmit-
ter) activates an N-methyl-D-aspartic acid (NMDA)
receptor (see Chapter 8), both Na* and Ca** ions flow
through the NMDA receptor channel into the neuron.

5. Most anion-selective channels allow only CI to flow
through them.

6. Some blockers can prevent the flow of ions through the
ion channels. For example, phencyclidine (PCP, or
Angel Dust) blocks the NMDA receptor channel (see
Chapter 8).

(lassification of lon Channels
The ion channels have been divided into the following
two major classes: nongated and gated channels.

Nongated Channels. Although nongated channels are capa-
ble of opening as well as closing, most of the time they are
open. They control the flow of ions during the resting
membrane potential. They are also known as leak chan-
nels. Examples include nongated Na* and K* channels
that contribute to the resting membrane potential.

Gated Channels. These channels are also capable of opening as
well as closing. All gated channels are allosteric proteins
(i.e., they exist in more than one conformation, and their
function is altered when they shift from one conformation
to another). Each allosteric channel exists in at least one
open and one closed state. The transition of a channel
between the open and closed states is called gating. At rest,
these channels are mostly closed, and they open in response
to different stimuli (e.g., change in membrane potential,
ligand-binding, or mechanical forces). Individual channels
are usually most sensitive to only one of these stimuli. Sub-
types of the gated ion channels are described in the follow-
ing paragraphs.

The channels that are opened or closed by a change in
the membrane potential are called voltage-gated chan-
nels. The opening and closing of the channel is believed
to be due to the movement of the charged region of the
channel back and forth through the electrical field of the
membrane. Voltage-gated channels exist in three states:
(1) resting state, in which the channel is closed but can be
activated; (2) active state, in which the channel is open;
and (3) refractory state, in which the channel is inacti-
vated (See also the section, “lonic Basis of the Action
Potential”). Changes in the electrical potential difference
across the membrane provide the energy for gating in
these channels. Genes encoding for voltage-gated Na*,
K*, and Ca?* channels belong to one family. These chan-
nels are described as follows.

The voltage-gated Na* channel is formed by a single long
polypeptide (a string of amino acids containing peptide
bonds) that has four domains (I-IV [Fig. 6-3A]). Each
domain has six hydrophobic alpha helices (S1-S6) that span
back and forth within the cell membrane. The four domains
join together and form an aqueous pore of the channel

(Fig. 6-3B). An additional hydrophobic region connects the
S5 and S6 alpha helical segments, forming a pore loop
(Fig. 6-3B). The presence of this pore loop makes the chan-
nel more permeable to Na* than to K*. The membrane-
spanning S4 alpha helical segment is believed to be voltage
sensitive. At the resting membrane potential, the channel
pore is closed. The S4 segment undergoes a conformational
change when the membrane potential changes (e.g., when
the neuron is depolarized), the S4 segment is pushed away
from the inner side of the membrane, and the channel gate
opens, allowing an influx of Na* ions.

There are some cases in which Na* permeability is
blocked. Tetrodotoxin (TTX), a toxin isolated from the
ovaries of Japanese puffer fish, binds to the sodium channel
on the outside and blocks the sodium permeability pore.
Consequently, neurons are not able to generate action
potentials after the application of TTX. These channels
are also blocked by local anesthetic drugs (e.g., lidocaine).

The basic structure of the voltage-gated Ca®* channel
is similar to that of the voltage-gated Na* channel. Ca?*
ions enter the postsynaptic neurons through these chan-
nels and activate enzymes. Depolarization of presynaptic
nerve terminals results in entry of Ca** ions into the ter-
minal via these channels. An increase in the levels of
intracellular Ca** results in the release of transmitters
from presynaptic nerve terminals.

Different varieties of voltage-gated K* channels have
been identified, and they serve different functions. The
general scheme describing the components of this channel
is similar to that of the voltage-gated Na* channel, except
that the voltage-gated K* channel consists of four polypep-
tides. It should be recalled that each polypeptide contribut-
ing to the formation of a large protein molecule is called a
subunit. Each subunit of a voltage-gated K* channel con-
sists of six alpha-helical membrane-spanning segments
(S1-S6). A pore loop makes the channel more permeable
to K* than to Na*. The S4 segment acts as an activation
gate. The K* channels are generally blocked by chemicals,
such as tetraethylammonium or 4-aminopyridine.

The ligand-gated channels are opened by noncovalent
binding of chemical substances with their receptors on the
neuronal membrane. These chemical substances include:
(1) transmitters or hormones present in the extracellular
fluid that bind to their receptors on the extracellular side of
the channel and bring about a conformational change to
open the channel (e.g., acetylcholine, y-aminobutyric acid
[GABA], or glycine), and (2) an intracellular second mes-
senger (e.g., cyclic adenosine monophosphate, which is
activated by a transmitter such as norepinephrine). Genes
encoding for transmitter-gated channels (e.g., channels
activated by acetylcholine, GABA, or glycine) and genes
encoding for voltage-gated channels belong to different
families. Ligand-gated channels are either directly gated or
indirectly gated.

In a directly gated ligand channel, five protein subunits
are typically arranged in such a way that the recognition
site for the chemical substance is part of the ion channel.
Each subunit contains four membrane-spanning alpha
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FIGURE6-3  Voltage-gated Na* (sodium) channel. (A) The channel is formed by a single long polypeptide that has four domains (I-IV). S1-S5 are hydro-
phobic alpha helices that span across the membrane. Note also the hydrophobic pore loop. The NH,* (hydrogen carbonate) and COO" (carboxyl group)
terminals are exposed on the cytoplasmic side of the membrane. (B) The four domains clump together to form a channel with a pore. The wall of the
channel pore is formed by the pore loops. The domains are shown in clockwise fashion in A and B to facilitate orientation.

helices. This type of receptor is called an ionotropic
receptor (see Chapter 8). A neurotransmitter binds to an
ionotropic receptor and brings about a conformational
change that results in the opening of the ion channel.
Receptors of this type usually bring about fast synaptic
responses that last for only a few milliseconds.

In an indirectly gated ligand channel, the ion channel
and the recognition site for the transmitter (receptor) are
separate. These receptors are called metabotropic recep-
tors (see Chapter 8). Typically a metabotropic receptor
consists of a single protein subunit with seven membrane-
spanning alpha helices. When a transmitter binds to
the metabotropic receptor, a guanosine-5"-triphosphate-

binding protein (G-protein) is activated, which, in turn,
activates a second-messenger system in the neuron. The
second messenger can either act directly on the ion chan-
nel to open it or it can activate an enzyme that, in turn,
opens the channel by phosphorylating the channel
protein in the presence of a protein kinase. Dephosphor-
ylation of the channel in the presence of a protein phos-
phatase results in the closure of the channel. Activation
of this type of channel elicits slow, long-lasting synaptic
actions.

Mechanically gated channels open by a mechanical stimu-
lus and include the channels involved in producing
generator potentials of stretch and touch receptors.
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Equilibrium Potentials

The equilibrium potential of an ion is the electrical poten-
tial difference at which the diffusional forces and electrical
forces exerted on the ion are equal and opposite, and the
net movement of the ion across the cell membrane ceases.
The equilibrium potential of any ion that is present on the
sides of the cell membrane, which is permeable to that ion,
is calculated by the Nernst equation (Table 6-2). Using this
equation, the value for the equilibrium potential of K* is
—-80mV. If the membrane were permeable only to K, the
resting membrane potential of a neuron would be equal to
the equilibrium potential of K* (=80mV). However, actual
recordings show that the resting membrane potential of a
neuron is usually —65mV. The reason for this discrepancy is
that the neuronal membrane is permeable to more than one
ion species. The resting membrane potential of the neuron
under these conditions is calculated by the Goldman equa-
tion, which takes into consideration the contribution of the
permeability of each ion and its extracellular and intracel-
lular concentrations (Table 6-2).

lonic Basis of the Resting Membrane Potential

When the neuron is at rest (i.e., when it is not generating
action potentials), the cytosol along the inner surface of
the cell membrane has a negative electrical charge
compared with the outer surface of the cell membrane.

Many negatively charged fixed ions (associated with
proteins and amino acids) make the interior of the cell
more negative relative to outside. The potential difference
across the cell membrane during resting state is called the
resting membrane potential. The lipid bilayer of the neu-
ronal membrane maintains this separation of charges by
acting as a barrier to the diffusion of ions across the mem-
brane. The ion concentration gradients across the neuro-
nal membrane are established by ion pumps that actively
move ions into or out of neurons against their concentra-
tion gradients. The selective permeability of membranes is
due to the presence of ion channels that allow some ions
to cross the membrane in the direction of their concentra-
tion gradients.

The ion pumps and ion channels work against each
other in this manner. If the neuronal membrane is selec-
tively permeable to only a K* ion, this ion will move out
of the neuron down its concentration gradient. There-
fore, more positive charges accumulate outside the neu-
ron. The fixed negative charges inside the neuron impede
the efflux of positively charged K* ions, and excess posi-
tive charges outside the neuron tend to promote influx of
the K* ions into the neuron due to the electrostatic
forces. It should be recalled that opposite charges attract,
while similar charges repel each other. Thus, two forces
are acting on the flow of K* ions out of the neuron; a
higher concentration inside the neuron (concentration

TABLE 6-2 Nernst and Goldman Equations to Determine Equilibrium Potential of lons and Membrane Potentials

Description Components of the Equation lonic Equilibrium or Membrane Potentials
Nernst equation .
This equation is used to calculate equilibrium E =2303 g log Fon}o E,=61.5mVlog 5/100 =—80mV

fon — ion].

potential of an ion that is present on both sides
of the cell membrane.

Substitution of the values for R, T,F, and
extracellular and intracellular concentrations of
the ion (see Table 6-1) in the equation yields the
value of equilibrium potential of that ion.

Where:

Z =valence of the ion

E,, = ionic equilibrium potential

R = gas constant (1.98 cal deg~" mole™")

T = temperature in Kelvin scale (273.15
+ temperature in centigrade degrees)

E,=061.5mVlog 150/15=+62mV
E,=61.5mVlog 2/0.0002 = +123 mV
E,=61.5mVlog 150/13 = —65mV

F = Faraday constant (23,060 cal volt™" equiv™")

[ion], = ionic concentration outside the cell
[ion]. = ionic concentration inside the cell

Goldman equation
Because the neuronal membrane is permeable to
more than one ion, the Goldman equation is

V. =615log

P[K], + P, [Na*]. + Pel[CI],

used to calculate membrane potential.

This equation takes into consideration the
contribution of the permeability of each ion and
its extracellular and intracellular concentrations.

Where:

P[]+ P, [Na'], + Pe[C],

If the membrane was permeable to only K, the
neuronal membrane potential would be equal
toE, (—80mV).Actual membrane potential of
aneuron is usually —65 mV (see below).

If the membrane is permeable to Na* and K*, but
not (I, the values related to (I~ = 0 and the
derived value forV_=—65mV.

V_=membrane potential (mV)

P = permeability of the specific ion

Other abbreviations = same as in Nernst equation

Note that the valence factor (Z) present in the Nernst
equation is absent in this equation.Therefore, the
concentration of negatively charged ion (CI) has been
inverted relative to the concentrations of positively
charged ions; recall that —log(A/ B) = log (B/A).
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gradient) tends to expel them out of the neuron, whereas
the electrostatic forces tend to prevent their flow out of
the neuron.

When the two opposing forces are equal, K* concentra-
tions inside and outside the neuron are in equilibrium.
The value of the membrane potential at this time is the K*
equilibrium potential. Thus, if the neuronal membrane con-
tained only K* channels, the resting membrane potential
would be determined by the K* concentration gradient
and would be equal to the equilibrium potential for K* ions
(approximately —80mV). However, as stated earlier, the
resting membrane potential of a neuron is usually =65 mV.
This is because neurons at rest are permeable to the Na*
ion also. The Na* ions tend to flow into the neuron due to
two forces: (1) concentration gradient of Na* ions (extra-
cellular Na* concentration is much higher than its intrac-
ellular concentration) and (2) electrostatic forces (there is
an excess of positive charges outside and an excess of nega-
tive charges inside the neuron). Due to the influx of Na*
ions, the resting membrane potential deviates from that of
the K* equilibrium potential (i.e., it becomes —65mV
instead of —=80mV).
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FIGURE 6-4 Configuration of an action potential. (A) Phases of an action
potential. (B) Inward and outward current flows due to the influx of Na*
(sodium) and efflux of K* (potassium) during the rising and falling phases
of the action potential, respectively.

However, the membrane potential does not reach the
equilibrium potential for Na*. The reason for the neuron’s
inability to attain a resting membrane potential closer to
the Na* equilibrium potential is that the number of open
nongated Na* channels is much smaller than the number of
open nongated K* channels in the resting state of a neuron.
Therefore, the permeability of Na* is small despite large
electrostatic and concentration gradient forces tending to
drive it into the neuron. To maintain a steady resting mem-
brane potential, the separation of charges across the neuro-
nal membrane must be maintained at a constant. This is
accomplished by the Na*-K* pump described earlier.

lonic Basis of the Action Potential

As stated earlier, the resting membrane potential of a neu-
ron is usually —65mV. At rest, Na* influx into the neuron
through open nongated Na* channels is balanced by the
efflux of K* through open nongated K* channels. Thus, the
membrane potential remains constant closer (but not
equal) to the K* equilibrium. When a neuron receives an
excitatory input, the neuronal membrane is depolarized,
resulting in an opening of some voltage-gated Na* chan-
nels and influx of Na*. It should be noted that voltage-
gated Na* channels are normally closed. The accumulation
of positive charges due to influx of Na* promotes depolari-
zation of the neuronal membrane. When the membrane
potential reaches threshold potential, the chances of gen-
erating an action potential are about 50%. However, when
the membrane is depolarized beyond the threshold poten-
tial, a sufficient number of voltage-gated Na* channels
open, relative permeability of Na* ions is greater than that
of K* ions, and action potentials are generated with
certainty. Generation of an action potential is an “all-
or-nothing” phenomenon. Because the concentration of
Na* channels is relatively high at the axon hillock, this is
the site of generation of action potentials in a neuron.

The configuration of an action potential is shown in
Figure 6-4A. During the rising phase of the action poten-
tial, there is a rapid depolarization of the membrane due to
increased permeability of Na* (Fig. 6-4B). The depolariza-
tion continues so that the membrane potential approaches
the Na* equilibrium potential. The part of the action
potential in which the inside of the neuron is positive rela-
tive to the outside is called the overshoot. Toward the end
of the rising phase of the action potential, voltage-gated
Na* channels are inactivated, and the influx of Na* through
these channels is stopped.

During the falling phase of the action potential, the
neuron is repolarized by opening of voltage-gated K* chan-
nels, which allows increased efflux of K* from the neuron
through these channels (Fig. 6-4B). The opening of volt-
age-gated K* channels is also caused by depolarization of
the neuronal membrane. Because these voltage-gated K*
channels open with a delay (about 1 msec) after the mem-
brane depolarization, they are called delayed rectifier K*
channels. Rectifiers are channels that allow the flow of
ions to move more readily in one direction than in the
opposite direction. At the end of the falling phase, the
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membrane potential is more negative than the resting
potential because of increased K* permeability caused by
the opening of the delayed rectifier K* channels in addition
to the already present resting K* permeability through
nongated channels. The permeability is closer to the
equilibrium potential of K* because there is little Na* per-
meability during this period. This portion of the action
potential is called after-hyperpolarization or undershoot
(Fig. 6-4A). Once after-hyperpolarization has occurred,
the resting membrane potential is restored gradually as the
voltage-gated K* channels close again.

The Na* channel has two hypothetical gates, the acti-
vation and inactivation gates. Depending on which gates
are open or closed, the Na* channel exists in the following
three states: resting, activated, or inactivated.

1. Resting state: During this state, the activation gate
closes the channel pore while the inactivation gate is
open (Fig. 6-5A). With the channel pore closed, Na*
cannot flow into the neuron.

2. Activated state: During the rising phase of action
potential, both activation and inactivation gates are
open, and Na* ions flow into the neuron (Fig. 6-5B).

3. Inactivated state: During this state, the inactivation
gate closes the channel pore while the activation gate is
still open (Fig. 6-5C). Even though the activation gate
is open, Na* cannot flow into the neuron. The neuron
cannot be activated until the Na* channel reverts back
to resting state (i.e., the inactivation gate opens the
channel, and the activation gate closes the channel).
This process is known as de-inactivation. Voltage-gated
Na* channels get de-inactived when the membrane
potential becomes adequately negative.

The time required for the Na* channel to revert from inac-
tivated to resting state (de-inactivation) determines the
refractory period of the neuron. The period during which
the voltage-gated Na* channels are in inactivated state
and an action potential cannot be generated is called the
absolute refractory period. Immediately after the absolute
refractory period (the period at the end of the falling
phase), when the neuron is hyperpolarized, until the time
when voltage-gated K* channels are closed again, an action
potential can be generated, but more depolarizing current
is needed to shift the membrane potential to threshold
level. This phase of action potential is called the relative
refractory period. The entire duration of an action poten-
tial in a neuron is about 2msec. It should be noted that,
during an action potential, there is a great surge of Na*
influx into the cell via the voltage-gated Na* channels.
However, the Na*-K* pump is working all the time, includ-
ing the duration of the action potential, and transports Na*
out of the neuron via nongated channels to maintain the
ionic concentration gradients across the cell membrane.

Propagation of Action Potentials

When a region (region 1 in Fig. 6-6A) of an unmyelinated
axonal membrane is depolarized sufficiently by a depolariz-
ing stimulus (e.g., a synaptic potential in a neuron) to reach

Resting state

Extracellular
side

Intracellular
side Inactivation
gate

Activation
A gate

Activated state

Inactivated state

FIGURE 6-5 Different states of voltage-gated Na* (sodium) channel.
(A) Resting state. (B) Activated state. (C) Inactivated state. Note: the “bar”
is the activation gate and the “circle” represents the inactivation gate.
(See text for descriptions.)

a threshold potential, voltage-gated Na* channels open,
Na* flows into the axoplasm, and an action potential is gen-
erated in that region of the axon (Fig. 6-6B). Some of the
current generated by the action potential spreads by elec-
trotonic conduction (passive spread) to an adjacent region
(region 2 in Fig. 6-6A) of the axon. The passive spread of
current occurs by movement of electrons, and movement of
Na* ions is not required. At the adjacent region, the passive
spread of current results in opening of voltage-gated Na*
channels, influx of Na* into the axoplasm (Fig.6-6C,
region 2), and generation of an action potential (Fig. 6-6D).
In other words, the passive spread of voltage along the
length of an axon results in an active regeneration process.
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A stimulus depolarizes the axon
locally, Na* channels open and
an action potential is generated.

Some current generated by the
action potential spreads passively to
an adjacent region of the axon.
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Propagation of an action potential along an unmyelinated axon

FIGURE 6-6  Propagation of action potentials in unmyelinated axons, as described in the text. (A) Time point 1: Region 1 of an unmyelinated axonal
membrane is depolarized. (B) Depolarization in region 1 results in an action potential at time point 1. (C) Time point 2: Passive spread of current by the
action potential generated at time point 1 causes depolarization in region 2. (D) Depolarization in region 2 results in an action potential at time point 2.

Na* = sodium; K* = potassium.

The propagation of an action potential along the axon
depends on the cable properties of the axon. The larger
the diameter of the axon, the lower the resistance there is
to the flow of current along its length. Therefore, the
conduction velocity (propagation of action potentials)
along the length of the axon can be increased by

increasing its diameter. For example, the axons of stellate
ganglion neurons in the squid are about 1 mm in diameter
(100-1,000 times larger than the axons of mammalian
neurons). The conduction of action potentials in these
squid giant axons is faster than that in mammalian axons.
The squid needs these fast conducting axons for faster
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contraction of the mantle muscles that produce a jet pro-
pulsion effect needed for quick escape from predators.

In vertebrates, the conduction velocity is increased by
myelination of axon. A myelin sheath consists of about
I-mm lengths of as many as 300 concentric layers of mem-
brane around a single axon. In the peripheral nervous

A stimulus depolarizes the axon
locally, Na* channels open and
an action potential is generated.

system, myelin is formed by Schwann cells. In the central
nervous system (CNS), oligodendrocytes form the myelin
(see Chapter 5). Nodes of Ranvier (bare segments of the
axonal membrane with a very high density of voltage-
gated Na* channels) are present in between the segments
of the myelin sheath (Fig. 6-7, A and C). The myelinated

Some current generated by the
action potential spreads passively
to next node of Ranvier.
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Propagation of an action potential along a myelinated axon

FIGURE 6-7  Propagation of action potentials in myelinated axons. (A) Time point 1: A stimulus depolarizes node of Ranvier 1. (B) An action potential
is generated at node 1 at time point 1. (C) Time point 2: Passive spread of current due to action potential generated at time point 1 depolarizes node 2.
(D) An action potential is generated at node 2 at time point 2. Na* = sodium; K* = potassium.
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segments of an axon are not excitable and have a high
resistance to the leakage of current across them. On the
other hand, passive spread of current can generate an
intense current at the nodes of Ranvier due to the pres-
ence of a high density of voltage-gated Na* channels.

When a depolarizing stimulus (e.g., a synaptic potential
in a neuron) arrives at a node of Ranvier (node 1 in
Fig. 6-7A), Na* channels open, there is an influx of Na*
ions, and an action potential is generated at that node
(Fig. 6-7B). Some current generated by the action potential
spreads passively to the next node of Ranvier (node 2 in
Fig. 6-7A), and depolarization of the membrane at this node
results in the generation of an action potential (Fig. 6-7D).
By this time, Na* channels at the preceding node (node 1 in
Fig. 6-7C) are inactivated, K* channels open, and repolari-
zation occurs. Thus, the action potential propagates along a
myelinated axon by saltatory conduction (i.e., the jumping
of an action potential from one node to another). Myelina-
tion of an axon has two advantages: (1) conduction is very
rapid along an axon, and (2) there is conservation of meta-
bolic energy because excitation is restricted to the nodal
regions that are relatively small (0.5 um).

CLINICAL CONSIDERATIONS

Many clinical syndromes have been attributed to malfunc-
tion of different ion channels and disturbances in the gen-
eration and conduction of action potentials. Some of these
syndromes are briefly described here.

Lambert-Eaton (Eaton-Lambert) Syndrome

Lambert-Eaton syndrome is usually associated with small-
cell carcinoma of the lung, which is derived from primitive
neuroendocrine precursor cells expressing voltage-gated
Ca?* channels. An antibody is produced in the body against
these Ca?* channels, and its presence results in a loss of
voltage-gated Ca** channels in the presynaptic terminals
at the neuromuscular junction and other synapses.
Therefore, less Ca?* enters the presynaptic terminal during
depolarization and, consequently, there is a reduction in
the release of the transmitter (acetylcholine [Ach]) at the
neuromuscular junction that results in muscle weakness.
Loss of voltage-gated Ca?* channels at the preganglionic
nerve terminals of the sympathetic and parasympathetic
autonomic nervous system results in a number of symp-
toms characteristic of autonomic dysfunction. These
symptoms include dry mouth, constipation, reduced sweat-
ing, orthostatic hypotension (dizziness while standing or
walking), and impotence.

This syndrome can also occur in patients without lung
cancer. In such instances a different (still unidentified)
mechanism may be responsible for the loss of voltage-gated
Ca?* channels on the presynaptic terminals. Because the
main symptom is muscle weakness due to insufficient Ach
release, standard treatment consists of administration of
drugs (e.g., guanidine and calcium gluconate) that elicit
or facilitate Ach release from the presynaptic nerve termi-
nals at the neuromuscular junction. As in myasthenia

gravis, the muscle strength fluctuates with activity in
Lambert-Eaton syndrome. However, in contrast to
myasthenia gravis, muscle strength in these patients
improves with activity because more Ach is released in
response to increased activity.

Guillain-Barré Syndrome

Guillain-Barré syndrome has been described as a clinical
case in Chapter 5.

Multiple Sclerosis

The cause of multiple sclerosis (MS) is unknown. It may
be an autoimmune disease with inflammatory features that
affect the CNS. It should be recalled that oligodendrocytes
(not Schwann cells) provide myelination in the CNS. The
body erroneously directs antibodies against proteins in the
myelin sheath in the CNS. Thus, demyelination occurs in
the axons of the CNS, whereas demyelination of axons in
the peripheral nerves occurs in Guillain-Barré syndrome
(see Chapter 5). Antibodies attack myelin, which then
swells and detaches. A scar (sclerosis) develops on the
nerve fibers, which delays or blocks nerve impulses. Finally
nerve fibers degenerate. MS is a debilitating disease that
commonly affects young people, especially women, in the
20-year-old to 40-year-old age group. Somatosensory path-
ways are compromised in MS, resulting in numbness in one
or more limbs, typically on one side. The patient feels tin-
gling or pain in parts of the body. Visual pathways are
affected, resulting in vision disturbances (partial or com-
plete loss of vision in one eye at a time and double or
blurred vision). The patients suffer from disturbances in
speech. Electric shock—like sensation is experienced by the
patient when the head is moved. In MS,; typically the white
matter of the cerebellum, spinal cord, and projections of
the corticospinal tract and basal ganglia are affected, caus-
ing upper motor neuron weakness. There is weakness in
one or more limbs on one side. The patient has tremor,
lack of coordination, wide steps, and an unsteady gait.
Other symptoms include fatigue and dizziness. Neurologi-
cal examination shows hyper-reflexia and Babinski’s sign.
Magnetic resonance imaging shows scarring in the CNS.
Assessment of the slowing of conduction in the optic
nerves of these patients is used as one of the tests of this
disease. Conduction in the optic nerve is tested by apply-
ing a visual stimulus, consisting of a checkerboard pattern,
and monitoring the visual evoked potentials from the scalp.
Management of these patients includes administration of
the drugs or procedures shown in Table 6-3. A clinical case
of multiple sclerosis is presented at the end of this chapter.

Prion Diseases

A prion is an infectious agent consisting primarily of pro-
tein. The endogenous form of prion protein (PrP) is
referred to as PrP¢. A misfolded form of PrP is designated
as PrP%. The normal form of PrP is present in cell mem-
branes of many tissues. It is believed that the infectious
form of prion protein (PrP%) converts normal prion
protein (PrP¢) into infectious form by changing its
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TABLE 6-3 Drugs or Procedures Used to Treat Multiple Sclerosis

Drug or Procedure Effects

Corticosteroids Reduce inflammation

Interferon beta-la and interferon beta-Ib

Reduce frequency and severity of relapses; help to fight viral infection and regulate immune system

Glatiramer (Copaxone)

Polymer consisting of four amino acids present in myelin; shifts the population of pro-inflammatory T cells (Th1 cells) to

regulatory T cells (Th2 cells) that suppress the inflammatory response; should not be used with interferon beta

Natalizumab (Tysabril)

Blocks attachment of immune cells to blood vessels of the brain (necessary step for these cells to enter brain tissue)

Mitoxantrone (Novantrone)

Used for cancer chemotherapy; useful in some patients in reducing severity of relapses but has serious side effects; potent

immunosuppressive agent targeting proliferating immune cells; inhibits proliferation of macrophages, B lymphocytes, and

T lymphocytes

Plasma exchange (plasmapheresis)

Involves removal of some blood, filtering it to remove plasma, and replacing it with albumin; this preparation is then reinfused

into the patient. Procedure may reduce antibodies against myelin; used only in patients not responding to steroid therapy and

experiencing sudden and severe attacks

conformation. An amyloid fold is produced in which the
protein polymerises forming aggregates of tightly packed
beta sheets (see “Structure of Proteins” in the beginning of
the chapter). The protein aggregates (amyloids) formed
in this manner are resistant to chemicals, proteases, heat
and radiation. Effective prion decontamination can be
achieved by treatment with bleach, caustic soda, and
strong acidic detergents. The misfolded form of prion pro-
tein (i.e., PrP% has been implicated in several diseases
including Creutzfeldt-Jakob Disease, Kuru and bovine
spongiform encephalopathy (mad cow disease). Creutzfeldt-
Jakob disease, also called subacute spongiform encepha-
lopathy, is characterized by widespread neuronal loss and
gliosis accompanied with vacuolation in the affected
brain regions (predominantly cerebral and cerebellar
cortices) giving them a spongy appearance. A rapidly pro-
gressive and profound dementia occurs which is accompa-
nied by myoclonic jerks and visual and cerebellar
neurological abnormalities. There is no effective treat-
ment for this disease. The patients usually die within a
year of the onset of the disease. Kuru is a disease that
afflicts exclusively the natives of New Guinea. It is
believed that these natives ingest the brain tissue of
deceased relatives which may contain infectious form of
prions. The disease is characterized by progressive cere-
bellar ataxia and weakness that eventually leads to immo-
bility. The patients usually die within 3-6 months of the
onset of the disease. The disease has largely disappeared
because this type of ritual cannibalism is no longer prac-
ticed by these natives. The infectious agent in bovine
spongiform encephalopathy (mad cow disease) is also a
misfolded prion. The disease is characterized by spongy
degeneration of the brain and spinal cord in cattle.
Although cattle are normally herbivores, they may be
infected when they are fed meat and bone meal prepared
from the carcasses of infected cattle. It is believed that the

disease may be transmitted to humans who eat the brain
and spinal cord of infected carcasses.

(ystic Fibrosis

Cystic fibrosis is an inherited disease that affects primarily
the respiratory system (airways and the lungs). It is a reces-
sive disorder (i.e., a person is afflicted with this disease
when he or she inherits a copy of the mutated gene from
each parent). In humans, cystic fibrosis transmembrane
conductance regulator gene (CFTR gene) is located on
chromosome 7. This gene provides instructions for making
a protein called the cystic fibrosis transmembrane con-
ductance regulator protein (CFTR protein). This protein
is located in the cell membrane and functions as an ion
channel through which CI~ ions are transported into the
cells and movement of water into the tissues is controlled
to maintain the fluidity of mucus and secretions. Tissues
that produce mucus, sweat, saliva, tears, and digestive
enyymes have such channels. These channels are necessary
for normal secretions in organs such as the lungs and pan-
creas. In cystic fibrosis there is a mutation of CFTR gene.
The genetic mutation stops production of CFTR protein
in the cells of the lungs (and other organs, e.g., pancreas).
The lack of this protein impairs the function of Cl~ chan-
nels. Thus, the ability of these cells to transport Cl” in and
out of cells is impaired, which changes the chemical prop-
erties of secretions, causing the mucus to be thicker than
normal. This, in turn, leads to obstructions in the respira-
tory tract and creates conditions ideal for repeated infec-
tions. Management of the respiratory symptoms of the
disease includes administration of antibiotics (for treating
infections), decongestants and bronchodilators (to open
airways), steroids (to reduce inflammation), chest or back
clapping (to help loosen mucus from lungs), and postural
drainage (to help drain mucus from lungs).
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_‘/) Clinical Case

)

History

Martha is a 33-year-old woman who, until several months ago, was a normal,
healthy individual who exercised regularly. She maintained an administrative
position in the Department of Neurology at a northeastern medical school. On
three separate occasions over the past 2 months, she began to experience
weakness and numbness in her right arm and leg. In addition, she began to have
double vision and experienced a sensation as if insects were moving along the
right side of her face and tongue. She consulted her physician, who then referred
her to a neurologist.

Examination

The neurological examination revealed some nystagmus (see Chapters 14, 17,
and 21) when Martha attempted to look to the right, some depressed vision in
her right eye, weakness of the right eye when medial gaze was attempted, and
some weakness of the right facial muscles. She also showed some tremor when
attempting to point to her nose, a wide ataxic gait, and general difficulty in
walking. The evoked potentials test revealed a longer-than-normal latency for
the visual evoked response following stimulation of the right eye. A magnetic
resonance imaging (MRI) scan of the head indicated the presence of what
appeared to be small lesions over widespread regions of the brain. A lumbar
puncture was done to collect a cerebrospinal fluid sample that, on subsequent
analysis, showed an increase in gamma globulin level above normal values.

Explanation

Martha was diagnosed with multiple sclerosis (MS), a syndrome described earlier
in the text of this chapter. The MRI showed that there was no single locus of a
lesion. Instead, a variety of lesions seemed to be present, affecting both sensory
and motor systems, and visual evoked potential testing revealed slower
conduction velocity along visual neuronal pathways. These symptoms are
consistent with a diagnosis of MS. MS is a debilitating disease that commonly
affects young people, especially women in their 20s to 40s. It typically affects
such systems as the white matter of the cerebellum; spinal cord; and projections
of the corticospinal tract and basal ganglia, causing an upper motor neuron
weakness as well as sensory systems, such as the visual and somatosensory
pathways, resulting in numbness and some loss of vision.

The course of this disease can vary. There may be no recurrence after the
first event.In other cases, there may be a series of episodes followed by periods
of remission. In the worst cases, the disease is progressive in which few or
no periods of remission are present. Treatment strategies include the
administration of steroids. Another treatment includes administration of
interferon [3-1b, which has been shown to reduce the frequency and severity
of relapses. In the case of Martha, she was treated with oral prednisone in the
hospital for 5 days. She showed an excellent recovery and soon resumed her
professional life.

Questions
Choose the best answer for each question.

1. Which of the following statements is correct regarding the

Na*-K* (sodium-potassium) pump?

a. Binding sites for adenosine triphosphate are located on
the extracellular side of the pump.

b. It drives more positive charges into the neuron.

¢. Binding sites for K* ions are located on the cytoplasmic
side of the pump.

d. It pumps out two Na* ions and pumps three K* ions into
the neuron.

e. It pumps three Na*ions out of the neuron and pumps in
two K*ions.

2. Which of the following statements is correct regarding the

voltage-gated Na* (sodium) channel?

a. Itisin an open state at the resting membrane potential.

b. Itis blocked by local anesthetic drugs.

c. Itisformed by several long polypeptide chains.

d. Itis equally permeable to Na* as well as K* (potassium)
ions.

e. It can be activated during the falling phase of the action
potential.

3. Which of the following statements is correct regarding the
rising phase of an action potential in a neuron?
a. The membrane potential becomes more negative during
this phase.
b. There is an influx of Na* (sodium) through the nongated
ion channels.

¢. Na* flows into the neuron through voltage-gated Na*
channels.

d. K* (potassium) flows into the neuron through the
voltage-gated K* channels.

e. Energy for influx of Na* is provided by the Na*-K* pump.

4. A 25-year-old woman complained to her neurologist of a
sudden onset of blurred vision, loss of visual acuity,and loss
of color vision in her right eye.The patient also experienced
pain behind her right eye. The neurologist suspected that
this was a case of optic neuritis and ordered a magnetic
resonance imaging (MRI) scan. The MRI showed changes
consistent with demyelinating disease. The optic neuritis
with this history was associated with which one of the fol-
lowing disorders?

a. Myasthenia gravis

b. Lambert-Eaton syndrome
¢. Guillain-Barré Syndrome
d. Multiple sclerosis

e. Cystic fibrosis

5. A patient visiting a neurologist complained of spells of diz-
ziness while standing, dry mouth, constipation, and muscle
weakness. A routine chest x-ray revealed a tumor in the
lung. Biopsy of the tissue suggested the presence of small-
cell carcinoma of the lung. Which one of the following is
likely to account for muscle weakness in this patient?

a. Loss of voltage-gated Ca?* (calcium) channels in the pre-
synaptic terminals

b. Loss of voltage-gated K* (potassium) channels in the
neuronal cell body
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c. Excessive release of acetylcholine from nerve
terminals

d. Blockade of voltage-gated Na* (sodium) channels in the
neurons

e. Excessive increase in the conductance of CI- (chloride)
channels in the spinal motor neurons

Answers and Explanations

1o

Answer: e

The Na*-K* (sodium-potassium) pump is located in the neu-
ronal membrane. Binding sites for adenosine triphosphate
and Na* ions are located on the cytoplasmic side. It pumps
out three Na* ions for the two K* ions it pumps in. Thus, it
drives more positive charges out of the cell than it brings
into the cell. The binding site for K* is located on the extra-
cellular side of the pump.

Answer: b

This channel is formed by a single long polypeptide that
has four domains (I-1V).Each domain has six hydrophobic
alpha helices (S1-56) that span back and forth within the
cell membrane.The four domains join together and form
an aqueous pore of the channel. These channels open
during the rising phase of the action potential. At the rest-
ing membrane potential, the channel pore is closed.When
the neuron is depolarized, the channel gate opens, allow-
ing an influx of Na* (sodium) ions. They are blocked by a
poison, called tetrodotoxin, obtained from the puffer fish,
and local anesthetic drugs (e.g., lidocaine). At the end of
the rising phase of the action potential, the voltage-gated
Na* channels are inactivated. They cannot be activated to
generate an action potential until the membrane poten-
tial becomes adequately negative and the Na* channels
get de-inactived. The period during which the Na* chan-
nels are in an inactivated state and an action potential

cannot be generated is called the absolute refractory
period.

. Answer:c

When the membrane depolarizes beyond the threshold
potential, a sufficient number of voltage-gated Na*
(sodium) channels opens, and there is an influx of Na*
during the rising phase of the action potential. The mem-
brane potential becomes less negative during depolari-
zation. The flow of ions through the voltage-gated
channels during the rising phase of the action potential
does not require energy. At the end of the depolariza-
tion, there is an efflux of K*(potassium), and the neuron
repolarizes.

. Answer:d

In patients with multiple sclerosis, demyelination of axons
in the optic nerves, brain, and spinal cord occurs.Therefore,
neural conduction in the central nervous system is dis-
rupted.In Guillain-Barré syndrome, however,demyelination
occurs in peripheral nerves, innervating the muscles and
skin. In the other syndromes listed, demyelination of axons
does not occur.

. Answer:a

The patient is suffering from Lambert-Eaton syndrome. In
patients with this syndrome, a specific antibody causes loss
of voltage-gated Ca?* (calcium) channels in the presynaptic
terminal at the neuromuscular junction.Therefore, depolari-
zation of the terminal does not open a sufficient number of
Ca* channels,and the release of the transmitter (acetylcho-
line) is reduced. This results in muscle weakness. The
patient’s other symptoms are caused by the loss of voltage-
gated Ca?* channels in the presynaptic terminals of the
sympathetic and parasympathetic divisions of the
autonomic nervous system.
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CHAPTER SUMMARY TABLE

lon Channels

Type Subtype Description Examples Structure

Classification of lon Channels

Nongated — Open most of the time; con- Nongated Na* —
channels trol the flow of ions during and K* channels

(leak the resting membrane

channels) potential

Gated — Exist in more than one con- — —
channels formation; the transition

between the open and
closed states is called gating;
at rest, these channels are
mostly closed

Voltage- Opened or closed by a Voltage-gated Formed by a single long
gated change in the membrane Na* channel polypeptide that has four
channels potential domains (I-1V) which join

together and form an
aqueous pore of the chan-
nel; exists in three states:
(1) resting state, the chan-
nel is closed but can be
activated, (2) active state,
the channel is open, and
(3) refractory state, the
channel is inactivated

Voltage-gated Basic structure and states
Ca* channel are similar to those of volt-
age-gated Na* channel

Voltage-gated Different varieties serving
K* channel different functions; similar
to the voltage-gated
Na* channel, except that it
consists of four polypep-

tides
Ligand- Opened by binding of trans- Directly gated Consists of five protein
gated chan- mitters or hormones with ligand-gated subunits; the recognition
nels their receptors on the neu- channel (iono- site for the chemical sub-
ronal membrane tropic receptor) stance is part of the ion
channel
Indirectly gated lon channel and the
ligand-gated recognition site for the
channel transmitter (receptor) are
(metabotropic separate; when a transmit-
receptor) ter binds to a G protein

and second-messenger
system is activated

Mechani- Open by a mechanical stim- Stretch and touch —
cally gated ulus receptors
channels
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CFTR gene provides instructions for making
CFTR protein, which is located in the cell
membrane and functions as an ion channel
through which CI~ions and water are trans-
ported to maintain the fluidity of mucus and
secretions; impaired ability of these cells to
transport Cl~ in and out of cells, which causes
thickening of the mucus leading to obstruc-
tions in the respiratory tract and creating
conditions ideal for repeated infections

o0 Section I THE NEURON
Treatment/
Disorder Defect Symptoms Management
Clinical Disorders Associated With Defective lon Channels
Lambert- Loss of voltage-gated Usually associated with small-cell carcinoma Guanidine and calcium
Eaton Ca* channels in the of the lung (derived from primitive neuro- gluconate that elicit or
syndrome presynaptic terminals endocrine precursor cells expressing volt- facilitate Ach release
at the NMJ and other age-gated Ca?* channels); can also occur from the presynaptic
synapses without lung cancer; an antibody is pro- nerve terminals at the
duced against these Ca?* channels; there is a NMJ; in contrast to
reduction in the release of the transmitter myasthenia gravis, mus-
(Ach) at the neuromuscular junction causing cle strength in these
muscle weakness; loss of voltage-gated Ca** patients improves with
channels at the preganglionic nerve termi- activity because more
nals of the sympathetic and parasympa- Ach is released during
thetic autonomic nervous system results in a increased activity
number of symptoms including dry mouth,
constipation, reduced sweating, orthostatic
hypotension, and impotence
Cystic Impaired function of Inherited disease that affects primarily the Antibiotics (for treating
fibrosis? Cl-ion channel airways and the lungs; recessive disorder; infections), decongest-

ants and bronchodilators
(to open airways), ster-
oids (to reduce inflam-
mation), chest or back
clapping (to help loosen
mucus from lungs), and
postural drainage (to
help drain mucus from
lungs)

Na* = sodium; K* = potassium; CFTR = cystic fibrosis transmembrane conductance regulator; Cl- = chloride; Ca?" = calcium;

Ach = acetylcholine;NMJ = neuromuscular junction.

2Cystic fibrosis is not a neurological disease. It is discussed in the context of defects in ion channels.
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OBJECTIVES

In this chapter, the student is expected to:
1.

Know the salient features of chemical
transmission.

Know the characteristics of electrical
transmission.

3. Know the components of receptors.

4, Define indirectly gated ion channels.

5. Know the mechanism of directly gated synaptic

transmission at the peripheral synapse
(nerve-muscle synapse).

Know the mechanism of directly gated synaptic
transmission at the central synapses.

Know the diseases affecting chemical transmis-
sion at the nerve-muscle synapse.
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One of the unique features of nerve cells is their capability
to communicate with each other with great precision even
when they are separated by long distances. The mechanism
by which neurons communicate with each other is called
synaptic transmission, which is defined as the transfer of
signals from one cell to another. A synapse is described as a
special zone of contact at which one neuron communicates
with another. In this chapter, the different types of synapses
and various aspects of synaptic transmission are described.

TYPES OF SYNAPTICTRANSMISSION

Two types of synaptic transmission—electrical and
chemical—are recognized in the nervous system. It should
be noted that the electrical synapses are relatively less
common than the chemical synapses in the mammalian
nervous system.

Electrical Transmission

In electrical transmission between nerve cells, the current
generated by an impulse in one neuron spreads to another
neuron through a pathway of low electrical resistance.
Electrical synapses occur at gap junctions (described later
in this section). In an electrical synapse, ion channels
connect the cytoplasm of the presynaptic and postsynaptic

cells. In the adult mammalian central nervous system
(CNS), electrical synapses are present where the activity
of neighboring neurons needs to be highly synchronized.
For example, hormone-secreting neurons in the mamma-
lian hypothalamus are connected with electrical synapses
so that they fire almost simultaneously and secrete a burst
of hormone into the circulation.

At an electrical synapse, the current generated by
voltage-gated channels at the presynaptic neuron flows
directly into the postsynaptic neuron. Therefore, transmis-
sion at such a synapse is very rapid (<0.1 msec). At some
synapses (e.g., in the giant motor synapse of crayfish), the
current can pass in one direction (from presynaptic to
postsynaptic neuron) but not in the reverse direction.
Such synapses are called rectifying or unidirectional syn-
apses. At other synapses, the current can pass equally well
in both directions. Such synapses are called nonrectifying
or bidirectional synapses. Most electrical synapses in the
mammalian nervous system are believed to be the nonrec-
tifying type.

At this point, it is important to understand the mor-
phology of a gap junction. The area where the two neurons
are apposed to each other, at an electrical synapse, is called
a gap junction (Fig. 7-1A). The channels that connect the
neurons at the gap junction are called gap junction

Connexon Gap junction
channel
Neuron-1
Cytoplasm of neuron-1
Q f'
) Ga_p ’ \ “ 00\1 *I‘I
junction i ’ . l ‘
e l
i ||l"ﬂﬂi
kS 2
ﬂ
Neuron-2 Cytoplasm of neuron-2
A B
Connexon Connexin 4 membrane spanning
C (hemichannel) D E regions of connexin

FIGURE 7-1
spanning regions of connexin.

Morphology of a gap junction. (A) Gap junction. (B) Gap junction channel. (C) Hemichannel (connexon). (D) Connexin. (E) Membrane-



channels (Fig. 7-1B). The extracellular space between
presynaptic and postsynaptic neurons at an electrical syn-
apse is 3 to 3.5nm, which is much smaller than the usual
extracellular space (about 20-50nm) between neurons.
The narrow space between these neurons is bridged by gap
junction channels. These channels are formed by two
hemichannels, one in the presynaptic neuron and the
other in the postsynaptic neuron. Each hemichannel is
called a connexon (Fig. 7-1C), which is composed of six
subunits of identical proteins called connexins (Fig. 7-1D).
In the connexon, the connexins are arranged in a hexago-
nal pattern (Fig. 7-1C). Each connexin consists of four
membrane-spanning regions (Fig. 7-1E). The hemichan-
nels located in presynaptic and postsynaptic neurons meet
each other at the gap between the membranes of the two

Presynaptic
neuronal terminal

Synaptic vesicles
containing
neurotransmitter

Active zone

. Synaptic
cleft

Receptor

Cytoplasm

Postsynaptic
neuron

A Chemical synapse

Neuron-1

Nucleus

Soma
(cell body)

Dendrite

Neuron-2

(o3 Axosomatic synapse
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neurons and form a conducting channel. Rotation of the
connexins, in a manner similar to the opening of a shutter
in a camera, results in the opening of the pore of the gap
junction channel.

[t should be noted that gap junctions are relatively rare
in the adult mammalian nervous system. However, they
are more common in nonneural cells, such as the epithe-
lial cells, smooth and cardiac muscle cells, liver cells, some
glandular cells, and glia.

Chemical Transmission

At chemical synapses (Fig. 7-2A), there is no continuity
between the cytoplasm of the presynaptic terminal and
postsynaptic neuron. Instead, the cells are separated by

Neuron-1

Dendrite

Neuron-2

B Axodendritic synapse

Neuron-3

Nucleus

Axon

Soma Dendrite

(cell body)

Neuron-1 Neuron-2

D  Axoaxonic synapse

Presynaptic

terminal

Postsynaptic

neurons

E Symmetric synapse

F Asymmetric synapse

FIGURE7-2 Morphology of a chemical synapse. (A) The presynaptic terminal and postsynaptic neuron are separated by a fluid-filled synaptic cleft. Note
that the presynaptic terminal contains synaptic vesicles, which contain neurotransmitter and active zones. Receptors for the transmitter are located on
the postsynaptic membrane. Different types of central nervous system synapses include (B) axodendritic synapse, (C) axosomatic synapse, and
(D) axoaxonic synapse. (E) In a symmetrical synapse, the presynaptic and postsynaptic membranes are similar in thickness. (F) In an asymmetrical
synapse, the postsynaptic membrane of a synapse is thicker than the presynaptic membrane.
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synaptic clefts, which are fluid-filled gaps (about
20-50nm). The presynaptic and postsynaptic membranes
adhere to each other due to the presence of a matrix of
extracellular fibrous protein in the synaptic cleft. The pre-
synaptic terminal contains synaptic vesicles that are filled
with several thousand molecules of a specific chemical
substance, the neurotransmitter. Pyramid-like structures
consisting of proteins arise from the intracellular side of
the presynaptic terminal membrane and project into the
cytoplasm of the presynaptic terminal. These pyramids
and the membranes associated with them are called active
zones and are the specialized release sites in the presynap-
tic terminal. The vesicles containing the neurotransmitter
are aggregated near the active zones.

TYPES OF CENTRAL NERVOUS SYSTEM
SYNAPSES

Axodendritic synapse: A synapse in which the post-
synaptic membrane is on a dendrite of another neuron
(Fig. 7-2B).

Axosomatic synapse: A synapse in which the postsynaptic
membrane is on the cell body (soma) of another neuron
(Fig. 7-2C).

Axoaxonic synapse: A synapse in which the postsynaptic
membrane is on the axon of another neuron (Fig. 7-2D).
Dendrodentritic synapse: A synapse in which dendrites of
specialized neurons form synapses with each other.
Symmetric synapse: A synapse in which the postsynaptic
and presynaptic membranes are similar in thickness. This
type of synapse is usually inhibitory (Fig. 7-2E).
Asymmetrical synapse: A synapse in which the postsyn-
aptic membrane of a synapse is thicker than the presynap-
tic membrane. This type of synapse is usually excitatory
(Fig. 7-2F).

RECEPTORS

Receptors consist of membrane-spanning proteins. The
recognition sites for the binding of the chemical transmit-
ter are located on the extracellular components of the
receptor. As indicated earlier, when a neurotransmitter
binds to its receptor, the result is opening or closing of ion
channels on the postsynaptic membrane. The ion chan-
nels are gated either directly or indirectly (by activating a
second-messenger system within the postsynaptic cell).

Details regarding different receptors and their subtypes are
described in Chapter 8.

Directly Gated Synaptic Transmission
at a Peripheral Synapse (Neuromuscular Junction)

The cell bodies of motor neurons are located in the ventral
horn of the spinal cord (Fig. 7-3A). At the neuromuscular
junction, the axons of motor neurons innervate skeletal
muscle fibers (Fig. 7-3B). As the motor axon reaches a spe-
cialized region on the muscle membrane, called the motor
end-plate, it loses its myelin sheath and gives off several

fine branches. Many varicosities (swellings), called synap-
tic boutons, are present at the terminals of these branches
(Fig. 7-3C). These boutons lie over depressions in the sur-
face of the muscle fiber membrane. At these depressions,
the muscle fiber membrane forms several folds called post-
synaptic junctional folds (Fig. 7-3D) that are lined by a
basement membrane (connective tissue consisting of col-
lagen and glycoproteins).

The presynaptic boutons enclose the synaptic vesicles
that contain acetylcholine (Ach). When the motor axon
is stimulated, an action potential reaches the axon termi-
nal and depolarizes the membrane of the presynaptic bou-
ton; the result is that the voltage-gated Ca** channels
open. Influx of Ca** (calcium) into the terminal promotes
fusion of the vesicle with the terminal membrane and
subsequent release of Ach by exocytosis. Ach acts on the
nicotinic cholinergic receptors (ionotropic receptors; see
Chapter 8) located at the crest of the junctional folds to
produce an excitatory postsynaptic potential in the muscle
fiber, which is generally referred to as an end-plate poten-
tial (EPP).

During the EPP, Na* (sodium) flows into the postsynap-
tic cell, while K* (potassium) flows out of the cell because
the transmitter-gated ionic channel at the motor end-plate
is permeable to both Na* and K*. The current for the EPP
is determined by: (1) the total number of end-plate chan-
nels, (2) the probability of the opening of the channel,
(3) the conductance of each open channel, and (4) the
driving forces acting on the ions. In the junctional folds,
the muscle cell membrane has a high density of voltage-
gated Na* channels. The amplitude of the EPP is large
enough (about 70mV) to activate the voltage-gated Na*
channels in the junctional folds and generate an action
potential that then propagates along the muscle fiber and
brings about muscle contraction. Released Ach is then
inactivated by the enzyme acetylcholinesterase that is
present in the basement membrane at the end-plate. Ace-
tylcholinesterase is synthesized in the endoplasmic reticu-
lum of the presynaptic neuronal cell body. The enzyme is
transported to its active site (e.g., presynaptic axonal ter-
minal) by the axonal microtubules.

The following features of the transmission at the nerve-
muscle synapse (peripheral synapse) contribute to its rela-
tive simplicity compared to the transmission at a central
synapse: (1) only one motor neuron innervates a muscle
fiber, (2) only excitatory input (no inhibitory input) is
received by each muscle fiber, (3) only one neurotransmit-
ter (Ach) activates the muscle fibers, and (4) only one kind
of receptor channel (nicotinic acetylcholine receptor
[nAChR] channel) mediates the actions of Ach.

Directly Gated Transmission at a Central Synapse

The directly gated synaptic transmission at a central syn-
apse is more complex than that at the nerve-muscle synapse.
The transmission at a synapse in the CNS involves many
inhibitory as well as excitatory inputs to a central neuron.
These inputs release different transmitters that are targeted
for different receptor channels in the neuronal membrane.
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FIGURE7-3  Mechanism of directly gated synaptic transmission at a neuromuscular junction. (A) Cell bodies of motor neurons. (B and C) Myelinated axons
of motor neurons innervate skeletal muscle fibers. As the motor axon reaches a specialized region on the muscle membrane (motor end-plate), it loses
its myelin sheath and gives off several fine branches. Presynaptic boutons (swellings) are present at the terminals of these branches. (D) The presynaptic

boutons have synaptic vesicles containing acetylcholine.

When a neuron is stimulated (e.g., by a neurotransmit-
ter), graded potentials are produced, which are brief local
changes in membrane potential that occur in neuronal
dendrites and cell bodies but not in axons. They are called
graded potentials because their amplitude is directly pro-
portional to the intensity of the stimulus; the larger the
stimulus, the greater the change in membrane potential.
Graded potentials travel through the neuron until they
reach the trigger zone. In the efferent neurons, the trigger

zone is at the axon hillock. The purpose of the graded
potentials is to drive the axon hillock to threshold mem-
brane potential so that an action potential is generated.
Threshold is a membrane potential at the trigger zone at
which action potentials become self-propagating (self-
generating), which means that an action potential
automatically triggers the adjacent membrane regions into
producing an action potential (see Chapter 6). An action
potential is a brief all-or-nothing reversal in membrane
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TABLE 7-1 Comparison of Graded and Action Potentials

Graded Potentials

Action Potentials

Amplitude varies with the intensity of stimulus, i.e., the response is graded.

Once the threshold is reached, the amplitude of an action potential is not dependent
on the initial stimulus, i.e., it is an all-or-none phenomenon.

There is no threshold.

There is a threshold.

There is no refractory period.

There is a refractory period.

Duration is dependent on the initial stimulus.

Duration is constant.

Conduction decreases with distance (decremental conduction).

Conduction is not decremental.

(Can be depolarizing or hyperpolarizing.

Are always initiated by depolarization.

Summation can occur.

No summation occurs.

Are mediated by a receptor.

+40—
— C. Action potential
0% _______________
= Excitatory postsynaptic
£ potential (EPSP):
[2]
5 A. Subthreshold
z synaptic potential
= B. Suprathreshold
synaptic potential
—_55— - — — — Threshold
—65 —

msecC

FIGURE7-4 Generation of an action potential by an excitatory postsyn-
aptic potential (EPSP). (A) Subthreshold EPSPs do not elicit an action
potential. (B) When the EPSP is large enough, the membrane potential
of the axon hillock of the spinal motor neuron is raised beyond the
threshold (suprathreshold synaptic potential),and (C) an action poten-
tial is generated.

potential that is brought about by rapid changes in mem-
brane permeability of Na* and K*. When multiple signals
arrive at the trigger zone, they are superimposed (summed).
In spatial summation, the multiple signals arrive simulta-
neously, whereas in temporal summation, the signals arrive
at different times. Comparison of the graded and action
potentials is shown in Table 7-1.

Neurotransmitters produce depolarizing graded poten-
tials when Na* channels open. A depolarizing graded
potential that drives the membrane potential towards
the threshold and excites the neuron is called an excita-
tory postsynaptic potential (EPSP). For example, an
EPSP is elicited in a spinal motor neuron following the
stimulation of afferent fibers arising from one of the thigh
muscles (e.g., quadriceps). This EPSP is generated by the
opening of directly gated ion channels, which permit

Are mediated by voltage-gated ion channels.

influx of Na* and efflux of K*. Subthreshold depolariza-
tions (synaptic potentials) do not elicit an action poten-
tial (Fig. 7-4). When the depolarization produced by the
EPSP is large enough, the membrane potential of the
axon-hillock of the spinal motor neuron is raised beyond
threshold (suprathreshold synaptic potential), and an
action potential is generated. In the CNS, glutamate is
one of the major excitatory neurotransmitters (see
Chapter 8).

Neurotransmitters can also produce graded potentials
that may be hyperpolarizing (i.e., K* or Cl~ channels
open). A hyperpolarizing graded potential that drives the
membrane potential away from the threshold and inhib-
its the neuron is called an inhibitory postsynaptic
potential (IPSP). In the CNS, gamma aminobutyric acid
and glycine are major inhibitory neurotransmitters (see

Chapter 8).

CLINICAL CONSIDERATIONS

Diseases Affecting the Chemical Transmission
at the Nerve-Muscle Synapse

Myasthenia Gravis

Myasthenia gravis means “severe muscle weakness.” It is
an autoimmune disease in which the number of functional
nAChRs in the postsynaptic membrane at the motor end-
plate is reduced (for a description of different subtypes of
Ach receptors, see Chapter 8). In this disorder, antibodies
against the nAChRs (probably produced by T and B lym-
phocytes) are present in the serum of patients who have
the disease. The antibodies bind with nAChRs at the
motor end-plate and reduce the number of these receptors.
Thus, muscular weakness is elicited due to a decrease in
the response of the muscle fiber to Ach. The symptoms of
myasthenia gravis include weakness of the eyelids, eye
muscles, oropharyngeal muscles, and limb muscles. The
muscle weakness is increased during exercise and reduced
by rest. Standard therapy for patients with myasthenia
gravis includes administration of anticholinesterase drugs
(e.g., neostigmine). These drugs can reverse the muscle
weakness. Inhibition of acetylcholinesterase allows the



released Ach to remain unhydrolyzed for a longer time and
increases the chances of its interaction with the
nAChRs.

In some patients, removal of the thymus improves the
symptoms. It should be recalled that T lymphocytes, which
are responsible for cell-mediated immunity, develop in the
thymus and B lymphocytes, which produce antibodies,
develop in bone marrow. In myasthenia gravis, T cells
become reactive against the nAChR. Infection with a
virus containing an amino acid sequence similar to that in

the nAChR may activate the T cells.

Lambert-Eaton (Eaton-Lambert) Syndrome
This disorder has been described in Chapter 6. See also the

clinical case that follows.

Defects in Myelination

Charcot-Marie-Tooth Disease

In Schwann cells of the myelin sheath, successive layers of
myelin are connected with gap junctions, which allow flow
of ions and small metabolites between these myelin layers.
A form of Charcot-Marie-Tooth disease is characterized
by demyelination, which is caused by a mutation in one of
the connexin genes expressed in the Schwann cells. As a
result of this mutation, connexin fails to form functional
gap junction channels, which are essential for the normal
flow of metabolites in the Schwann cells. One of the con-
sequences of this defect is the impairment in the myelina-
tion process. Demyelination may affect both motor and
sensory nerves. Typically, there is weakness of the foot and
lower leg muscles causing foot drop and a high-stepped
gait with frequent tripping or falls. Foot deformities, such
as high arches and hammertoes (a condition in which the
middle joint of a toe bends upwards) due to weakness of
the small muscles in the feet can occur. The lower legs may
appear like an “inverted champagne bottle” due to the loss
of muscle bulk. At advanced stages of the disease, weak-
ness and muscle atrophy can occur in the hands, resulting
in difficulty with fine motor skills. Damaged nerve fibers
send incorrect signals to pain centers resulting in mild or
severe neuropathic pain characterized by shooting and
burning pain, tingling, and numbness. The patients may
exhibit hyporeflexia. In rare cases, there is respiratory mus-
cle weakness. The symptoms are usually experienced in
adolescence, early adulthood, or middle adulthood. This
disease is not considered to be fatal, and patients suffering
from it can have a normal life expectancy. There is no cure
for this disease. Patients are usually advised to undergo
physical therapy and occupational therapy. Some patients
might need to rely on foot or leg braces or other ortho-
pedic devices to maintain mobility. Orthopedic surgery
may enable some patients to cope with the symptoms of
the disease. Analgesics are prescribed for some patients
who have severe pain.

Chapter 7 SYNAPTIC TRANSMISSION [ N o

Disorders Associated With Toxins

It is necessary to know the following acronyms in order to
understand the mechanism of action of botulinum and
tetanus toxins: “SNARE” stands for “SNAP Receptors,”
“SNAP” stands for “Soluble NSF Attachment Protein,”
and “NSF” stands for “N-ethylmaleimide Sensitive Fusion
Protein.” SNARE proteins include synaptobrevin (present
in vesicular membrane), syntaxin (present in presynaptic
membrane, and SNAP-25 (present in presynpatic mem-
brane). Synaptotagmin is a calcium-binding protein
present in vesicular membrane.

Botulism

Botulinum toxin is produced by anaerobic clostridium
bacteria. Botulism can occur when food contaminated by
this toxin is consumed. Botulinum toxin abolishes neuro-
transmitter release at the neuromuscular junction, which
results in paralysis of the diaphragm causing respiratory
failure and skeletal muscle weakness. Visceral motor dys-
function can occur due to the blockade of synapses in
smooth muscles. Botulinum toxin preferentially affects
motor neurons. Botulinum toxin is a specific protease that
cleaves SNARE proteins present in the vesicular and pre-
synaptic cell membranes. These SNARE proteins are
involved in exocytosis (see Chapter 8). Interruption of
exocytosis prevents the release of excitatory neurotrans-
mitter at the neuromuscular junction. The patients suffer-
ing from botulism need intensive medical and nursing
care. Because of respiratory failure, the patient requires
artificial ventilation for weeks. If diagnosis is made early,
botulism can be treated by inducing passive immunity with
a horse-derived antitoxin. The antitoxin blocks the action
of the circulating toxin. Some antibiotics (e.g., aminogly-
cosides or clindamycin) may worsen paralysis in botulism
because these bacteria release toxin.

Tetanus

Tetanus is caused by infection of open wounds by clostrid-
ium bacteria that produce tetanus toxin. This toxin is pref-
erentially taken up by inhibitory spinal interneurons.
Damage to inhibitory spinal interneurons results in disin-
hibition of spinal motor neurons. Consequently, there is
hyperexcitation of skeletal muscles, which results in
tetanic contractions. Tetanus toxin is a protease that
cleaves SNARE proteins involved in exocytosis, resulting
in the abolition of inhibitory neurotransmitter in spinal
interneurons. Treatment consists of controlling muscle
spasms, stopping toxin production, and neutralizing the
effects of the toxin. Tetanus immune globulin consisting of
antibodies that bind to the tetanus toxin (tetanus antitox-
ins) are administered. Large doses of antibiotics (e.g., met-
ronidazole or intramuscular penicillin G) are administered
toreduce toxinproduction. Tetanusisavaccine-preventable
disease. Administration of tetanus toxoid vaccine provides
protection from tetanus for about 10 years.
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‘) Clinical Case

)

History

Sonia is a 49-year-old woman with a history of heavy smoking for many years.
For the past couple of months, she noticed a generalized progressive weakness in
her neck, arms, and leg muscles. She also suffered from constipation, and her
mouth remained dry. When she stood up or walked, she often experienced a
short period of dizziness. She consulted her internist, who gave her a battery of
tests in the local hospital. She was then admitted to the hospital for further
examination and treatment.

Examination

An initial evaluation resulted in a diagnosis of lung cancer, as a result of having
smoked for many years.This diagnosis was confirmed by a histological examination
revealing the presence of a small-cell carcinoma of the lung. The physical
examination also showed weakness of the neck flexors, arms, and legs.
Electromyograms (EMGs) and nerve conduction tests were given. These tests
involved electrical stimulation of the ulnar nerve, by placing an electrode on her
wrist, and recording of compound motor action potentials in the muscles
controlling her little finger.The amplitude of the compound motor action potential
in this muscle was reduced. She was asked to exercise her hand muscles vigorously,
and nerve conduction and EMG tests were repeated. Following the exercise, a
marked improvement was observed in the amplitude of the compound motor
action potential in the muscle being recorded. In addition, Sonia’s muscle function
improved briefly after the intravenous administration of edrophonium (Tensilon).

Explanation

This is an example of an autoimmune disorder, called the Lambert-Eaton
(Eaton-Lambert) syndrome.The disorder occurs commonly in patients who have
lung or breast cancer. Antibodies to (a** (calcium) channels have been
demonstrated to be present in these patients. A reduction of presynaptic Ca**
channels results in reduced release of acetylcholine (Ach) from these terminals at
the neuromuscular junction. It should be noted that in another autoimmune
disorder, myasthenia gravis, antibodies to nAChRs are present, which also cause
muscle weakness. In both the Lambert-Eaton syndrome and myasthenia gravis,
administration of a short-acting acetylcholinesterase inhibitor (edrophonium
[Tensilon]) improves muscle function.The enzyme, acetylcholinesterase, present at
the neuromuscular junction, normally hydrolyzes Ach released from the nerve
terminals innervating the skeletal muscle (see Chapter 8).Inhibition of this enzyme
by edrophonium increases the availability of Ach at the neuromuscular junction,
causing an improvement in the muscle function. The two disorders can be
distinguished by EMG and nerve conduction tests. Repetitive nerve stimulation or
vigorous muscle exercise improves muscle function in patients with the Lambert-
Eaton syndrome, whereas muscle function deteriorates following vigorous exercise
in patients with myasthenia gravis. Sonia was administered the corticosteroid
prednisone intravenously for several days, which was then followed by further
administration of this drug orally.Other approaches used to treat patients suffering
from Lambert-Eaton syndrome include direct treatment of the tumor by standard
radiation and chemotherapy and attempts at suppression of the immune system.

/
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Questions
Choose the best answer for each question.

1. A 50-year-old man complained to his neurologist that he
was suffering from a generalized muscle weakness that was
exacerbated when he exercised. The patient’s history
revealed that he had suffered from a viral infection 4 to 5
weeks prior to the onset of muscle weakness.The neurolo-
gist suspected that the patient was suffering from myasthe-
nia gravis and prescribed drug treatment with neostigmine.
Following this treatment, the patient reported a significant
improvement in his symptoms. Which one of the following
could have accounted for muscle weakness in this patient?
a. Reduction of voltage-gated Ca** (calcium) channels on
the presynaptic terminals

b. Reduction in the number of functional nicotinic acetyl-
choline receptors on the muscle end-plates

c. Reduction in the release of acetylcholine at the muscle
end-plates

d. Demyelination of nerves innervating the muscle end-
plates

e. Demyelination of axons in the central nervous system

2. Which of the following statements is correct concerning
chemical transmission at a synapse?
a. Continuity of the cytoplasm between the presynaptic
and postsynaptic neurons is necessary.

b. Ca* (calcium) entry into the presynaptic terminal is an
important step in this type of transmission.

¢. The nature of the response elicited depends upon the
chemical nature of the transmitter.

d. Itinvolves transmitter release by endocytosis.

e. This type of transmission is uncommon in the central
nervous system.

3. Which of the following statements is correct concerning

indirectly gated ion channels?

a. A G-protein is activated by the binding of the transmitter
to its receptor.

b. The ion channel and the transmitter recognition site are
identical.

c. Activation of these channels usually elicits fast synaptic
actions.

d. The channel can open when the channel proteins are
dephosphorylated.

e. Activation of these channels usually elicits brief synaptic
actions.

4. Which of the following statements is correct concerning
directly gated transmission at the nerve-muscle synapse?
a. The presynaptic boutons include synaptic vesicles
containing norepinephrine.
b. Norepinephrine released from the presynaptic terminal
acts on o-adrenergic receptors located at the end-plate.
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c. The transmitter-gated ion channel at the end-plate is
permeable only to Ca?* (calcium).

d. Voltage-gated channels selective for Na* (sodium) are
present in the junctional folds of the muscle-cell
membrane.

e. Each muscle fiber receives both excitatory and inhibitory
inputs.

5. Which of the following statements is correct concerning a
gap junction?

a. The neurons at a gap junction are separated by a large
(20-50nm) space.

b. Gap junction channels are formed by two hemichannels

connecting presynaptic and postsynaptic neurons.

. These channels are transmitter gated.

d. Atthe gap junction, the current generated by an impulse
in one neuron spreads to another neuron through a
pathway of high resistance.

e. Usually gap junctions allow flow of current in only one
direction.

n

Answers and Explanations

1. Answer:b

The patient is suffering from myasthenia gravis. The virus
that had infected the patient 4 to 5 weeks prior to the onset
of muscle weakness may have contained an amino acid
sequence similar to that present in the nicotinic acetylcho-
line receptor (hAAChR).The patient’s T cells may have become
reactive and produced an antibody against the nAChR.
The circulating antibody may have bound to the nAChRs on
the muscle end-plates, thus reducing the number of
functional nAChRs. Consequently, acetylcholine (Ach)
released from the presynaptic terminals did not activate a
sufficient number of nAChRs at the neuromuscular junction,
thus producing muscle weakness. Neostigmine, an acetyl-
cholinesterase inhibitor,may have increased the probability
of interaction of the neurotransmitter with the remaining
functional nAChRs by reducing the destruction of released
Ach.Therefore, the patient’s muscle weakness was reversed.
In myasthenia gravis, there is no defect in myelination of
axons either in the central nervous system or peripheral
nervous system. Reduction in the number of functional
voltage-gated Ca?* (calcium) channels does not occur in
myasthenia gravis; it is a characteristic of Lambert-Eaton
syndrome.

2. Answer:b
At the chemical synapses, there is no continuity between
the cytoplasm of the presynaptic and postsynaptic cell.
Instead, the cells are separated by fluid-filled gaps that are
relatively large (about 20-50 nm). Ca?* (calcium) entry into
the presynaptic nerve terminal is necessary for the release
of the transmitter.The neurotransmitter then interacts with
its specific receptors and opens or closes several thousand
channels in the postsynaptic membrane. The nature of the

response (i.e., excitatory or inhibitory) elicited at the postsy-
naptic neuron does not depend on the chemical nature of
the transmitter. Instead, it depends on the type of receptor
being activated and the ion species that becomes more
permeable. Transmitter release involves a process called
exocytosis, in which the vesicles containing the transmitter
fuse with the presynaptic membrane and release their con-
tents into the synaptic cleft. Neurotransmission in the nerv-
ous system involves predominantly chemical synapses.

. Answer:a

In the indirectly gated ion channels,a GTP-binding protein
(G-protein) is activated when a transmitter binds with the
recognition site on the receptor and a second-messenger
system (e.g., cyclic adenosine monophosphate) is activated.
The second messenger can either act directly on the ion
channel to open it or it can activate an enzyme that, in turn,
opens the channel by phosphorylating the channel pro-
tein.In this type of channel, the ion channel and the recog-
nition site for the transmitter (receptor) are separate.
Activation of these channels elicits slow, long-lasting syn-
aptic actions. Dephosphorylation of the channel results in
its closure.

. Answer:d

At the neuromuscular junction, many varicosities (swell-
ings), called synaptic boutons, are present at the terminals
of the presynaptic neuron. The presynaptic boutons
include the synaptic vesicles that contain acetylcholine
(Ach).When the motor axon is stimulated, Ach is released,
which acts on the nicotinic cholinergic receptors located at
the crest of the junctional folds to produce an end-plate
potential (EPP).During the EPP,Na* (sodium) flows into the
postsynaptic cell, while K* (potassium) flows out of the cell
(the transmitter-gated ionic channel at the end-plate is
permeable to both Na* and K*). In the junctional folds, the
muscle cell membrane has a high density of voltage-gated
channels that are selective for Na*; these channels convert
the EPP into an action potential in the muscle fiber that
eventually results in muscle contraction.The muscle fibers
receive only excitatory inputs.

. Answer:b

In electrical transmission between the nerve cells, the cur-
rent generated by an impulse in one neuron spreads to
another neuron through a pathway of low resistance (these
channels are not transmitter gated). Such a pathway has
been identified at gap junctions. The area where the two
neurons are apposed to each other, at an electrical synapse,
is called a gap junction. The extracellular space between
presynaptic and postsynaptic neurons at an electrical syn-
apse is 3 to 3.5nm, which is much smaller than the usual
extracellular space (about 20-50nm) between neurons.
These channels are formed by two hemichannels, one in the
presynaptic and the other in the postsynaptic neuron. Most
gap junctions allow ion flow in both directions.
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CHAPTER SUMMARY TABLE

Comparison of Transmission at the Peripheral Synapse (Neuromuscular Junction)
and a Central Synapse

Neuromuscular Junction Central Synapse

The target organ (muscle fiber) receives input from Postsynaptic neuron may receive inputs from several
only motor neuron located in the ventral horn of the neurons.

spinal cord.

Only excitatory input is received by each muscle fiber. The transmission at a synapse in the CNS involves many

inhibitory as well as excitatory inputs to a central neuron.

Only one neurotransmitter (acetylcholine) activates Several neurotransmitters may be released at a central
the muscle fibers. synapse.

Only one kind of receptor channel (nicotinic acetylcho- Different transmitters are targeted for different receptor
line receptor) mediates the actions of acetylcholine. channels in the neuronal membrane.

CNS = central nervous system
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Disorder

CHAPTER SUMMARY TABLE

Diseases Associated With Synaptic Transmission

Defect

Symptoms

Treatment/Management

Diseases Affecting Chemical Transmission at the Nerve-Muscle Synapse

Myasthenia gravis

Lambert-Eaton

Antibodies (pro-
duced by Tand B
lymphocytes)
reduce the number
of functional
nAchRs in the post-
synaptic membrane
at the motor end-
plate

Loss of voltage-

Muscular weakness due
to a decrease in the
response of the muscle
fiber to Ach; weakness of
the eyelids, eye muscles,
oropharyngeal muscles,
and limb muscles; muscle
weakness increased
during exercise and
reduced by rest

Reduction in the release

Administration of anticholinesterase
drugs (e.g., neostigmine); inhibition
of acetylcholinesterase allows the
released acetylcholine to remain
unhydrolyzed for a longer time
and increases the chances of its
interaction with the nAchRs;
removal of the thymus improves
the symptoms in some patients;
lymphocytes responsible for
cell-mediated immunity, develop
in the thymus

Guanidine and calcium gluconate

syndrome? gated Ca** channels of Ach at the NMJ causing that elicit or facilitate Ach release
in the presynaptic muscle weakness
terminals at the
NMJ and other
synapses
Diseases Associated With Toxins
Botulism Caused by anaero- Neurotransmitter release Artificial ventilation for weeks;
bic clostridium at the NMJ abolished; induction of passive immunity with
bacteria in paralysis of the dia- a horse-derived antitoxin, which
contaminated food phragm causing respira- blocks the action of the circulating
tory failure and skeletal toxin
muscle weakness; visceral
motor dysfunction occurs
due to the blockade of
synapses in smooth
muscles
Tetanus Caused by infection Damage to inhibitory Administration of tetanus antitoxins;

of open wounds by
clostridium bacteria
that produce teta-
nus toxin

spinal interneurons, disin-
hibition of spinal motor
neurons, and hyperexcita-
tion of skeletal muscles
resulting in tetanic
contractions

large doses of metronidazole or
penicillin G to reduce toxin produc-
tion; tetanus toxoid vaccine provides
protection from tetanus for about
10 years

Ach = acetylcholine; nAchRs = nicotinic acetylcholine receptors; NMJ = neuromuscular junction; Ca*" = calcium.

2See Chapter 6,“Chapter Summary Table.”
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OBJECTIVES

In this chapter, the student is expected to know:

1. The definition of a neurotransmitter, criteria for
accepting a substance as a neurotransmitter, and the
major classes of neurotransmitters and the differences
between them.

2. Individual neurotransmitters: synthesis, release, removal,
the receptors on which they act, and their role in
physiological functions.

3. Clinical conditions related to transmitter dysfunction.

Chemical transmission is the major mechanism of syn-
aptic communication in the brain. To understand how
neurotransmitters function, several issues must be
addressed. These issues include how neurotransmitters
are synthesized, released, removed from the synaptic
cleft, and metabolized. In addition, it is important to
identify the characteristics, anatomical loci, and func-
tional properties of the receptors that mediate the
actions of these transmitters. Moreover, wherever possi-
ble, the role of these transmitters in the central nervous
system (CNS) functions and their linkage to clinical dis-
orders need to be considered.

DEFINITION

A neurotransmitter is defined as a chemical substance
that is synthesized in a neuron, released at a synapse
following depolarization of the nerve terminal (usually
dependent on influx of calcium ions), which binds to
receptors on the postsynaptic cell and/or presynaptic
terminal to elicit a specific response.

CRITERIA USED FOR IDENTIFYING
NEUROTRANSMITTERS

The criteria for accepting a substance as a transmitter
include: (1) the substance must be synthesized in the
neuron, and the enzymes needed for its synthesis must
be present in the neuron; (2) it must be released in
sufficient quantity to elicit a response from the postsyn-
aptic neuron or cell located in the effector organ;
(3) mechanisms for removal or inactivation of the
neurotransmitter from the synaptic cleft must exist; and

(4) it should mimic the action of the endogenously
released neurotransmitter when administered exoge-
nously at or near a synapse.

MAJOR CLASSES OF NEUROTRANSMITTERS

Neurotransmitters in the nervous system can be classified
into the following major categories: small molecule trans-
mitters, neuroactive peptides, and gaseous neurotransmit-

ters (Table 8-1).

MECHANISM OF TRANSMITTER RELEASE

An action potential depolarizes the presynaptic nerve ter-
minal, voltage-gated Ca?* (calcium) channels located in
the presynaptic terminal membrane open, Ca?* permea-
bility increases, and Ca’* enters the terminal ([Fig. 8-1A]
see Chapter 6 for a description of voltage-gated chan-
nels). These events cause the membrane of the vesicles to
fuse with the presynaptic membrane at the active zone
and release the neurotransmitter into the synaptic cleft
(Fig. 8-1B). This process of transmitter release is called
exocytosis (see the following section). The neurotrans-
mitter then diffuses across the synaptic cleft to the
membrane of the postsynaptic neuron, interacts with its
specific receptors, and opens or closes several thousand
channels in the postsynaptic membrane, through which
specific ions enter or leave the neuron (i.e., the permea-
bility of different ion species is changed [Fig. 8-1C]).
The nature of the response (i.e., excitatory or inhibi-
tory) elicited at the postsynaptic neuron does not depend
on the chemical nature of the transmitter. Instead, it
depends on the type of receptor being activated and the
ion species that becomes more permeable. For example,
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TABLE 8—1 Major Classes of Neurotransmitters

Small-Molecule Neurotransmitters Neuropeptides Gaseous Neurotransmitters
Acetylcholine Opioid peptides Nitric oxide
Excitatory amino acids {3-endorphin,
Glutamate Methionine-enkephalin
Aspartate Leucine-enkephalin
Inhibitory amino acids Endomorphins
GABA Nociceptin
Glycine
Biogenic amines Substance P
Catecholamines
Dopamine
Norepinephrine
Epinephrine
Indoleamine
Serotonin (5-hydroxytryptamine, [5-HT])
Imidazole amine
Histamine
Purines
ATP
Adenosine
ATP = adenosine triphosphate; GABA = gamma aminobutyric acid.
acetylcholine (Ach) produces synaptic excitation at the  interact with synaptotagmin, and this interaction

neuromuscular junction (skeletal muscle contraction) by
binding with the cholinergic nicotinic receptor, whereas
the same transmitter produces an inhibitory response
(decrease in heart rate) by interacting with a cholinergic
muscarinic receptor located in the cardiac tissue. As stated
earlier, chemical synapses are much more common than
electrical synapses in the nervous system. They are
involved in mediating complex functions. One of the
important characteristics of chemical synapses is that they
can amplify signals (i.e., a small presynaptic nerve termi-
nal can change the potential of a large postsynaptic cell).

Exocytosis

The process by which a neurotransmitter contained in
vesicles is released into the synaptic cleft is called
exocytosis. This process is complex and incompletely
understood. The events leading to exocytosis can be
summarized as follows. The vesicular membrane contains
a SNARE protein (“SNARE” stands for “SNAP Recep-
tors,” “SNAP” stands for “Soluble NSF Attachment
Protein,” and “NSF” stands for “N-ethylmaleimide Sen-
sitive Fusion Protein”), synaptobrevin, and a calcium-
binding protein, synaptotagmin (see Chapter 7). The
presynaptic membrane contains other SNARE proteins,
syntaxin, and SNAP-25 (Fig. 8-2A). The SNARE pro-
teins in the vesicular and presynaptic membranes inter-
act to form complexes, and this interaction results in
close apposition of the vesicular and the presynaptic
membranes (Fig. 8-2B). Depolarization of the presynap-
tic terminal membrane by an action potential results in
the influx of Ca’* ions into the terminal through voltage-
gated Ca’" channels (see Chapter 6). Calcium ions

promotes fusion of the vesicular and presynaptic mem-
branes (Fig. 8-2C). An opening develops in the fused
membrane and the contents of the vesicle are released
into the synaptic cleft (Fig. 8-2D). The neurotransmitter
released into the synaptic cleft binds with specific recep-
tors, and a response is elicited. The released transmitter
enters back into the terminal by an uptake mechanism
and is recycled for subsequent release. Some neurotrans-
mitters (e.g., Ach) are degraded in the synaptic cleft, and
one or more of their degradation products are taken back
into the terminal and reused to synthesize the neuro-
transmitter in the terminal.

Recycling of Synaptic Vesicle Membranes

Initial formation of vesicles takes place in the endoplasmic
reticulum and Golgi apparatus located in the neuronal cell
body. The vesicles are transported to the terminal by
axonal transport. During exocytosis the vesicular and pre-
synaptic terminal membranes fuse. Thus, new membrane
is added to the presynpatic terminal membrane. The fused
vesicular membrane is retrieved and recycled within a
minute by a complex process called endocytotic budding.
The process can be summarized as follows. Several pro-
teins, including clathrin, form a basket-like lattice on the
remnants of the fused vesicle giving the appearance of a
coated pit (Fig. 8-3A), which is then pinched off from the
presynaptic membrane by another protein called dynamin
(Fig. 8-3B) and the coated vesicle moves into the cyto-
plasm (Fig. 8-3C). The coating is removed from the vesi-
cle by a number of ATPases (Fig. 8-3D). Another protein,
synapsin, brings about tethering of the newly formed
uncoated vesicle to the cytoskeleton (Fig. 8-3E). When
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FIGURE8-2  Steps involved in exocytosis. (A) SNARE (SNAP receptor) proteins on the vesicle and the presynaptic plasma membrane. (B) SNARE proteins
on the vesicle and the presynaptic plasma membrane form complexes. (C) Formation of SNARE protein complexes pulls the vesicle closer to the presyn-
aptic plasma membrane and Ca?* (calcium) entering into the terminal via the voltage-gated Ca?* channels binds with synaptotagmin. (D) Binding of Ca?*
to synaptotagmin promotes fusion of the vesicle to the presynaptic plasma membrane.




FIGURE 8-3 Recycling of synaptic vesicle membrane.
(A) Clathrin, a protein, coats the remnants of the vesicu-
lar membrane. (B) Dynamin, another protein, pinches
off the coated vesicular membrane. (C) The coated
vesicular membrane is now carried into the cytoplasm
of the presynaptic terminal. (D) An ATPase removes the
coating from the vesicle. (E) Synapsin, another protein,
binds to the vesicle and attaches it to the actin filaments
in the cytoskeleton. (F) A protein kinase phosphorylates
synapsin, which then dissociates from the vesicle. The
vesicle then undergoes further processing before it can
participate in exocytosis.

mobilization of the vesicles is needed, protein kinases
phosphorylate synapsin causing it to dissociate from the
vesicle, which contains the appropriate neurotransmitter
and is ready to undergo the process of exocytosis
(Fig. 8-3F). Thus, during continuous neuronal activity, the
retrieved vesicular membrane is recycled in the terminal
to form new synaptic vesicles and contains the neurotrans-
mitter that is then released. In this manner, rapid replace-
ment of synaptic vesicles during continuous neuronal
activity becomes possible because synaptic vesicles form in
the terminal. The synaptic vesicles produced in the neuro-
nal cell body would not be readily available due to the
long distance between the neuronal cell body and the ter-
minal. Some of the vesicular membrane retrieved from the
cytoplasm of the nerve terminal is transported back into
the cell body and is either degraded or recycled (see
Chapter 5, Fig. 5-2).

STEPS INVOLVED IN NEUROTRANSMITTER
RELEASE

Small Molecule Neurotransmitters

The following steps are involved in the synthesis, trans-
port, and release of small molecule neurotransmitters

(Fig. 8-4A).

1. The enzymes required for synthesis of small molecule
transmitters are synthesized in the neuronal cell body in
the rough endoplasmic reticulum.

2. They are transported to the Golgi apparatus.

3. In the Golgi apparatus, they are modified (e.g., sulfa-
tion, glycosylation).

4. Soluble enzymes (e.g., acetylcholinesterase, tyrosine
hydroxylase) are transported along the axon to the nerve
terminal by slow anterograde axonal transport
(0.5-5 mm/day) via microtubules. The remaining enzymes
are transported by fast anterograde axonal transport.
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5. The precursor needed for the synthesis of small
molecule neurotransmitters is taken up via transporter
proteins located in the plasma membrane of the nerve
terminal, and the neurotransmitter is synthesized in
the presynaptic nerve terminal from the precursor. The
enzyme needed for the synthesis of the neurotransmit-
ter is synthesized in the neuronal cell body and trans-
ported to the terminal.

6. The synthesized pool of the neurotransmitter in the
cytoplasm is taken up into small vesicles by vesicular
membrane transport proteins. Small-molecule trans-
mitters are usually contained in clear-core vesicles.
Serotonin and norepinephrine are exceptions because
they are contained in dense-core vesicles.

7. The appropriate stimulus results in the release of the
neurotransmitter by exocytosis.

Neuropeptide Neurotransmitters

These neurotransmitters usually mediate slow, ongoing
brain functions. Only a few important peptides (e.g.,
substance P and enkephalins) will be discussed in this
chapter. The following steps are involved in the synthe-
sis, transport, and release of neuropeptide neurotrans-

mitters (Fig. 8-4B).

1. Polypeptides much larger than the final peptide trans-
mitter (called pre-propeptides) are synthesized in rough
endoplasmic reticulum where they are converted into a
propeptide (pre-propeptide from which the signal
sequence of amino acids is removed). The enzymes
needed for the cleavage of polypeptides are also synthe-
sized in the rough endoplasmic reticulum.

2. The propeptide and the enzymes are transported to the
Golgi apparatus where they are packaged into vesicles.

3. The propeptide and enzyme-filled vesicles are carried
along the axon to the nerve terminal by fast axonal
transport (400 mm/day) via microtubules. Adenosine
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FIGURE 8-4 Steps involved in the synthesis, transport, and release of neurotransmitters. (A) Small molecule neurotransmitters. (B) Neuropeptides.

Ca* = calcium.

triphosphate—requiring “motor” proteins, such as kines-
ins, are needed for this transport.

4. Enzymes cleave the propeptide to produce a smaller
peptide transmitter that remains in the large dense-
core vesicles.

5. The peptide neurotransmitter is then released into the
synaptic cleft by exocytosis.

6. After the release, the peptide transmitter diffuses away
and is degraded by proteolytic enzymes; it is not taken
back into the nerve terminal as is the case with small
molecule neurotransmitters.

More than one transmitter (usually a small-molecule
transmitter and a neuroactive peptide) coexist in many
mature neurons (e.g., most spinal motor neurons contain
acetylcholine and calcitonin gene-related peptide).

INDIVIDUAL SMALL MOLECULE
NEUROTRANSMITTERS

In the following sections, important information regard-
ing the synthesis, removal, distribution, and physiologi-
cal and clinical significance is discussed for selected
small molecule neurotransmitters.

Acetylcholine
Synthesis

The following steps are involved in the synthesis and

release of acetylcholine (Ach [Fig. 8-5]).

1.

Glucose enters the nerve terminal by passive transport
(facilitated diffusion).

2. Glycolysis occurs in the neuronal cytoplasm, and pyru-

vate (pyruvic acid) molecules are generated.

3. Pyruvate is transported into the mitochondria, and an

acetyl group derived from pyruvic acid combines with
coenzyme-A present in the mitochondria to form ace-
tylcoenzyme-A, which is transported back into the
cytoplasm.

4. Choline, the precursor for Ach, is actively transported

into the neuronal terminal from the synaptic cleft via
Na* (sodium) and choline transporters.

5. Ach is synthesized in the cytoplasm of the nerve termi-

nal from choline and acetylcoenzyme-A in the presence
of an enzyme, choline acetyltransferase.

6. Ach is then transported into vesicles and stored there.
7. It is then released into the synaptic cleft by exocytosis

and hydrolyzed by acetylcholinesterase (see “Removal”

below).
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FIGURE8-5 Steps involved in the synthesis and release of acetylcholine. Na* = sodium.

Removal

High concentrations of an enzyme, acetylcholinesterase,
are present on the outer surfaces of the nerve terminal
(prejunctional site) and the effector cell (postjunctional
site). Acetylcholinesterase is synthesized in the endo-
plasmic reticulum of neuronal cell bodies and major
dendrites and is transported to the presynaptic terminal
membrane by microtubules. This enzyme hydrolyses Ach
in the junctional extracellular space; choline liberated
in this reaction re-enters the nerve terminal and is again
used for the synthesis of Ach.

Distribution
There are two constellations of cholinergic neurons
(Fig. 8-6).

1. The basal forebrain constellation is located in the telen-
cephalon, medial and ventral to the basal ganglia. It
includes the basal nucleus of Meynert, which provides
cholinergic innervation to the entire neocortex, amy-
gdala, hippocampus, and thalamus. The medial septal
nuclei provide cholinergic innervation to the cerebral
cortex, hippocampus, and amygdala.

2. The second constellation includes cholinergic neurons
located in the dorsolateral tegmentum of the pons that
project to the basal ganglia, thalamus, hypothalamus,

medullary reticular formation, and deep cerebellar
nuclei.

Physiological and Clinical Considerations

Cholinergic neurons in the dorsolateral tegmentum of
pons have been implicated in the regulation of forebrain
activity during cycles of sleep and wakefulness. Cholin-
ergic neurons of the basal forebrain constellation are
involved in learning and memory and have been impli-
cated in Alzheimer’s disease. In this disease, there is
extensive neural atrophy, especially in the cortex and
hippocampal formation. Patients with this disease suffer
from memory loss, personality change, and dementia.
There is a dramatic loss of cholinergic neurons in the
basal nucleus of Meynert and Ach in the cortex of these
patients. These observations prompted attempts to treat
Alzheimer’s disease by Ach replacement therapy. For
example, treatment with donepezil (Aricept), an ace-
tylcholinesterase inhibitor, is indicated for mild to mod-
erate dementia in patients with Alzheimer’s disease.
However, these attempts have not shown dramatic
results in relieving the symptoms of the disease, indicat-
ing that the mechanisms of neuronal degeneration in
Alzheimer’s disease must involve multiple transmitter
systems.
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FIGURE8-6 Major cholinergic cell groups. Note two major constellations of cholinergic neurons: cholinergic neurons located in the basal forebrain con-
stellation, including the basal nucleus of Meynert, and cholinergic neurons located in the dorsolateral tegmentum of the pons.

Excitatory Amino Acids: Glutamate

Glutamate is discussed as an example of the excitatory
class of neurotransmitters. It occurs in high concentrations
in the brain. Although it plays a role in other functions,
such as synthesis of proteins and peptides, glutamate is
considered to be an important excitatory amino acid
because it fulfills the criteria for a substance to be accepted
as a neurotransmitter.

Synthesis
Glutamate is synthesized in the brain by two processes.
In one process, glucose enters the neuron by facilitated
diffusion and is metabolized via the Krebs (tricarboxylic
acid) cycle. o-oxoglutarate generated during the Krebs
cycle is transaminated by o-oxoglutarate transaminase
to form glutamate.

The following steps are involved in the second process
of the synthesis of glutamate (Fig. 8-7).

1. and 2. Nerve terminals and glial cells reuptake the
glutamate released from the nerve terminals via gluta-
mate transporters located in their cell membranes.

3. In the glia, glutamate is converted into glutamine by an
enzyme, glutamine synthetase.

4. Glutamine is transported out of the glia into the neuro-
nal terminal via glutamine transporters located in the
glial and neuronal terminal membranes.

5. In the neuronal terminal, glutamine is converted into
glutamate by an enzyme, glutaminase. Glutamate is
taken up into the vesicles by active transport, stored,
and subsequently released by exocytosis. Released gluta-
mate is then actively taken up by the glia and neuronal
terminals via glutamate transporters. In the neuronal
terminal, it is repackaged into the vesicles for subse-
quent reuse. In the glia, it is converted into glutamine
as described earlier.

Removal

As described earlier, glutamate transporters are located on
the plasma membrane of the presynaptic nerve terminal
and on glial cells. Glutamate is taken up by a high-affinity,
sodium-dependent, re-uptake mechanism into the nerve
terminals and glial cells via these transporters.

Physiological and Clinical Considerations
Some of the important physiological and clinical consid-
erations relevant to glutamate are as follows.

1. Glutamate has been implicated as a transmitter in a
variety of circuits in the brain. For example, excitatory
amino acids may be involved in learning and memory
processes, as well as motor functions.

2. Glutamate has also been implicated in some chronic
neuropathological conditions such as amyotrophic lat-
eral sclerosis ([ALS] also known as Lou Gehrig’s dis-
ease), which is characterized by degeneration of the
motor neurons in the anterior horn of the spinal cord,
brainstem, and cerebral cortex. Patients suffering from
this disease exhibit widespread muscle fasciculations,
flaccid weakness, and atrophy of the muscles. The mech-
anism of the involvement of glutamate in the symptoms
of ALS is not clearly known (see also Chapter 9).

3. Prolonged stimulation of neurons by excitatory amino
acids results in neuronal death or injury. This effect is
known as excitotoxicity, in which a loss of postsynaptic
neurons predominates. Neuronal loss due to excitotox-
icity has been implicated in cerebrovascular stroke.
Occlusion of arteries supplying the brain results in brain
ischemia. Concentrations of excitatory amino acids
(glutamate and aspartate) increase in the extracellular
spaces in the brain, perhaps due to slowing of their
uptake by neurons and glia. The neurons are excited
excessively, and a chain of events, not fully identified
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FIGURE8-7  Steps involved in the synthesis and release of glutamate.

yet, causes neuronal death. Excessive intracellular Ca**
concentrations have been implicated in the neuronal
death due to excitotoxicity.

4. Excitotoxic action of glutamate has been implicated in
Alzheimer’s disease. One of the mechanisms of the loss
of neurons concerned with memory in this disease is
believed to be overexcitation and, finally, loss of these
neurons by glutamate-induced activation of N-methyl-
D-aspartic acid (NMDA) receptors (described later in
this chapter in the “lonotropic Receptors” section).
Memantine (Namenda), an NMDA receptor antago-
nist, is reported to mitigate this effect and slow down
the symptoms of the disease.

Inhibitory Amino Acids

In this section, gamma aminobutyric acid and glycine,
two main inhibitory amino acid neurotransmitters, will
be discussed.

Gamma Aminobutyric Acid

Synthesis and Removal. The following steps are involved in
the synthesis of gamma aminobutyric acid (GABA) and
its removal from the synaptic cleft (Fig. 8-8).

1. Glutamine is converted into glutamate by an enzyme,
glutaminase.

2. GABA is formed by o-decarboxylation of glutamate.
This reaction is catalyzed by a cytosolic enzyme,
L-glutamic acid-1-decarboxylase (GAD), which is

present almost exclusively in GABAergic neurons.
GAD is not present in neurons using glutamate as trans-
mitter or in glia. It requires pyridoxyl phosphate (a form
of vitamin B,) as a coenzyme.

3. Synthesized GABA is taken up into vesicles where it is
stored.

4. It is released into the synaptic cleft by exocytosis.

5. After its release, GABA is taken up into presynaptic
terminal via GABA transporters and repackaged into
vesicles for subsequent use.

6. GABA is also taken up into the glia via GABA trans-
porters.

7. In glia, GABA is converted to glutamate by a mito-
chondrial enzyme, GABA transaminase (GABA-T).

8. Another enzyme, glutamine synthetase, converts
glutamate into glutamine, which is then transported
into the neighboring nerve terminals where it is proc-
essed to synthesize glutamate.

Distribution. GABA is found in high concentrations in the
brain and spinal cord but is absent in peripheral nerves or
peripheral tissues. Unlike glutamate, GABA is not an essen-
tial metabolite, and it is not incorporated into a protein.

Physiological and Clinical Considerations. Some of the important
physiological and clinical considerations regarding this
neurotransmitter are as follows.

1. GABA is an inhibitory transmitter in many brain
circuits. For example, GABA is used as an inhibitory
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FIGURE8-8 Steps involved in the synthesis and release of gamma aminobutyric acid (GABA).

neurotransmitter by the Purkinje cells in the cerebellum.
Alteration of GABAergic circuits has been implicated
in neurological and psychiatric disorders like Hunting-
ton’s chorea, Parkinson’s disease, senile dementia,
Alzheimer’s disease, and schizophrenia.

2. As mentioned earlier, GAD requires vitamin B, as a
coenzyme. Therefore, dietary deficiency of vitamin B, can
lead to diminished GABA synthesis. In a disastrous series
of infant deaths, it was noted that vitamin B, was omitted
in an infant feeding formula. GABA content in the brain
of these infants was reduced. Subsequently, there was a
loss of synaptic inhibition that caused seizures and death.

3. Because epileptic seizures can be facilitated by lack of
neuronal inhibition, increase in the inhibitory trans-
mitter, GABA, is helpful in terminating them. Thus,
valproic acid (dipropylacetic acid) is useful as an anti-
convulsant because it inhibits GABA transaminase,
which is an enzyme that metabolizes GABA, and
increases GABA levels in the brain.

4. Barbiturates act as agonists or modulators on postsynap-
tic GABA receptors and are used to treat epilepsy.

Glycine

Synthesis and Removal. In the nerve terminal, serine is formed
from an intermediate (3-phosphoglycerate) produced by
glycolysis of glucose. Glycine is formed from serine by an
enzyme, serine transhydroxymethylase. This reaction is
folate-dependent. After its release, glycine is taken up by

neurons by an active sodium-dependent mechanism
involving specific membrane transporters.

Distribution. Glycine is found in all body fluids and tissue pro-
teins in substantial amounts. It is not an essential amino acid,
but it is an intermediate in the metabolism of proteins, pep-
tides, and bile salts. It is also a neurotransmitter in the CNS.

Physiological and Clinical Considerations. Glycine has been impli-
cated as an inhibitory neurotransmitter in the spinal cord,
lower brainstem, and retina. Glycine hyperpolarizes neu-
rons by opening chloride channels. Mutations of genes
coding for some of the membrane transporters needed for
removal of glycine result in hyperglycinemia, which is a
devastating neonatal disease characterized by lethargy and
mental retardation.

Catecholamines

The chemical structure of catecholamines includes a
catechol (a benzene ring containing two adjacent
hydroxyl groups). The steps involved in the synthesis of
catecholamine neurotransmitters are shown in Fig. 8-9.
Individual members of this group of neurotransmitters
are discussed in the following sections.

Dopamine
Synthesis and Removal. The steps involved in the synthesis,
removal, and metabolism of dopamine are as follows

(Fig. 8-10).
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catecholamine are organic acids and alcohols, which
are excreted in urine.

1. The amino acid tyrosine (hydroxy-phenylalanine) is
present in all food products and can be synthesized from
phenylalanine. It enters the neuron by active transport.

2. In the cytoplasm of the dopaminergic neuron, tyrosine
is converted into dihydroxyphenylalanine (DOPA) by
the tyrosine hydroxylase enzyme. This enzyme is rate-

Distribution. Dopaminergic neurons are located in the fol-
lowing nuclei (Fig. 8-11).
1. Substantia nigra, which is located bilaterally in the

limiting for the synthesis of all three catecholamines.

. DOPA is converted to dopamine in the cytoplasm by
the enzyme aromatic L-amino acid decarboxylase
(DOPA -decarboxylase).

. Dopamine is then actively transported into the storage
vesicles by the vesicular transport mechanism.

. In the dopaminergic neuron, dopamine remains
unchanged in the storage vesicles and is ready for release
by exocytosis.

. Dopamine released into the synaptic cleft is actively trans-
ported back into the neuronal terminal. This process is
called reuptake-1 and is the most important mechanism
by which dopamine and other catecholamines are
removed from the synaptic cleft. Some of the dopamine
entering the neuronal terminal (about 50%) is transported
into the vesicles for storage and release.

. The remaining dopamine that enters the neuronal ter-
minal is destroyed by a mitochondrial enzyme, monoam-
ine oxidase (MAQ).

. Some of the dopamine that is released into the synaptic
cleft (about 10%) is actively transported into the effec-
tor cells. This process is known as reuptake-2. Dopamine
entering the effector cells is inactivated primarily by an
enzyme, catechol-O-methyltransferase ~(COMT).
Although MAO is also present in the effector cells, its
role in the inactivation of dopamine is unclear.

. The remaining dopamine in the synaptic cleft diffuses
into the circulation and is destroyed in the liver by
COMT and MAO. The end products of metabolism of
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midbrain. Axons of the dopaminergic neurons located
in the substantia nigra (pars compacta) ascend rostrally
as nigrostriatal projection, providing dopaminergic
innervation to neurons located in the corpus striatum
(caudate nucleus and putamen). Dopaminergic neu-
rons in the substantia nigra are selectively degenerated
in Parkinson’s disease.

. Ventral tegmental area, which is located just medial to

the substantia nigra pars compacta. Dopaminergic neu-
rons, located in this area, project as either the mesolim-
bic or the mesocortical pathway. In the mesolimbic
pathway, axons of the dopaminergic neurons ascend in
the brainstem and forebrain in the median forebrain
bundle to supply limbic structures (amygdala, septal
area, and hippocampal formation) and the nucleus
accumbens (which is embedded in the ventral stria-
tum). In the mesocortical pathway, axons of the
dopaminergic neurons ascend in the median forebrain
bundle to provide dopaminergic innervation to the
frontal and cingulate cortices.

. The hypothalamic arcuate nucleus, which is located

bilaterally at the base of the third ventricle(not
shown in Fig. 8-11). Dopaminergic neurons located
in the arcuate nucleus project to the median emi-
nence and release dopamine directly into the hypo-
physeal portal circulation, which is then carried to
the anterior lobe of the pituitary to inhibit the release
of prolactin (the hormone primarily responsible for
lactation).

Mesolimbic
projection

Midbrain

FIGURE 8-11 Dopaminergic neurons and their
projections. Axons of dopaminergic neurons
located in the substantia nigra pars compacta
ascend rostrally as the nigrostriatal pathway and
provide dopaminergic innervation to neurons
located in the caudate nucleus and putamen
(striatum). Axons of another group of dopamin-
ergic neurons that are located in the ventral teg-
mental area ascend in the median forebrain
bundle to provide dopaminergic innervation to
the frontal and cingulate cortices.



Physiological and Clinical Considerations

Parkinson’s Disease. This disease is characterized by an expres-
sionless face (clinicians sometimes refer to it as “mask-like
face”), slowness of movement (bradykinesia or hypokinetic
syndrome), rigidity of the extremities and the neck, and
tremors in the hands. Patients with Parkinson’s disease have
a gait that is characterized by short wide-based steps (some-
times referred to as “fenestrating gait”), stooped posture,
and scarcity of normal limb movements. These symptoms
are often accompanied by dementia. Dopaminergic neurons
located in the substantia nigra are degenerated in this dis-
ease, and the release of dopamine in the caudate nucleus
and putamen is decreased. The mechanism of bradykinesia
in Parkinson’s disease is discussed in Chapter 20.

The main aim of drug therapy for this disease is to
replace the deficiency of the transmitter (dopamine) in
the basal ganglia (target of nigrostriatal projection).
Because dopamine does not cross the blood-brain barrier,
its immediate metabolic precursor (L-DOPA, or levo-
dopa), which does cross this barrier, is administered orally.
L-DOPA is transported into the brain via a large neutral
amino acid transporter, and it permeates the striatal tissue,
where it is decarboxylated to dopamine. In recent years, a
combination of L-DOPA and carbidopa (Sinemet) has
been prescribed for this disease. Carbidopa is an inhibitor
of dopa-decarboxylase and reduces the decarboxylation of
L-DOPA in the peripheral tissues, enabling a greater con-
centration of this precursor to reach the brain. Carbidopa
does not cross the blood-brain barrier. Therefore, conver-
sion of L-DOPA to dopamine does not diminish in the
brain.

Another potentially useful but controversial approach
is to implant fetal midbrain or adrenal medullary tissue
into the deteriorating caudate nucleus and putamen.
A future possibility is transplantation of genetically engi-
neered cells capable of expressing tyrosine hydroxylase
that is involved in the synthesis of dopamine.

Psychotic Disorders. Many adult psychotic disorders,
including schizophrenia, are believed to involve increased
activity at dopaminergic synapses. Many drugs that are
effective in the treatment of these disorders (e.g., pheno-
thiazines, thioxanthines, and butyrophenones) are believed
to reduce the dopamine synaptic activity in the limbic
forebrain. Further discussion of dopamine and other neu-
rotransmitters in psychiatric disorders is considered in
Chapter 28.

Cocaine Drug Abuse. Cocaine (a local anesthetic drug)
blocks the reuptake of dopamine (and norepinephrine)
into the nerve terminals. Elevated levels of dopamine in
certain brain circuits may be responsible for the euphoric
effects of cocaine. This mechanism is not responsible
for the local anesthetic effect of cocaine that is medi-
ated via the blockade of neuronal voltage-gated Na*
channels.

Dopaminergic projections from the ventral tegmental
area to the limbic structures, especially the projections to
nucleus accumbens, may be involved in emotional rein-
forcement and motivation associated with cocaine drug
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addiction. Levels of dopamine in these projections are
increased in individuals addicted to cocaine.

Norepinephrine

Synthesis and Removal. Initial steps in the synthesis of
norepinephrine (up to the step of transport and storage
of dopamine into the storage vesicles) are described in
the section about dopamine. The noradrenergic neurons
contain an enzyme, dopamine B-hydroxylase (DBH),
which converts dopamine into norepinephrine. It
should be noted that the synthesis of norepinephrine
takes place in the storage vesicles (Fig. 8-12). The nore-
pinephrine thus formed is ready to be released by exocy-
tosis. Norepinephrine released into the synaptic cleft is
removed by the mechanisms described in the dopamine
section.

Autoinhibition and Negative Feedback. Activation of presynap-
tic adrenergic receptors results in inhibition of the release
of norepinephrine. This process is known as autoinhibi-
tion and is distinct from negative feedback in which syn-
thesis of the transmitter (norepinephrine in this case) is
blocked at its rate-limiting step (i.e., conversion of tyro-
sine to DOPA by tyrosine hydroxylase).

Distribution. The major concentration of noradrenergic
neurons is in the locus ceruleus (also known as “A;
group of neurons”) that is located in the pons. These
neurons send projections through the central tegmental
tract and the medial forebrain bundle to the thalamus,
hypothalamus, limbic forebrain structures (cingulate and
parahippocampal gyri, hippocampal formation, and amy-
gdaloid complex), and the cerebral cortex. This group of
neurons modulates a variety of physiological functions
(e.g., sleep and wakefulness, attention, and feeding
behaviors).

Physiological and Clinical Considerations. Norepinephrine is
released as a transmitter from postganglionic sympathetic
nerve terminals. Its role in the CNS as a transmitter is not
clearly understood. Norepinephrine is believed to play a
role in psychiatric disorders such as depression. Drugs used
in the treatment of depression (e.g., tricyclic antidepres-
sants such as desimipramine) are known to inhibit the
reuptake of norepinephrine at the nerve terminals and
increase the synaptic levels of norepinephrine. The exact
mechanism by which increased levels of norepinephrine in
the CNS mediate the antidepressant action of these drugs
is not clearly known.

Epinephrine

Synthesis and Removal. The initial steps (up to synthesis and
storage of norepinephrine in the storage vesicles) in the
synthesis of epinephrine are identical to those of nore-
pinephrine. In the adrenergic neuron (Fig. 8-13),
norepinephrine stored in the vesicles leaks out into the
cytoplasm and is converted into epinephrine by the enzyme
phenylethanolamine-N-methyl-transferase =~ (PNMT).
Epinephrine thus formed in the cytoplasm is actively trans-
ported back into storage vesicles in the nerve terminal (or
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chromaffin granules in the adrenal medulla) and stored
for subsequent release. The mechanisms for removal of
epinephrine are the same as those for norepinephrine and
dopamine.

Distribution. Two major groups of adrenergic cells have been
identified in the medulla: C, neurons located in the rostral
ventrolateral medulla, and C, neurons located in the soli-

tary nucleus and tract (nucleus tractus solitarius).

Physiological and Clinical Considerations. The function of adrener-
gic neurons in the CNS has not been clearly established.

Immunohistochemical Identification of Catecholaminergic Neurons.
Antibodies, developed for enzymes involved in the syn-
thesis of different catecholamine neurotransmitters, have
been used for immunohistochemical identification of
these neurons. For example, positive staining for tyrosine
hydroxylase indicates that the neuron contains a
catecholamine. Positive staining for tyrosine hydroxy-
lase, but not DBH, indicates that the neuron contains
dopamine. Positive staining for DBH, but not PNMT,
indicates that the neuron contains norepinephrine.

Vesicular
monoamine
transporter

Vesicle containing

Presynaptic
terminal
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Positive staining for PNMT indicates that the neuron
contains epinephrine.

Indoleamines

Indoleamines are substituted indole compounds that con-
tain an amino group. Indole consists of a six-membered
benzene ring fused to a five-membered nitrogen-containing
pyrrole ring. Serotonin will be discussed in the indoleamine
class of neurotransmitters.

Serotonin

Synthesis and Removal. Serotonin (5-hydroxytryptamine;
5-HT) does not cross the blood-brain barrier. Therefore,
brain cells must synthesize their own serotonin. Dietary
tryptophan serves as a substrate for serotonin synthesis
(Fig. 8-14). Plasma tryptophan enters the brain by an
active uptake process and is hydroxylated by tryptophan
hydroxylase to form 5-hydroxytryptophan, which is imme-
diately decarboxylated by aromatic L-amino acid decar-
boxylase to form serotonin. Serotonin is then actively
taken up via vesicular monoamine transporter and stored
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FIGURE 8-14  Steps involved in the synthesis
and release of serotonin. The distribution of
some 5-HT receptors on different components
of the serotonergic synapse is also shown. AC
= adenylyl cyclase; CAMP = cyclic adenosine
monophosphate; DAG = diacylglycerol; Gi, Go,
Gq = different G-proteins; IP3 = inositol tri-
phosphate; 5-HT,,, 5-HT , 5-HT,, 5-HT,,
5-HT,, 5-HT, = different 5-HT receptors.
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FIGURE8-15 Major serotonin-containing neurons and their projections.

in vesicles where it is ready for release. After its release,
serotonin is removed from the synaptic cleft by the mech-
anisms of reuptake and metabolism. Reuptake involves
entry of serotonin into the neuronal terminals by active
transport via plasma membrane serotonin transporter pro-
teins (SERT). Metabolism involves deamination of serot-
onin by MAO to form 5-hydroxyindoleacetaldehyde,
which is then oxidized by aldehyde dehydrogenase to form
5-hydroxyindoleacetic acid. The latter is excreted through
the urine.

Distribution. Serotonin-containing neurons have been iden-
tified in the midline raphe nuclei of the medulla, pons,
and upper brainstem. The raphe nuclei are located in the
central portion of the medullary, pontine, and midbrain
reticular formation. In the caudal to rostral direction, the
names of these nuclei are raphe obscurus, raphe magnus,
and raphe pallidus in the medulla; raphe pontis and infe-
rior central nucleus in the pons; and superior central
nucleus and dorsal raphe nucleus in the midbrain. The
caudal raphe nuclei (i.e., the medullary raphe nuclei)
project to the spinal cord and brain stem. The rostral
nuclei located in the pons (i.e., raphe pontis, raphe centra-
lis, also called “median raphe nucleus”) and midbrain
(dorsal raphe nucleus) project to the thalamus, limbic sys-
tem, and cortex (Fig. 8-15). Projections from the raphe
nuclei terminating in the dorsal horn regulate the release of

enkephalins, which inhibit pain sensation (see Chapter 15,
Figs. 15-3 and 15-4).

Physiological and Clinical Considerations. Serotonin-containing
cells in the raphe regions of the brainstem are believed to
play a role in descending pain-control systems. Other sero-
tonin-containing neurons may play a role in mediating
affective processes, such as aggressive behavior and arousal.
Serotonin synthesized in the pineal gland serves as a pre-
cursor for the synthesis of melatonin, which is a neurohor-
mone involved in regulating sleep patterns.

Serotonin is also believed to play an important role in
depression. Selective serotonin reuptake inhibitors or

serotonin-specific reuptake inhibitors (SSRIs) are used
in the treatment of depression, anxiety disorders, and some
personality disorders. These drugs inhibit reuptake of sero-
tonin into the presynaptic terminal and increase the extra-
cellular level of the serotonin available for binding to the
postsynaptic receptor. For example, fluoxetine (Prozac)
selectively blocks reuptake of serotonin and enhances
serotonin levels in the brain. It may produce beneficial
effects in mental depression via enhancement of transmis-
sion through 5-HT |, receptors. Sumatriptan (Imitrex) is a
5-HT, , receptor agonist. It is a vasoconstrictor of intracra-
nial arteries and has proved useful in treating migraine
headaches. Sumatriptan-induced constriction of intracra-
nial arteries is mediated via 5-HT,; 5-HT receptors that
are located in the smooth muscle and endothelial cells of
these arteries.

“Designer Drugs” of Abuse and Their Relationship With Serotonin.
Some drugs of abuse mediate their effects through
serotonin-containing neurons. For example, Ecstasy has
been used as a recreational drug by young adults, espe-
cially in large dance parties know as “raves.” Ecstasy
includes two drugs, MDMA (3,4, methylene-dioxy-
methamphetamine) and MDEA (3,4, methylene-dioxy-
ethamphetamine). These drugs, generally called “Adam”
and “Eve,” respectively, by drug abusers, have been
reported to induce sensory enhancement (a feeling that
“all is right with this world”) and empathogenesis (a feel-
ing of closeness with others and removal of barriers in
communication, especially in intimate relationships).
These effects are believed to be due to the initial release
of serotonin by these drugs. Toxic effects of these drugs
are dehydration, hyperthermia, tachycardia (increase in
heart rate), and sweating. Undesirable side effects follow-
ing prolonged use of Ecstasy are believed to be caused by
the degeneration of the projections of serotonin-
containing neurons.

Imidazole amines

Imidazole amines consist of an imidazole ring with an
attached amino group. Imidazole consists of a five-
membered ring containing two nitrogen atoms with a
hydrogen atom located on either of the two nitrogen
atoms. Histamine consists of an imidazole ring and an
amino group connected by two methylene groups.

Histamine

Synthesis and Removal. In the periphery, histamine is synthe-
sized in mast cells. Histamine circulating in the blood does
not cross the blood-brain barrier. Brain cells synthesize
their own histamine from histidine, which enters the brain
by active transport. Histidine is then decarboxylated by
histidine decarboxylase to form histamine. Histamine is
metabolized by two enzymes—histamine methyltransferase
and diamine oxidase (histaminase)—to organic aldehydes
and acids.

Distribution. The highest density of histamine-containing

neurons has been found in the median eminence and
premammillary regions of the hypothalamus. These



neurons send projections to almost all areas of the brain
and spinal cord.

Physiological and Clinical Considerations. Histamine has been
implicated as a transmitter in the regulation of food and
water intake as well as in thermoregulation and autonomic
functions.

Purines

Recently, ATP (adenosine triphosphate) has been impli-
cated as a neurotransmitter. Since it contains a purine
ring, it has been included in a new class of neurotrans-
mitters called purines. Purinergic transmission has been
demonstrated in autonomic neurons innervating the
bladder, intestinal smooth muscles, and vas deferens.
ATP has also been implicated in pain mechanisms. For
example, when ATP is released by tissue damage, it
excites the peripheral nerve endings of the dorsal root
ganglion cells via a subtype of ionotropic purine recep-
tor. Subsequently, ATP is released at the terminal of the
central axon of the dorsal root ganglion cell, and neu-
rons in the dorsal horn of the spinal cord are activated
via another subtype of ionotropic purine receptor. Ade-
nosine is also considered to be a purinergic neurotrans-
mitter. However, it is not a classical neurotransmitter in
the sense that it is not stored in presynaptic vesicles and
is not released in a Ca’*-dependent manner. It is gener-
ated by degradation of ATP by extracellular enzymes.

NEUROACTIVE PEPTIDES

More than 100 pharmacologically active peptides have
been identified in neurons and implicated as neurotrans-
mitters. However, representatives of only two groups will
be discussed in this chapter because some of their func-
tions have been delineated.

Opioid Peptides
There are three endogenous opioid peptide families:
B-endorphins, enkephalins, and dynorphins.

1. B-endorphin: The pre-propeptide, pre-proopiomelano-
cortin, is synthesized in rough endo-plasmic reticulum
of neurons in the anterior pituitary, in the intermediate
lobe of pituitary, and in the arcuate nucleus of hypotha-
lamus. Removal of a signal peptide from the pre-
propeptide within the rough endoplasmic reticulum
results in the generation of the propeptide proopi-
omelanocortin, which is then transported to the Golgi
apparatus where it is packaged into vesicles. These vesi-
cles are transportevd to the axon terminal by fast axonal
transport. Further proteolytic processing in the termi-
nal results in the generation of the active peptides,
adrenocorticotropic hormone (ACTH) and B-lipotropin.
B-lipotropin is further cleaved into y-lipotropin and
B-endorphin (31-amino acid C-terminal fragment).
The term “endorphin” refers to a substance that has
morphine-like  properties. -endorphin—containing
neurons are located in the hypothalamus and send
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projections to periaqueductal gray (PAG) and
noradrenergic cells in the brainstem.

2. Enkephalins: The pre-propeptide, pre-proenkephalin
A, is synthesized in the rough endoplasmic reticulum of
neurons in the hindbrain. Removal of the signal pep-
tide from the pre-propeptide within the rough endo-
plasmic reticulum results in the generation of the
propeptide, proenkephalin A, which is then transported
to the Golgi apparatus where it is packaged into vesi-
cles. The vesicles are transported to the axon terminal
by fast axonal transport. Further proteolytic processing
in the terminal results in the generation of the active
peptides, methionine and leucine enkephalin. Both of
these peptides are pentapeptides. Met-enkephalin con-
tains methionine, and leu-enkephalin contains leucine
at position 5. Enkephalins are then packaged into
dense-core vesicles and are released by exocytosis as
transmitters.

3. Dynorphin (1-13): This peptide can be isolated from
the pituitary and consists of C-terminally extended
form of Leu’-enkephalin.

In the CNS, the action of most peptides is terminated by
their degradation due to the presence of peptidases.

Physiological and Clinical Considerations

Blood-borne peptides do not cross the blood-brain bar-
rier. Intracerebroventricular injection of opioid peptides
(e.g., P-endorphin) produces only transient analgesia.
However, B-endorphin is much more potent than mor-
phine in these tests. A search for better analgesics, devoid
of side-effects like addiction, is going on in many labora-
tories. Enkephalinergic interneurons in the spinal cord
have been shown to play a role in the modulation of pain
sensation (see Chapter 15). Opioid peptides have been
implicated in regulating blood pressure, temperature,
feeding, aggression, and sexual behavior. Analgesics (e.g.,
morphine) produce their therapeutic effects via opiate
receptors.

Tachykinins: Substance P

Substance P will be discussed as a representative of
tachykinins. This substance is an undecapeptide (it is
composed of 11 amino acids). The dorsal root ganglia
projecting to the substantia gelatinosa of the spinal cord
are rich in substance P—containing neurons. These neu-
rons have been called nociceptors because they transmit
information regarding tissue damage to the pain-
processing areas located in the CNS. The sensation of
pain is initiated at the peripheral terminals of these sen-
sory neurons. These terminals are stimulated by noxious
chemical, thermal, and mechanical stimuli. The central
terminals of these sensory neurons release substance P in
the substantia gelatinosa. Substance P has been impli-
cated as one of the neurotransmitters in mediating pain
sensation (see Chapter 15).

In recent years, a topical cream containing capsaicin
has been used as an analgesic in the treatment of painful
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disorders, such as viral neuropathies (e.g., shingles) and
arthritic conditions (e.g., osteoarthritis and rheumatoid
arthritis). Capsaicin, the pungent substance present in hot
chili peppers, mediates its actions via vanilloid receptors,
which are present exclusively on the membranes of pri-
mary afferent neurons. The mechanism by which capsai-
cin acts as an analgesic is not fully understood. Initially, it
causes a burning sensation, which is consistent with acti-
vation of peripheral terminals of primary afferent neurons.
With repeated applications, the vanilloid receptors may
become desensitized, thus reducing pain sensations. With
prolonged use, capsaicin causes death of primary afferent
neurons as a consequence of increased intracellular Ca**
concentrations. Reduction in the population of primary
afferent neurons results in a reduction in the release of one
of the primary neurotransmitters (substance P) mediating
pain sensation. This mechanism may provide a novel
approach for designing topical analgesics with fewer side
effects.

GASEOUS NEUROTRANSMITTERS

This is a new class of neurotransmitters. Nitric oxide
(NO) and carbon monoxide (CO) are two important
members of gaseous neurotransmitters. In this chapter,
NO is discussed as a representative of this group because
relatively more information is available for this neuro-
transmitter.

Nitric Oxide

In isolated vascular smooth muscle preparations, Ach
and other vasodilators release a short-acting substance
from the endothelial cells that relaxes blood vessels. This
relaxing factor was named endothelium-derived relaxing
factor (EDRF). Subsequent studies have shown that
EDRF and NO are the same molecule. It is now well rec-
ognized that NO plays an important role in mediating
vasodilation. NO is also produced in many other cells,
including neurons, where it has been implicated as a
neurotransmitter.

Differences From Other Transmitters
NO does not satisfy some of the criteria formulated for
classical transmitters (small-molecule and peptide

transmitters), and it differs from conventional neuro-
transmitters in the following respects:

1. It is not stored in vesicles and is generated when it is
needed.

2. It is not released by calcium-dependent exocytosis from
a presynaptic terminal. NO is an uncharged molecule; it
diffuses freely across cell membranes and modifies the
activity of other cells.

3. Inactivation of NO is passive (there is no active process
that terminates its action). It decays spontaneously and
is converted to nitrites, nitrates, oxygen, and water.

4. It does not interact with receptors on target cells. Its
sphere of action depends on the extent to which it dif-
fuses, which may include several target cells. Therefore,
the action of NO is not confined to the conventional
presynaptic-postsynaptic direction.

5. NO acts as a retrograde messenger and regulates the
function of axon terminals presynaptic to the neuron in
which it is synthesized.

Synthesis and Removal

In the CNS, the enzyme needed for the synthesis of nitric
oxide, nitric oxide synthase (NOS), is present in discrete
populations of neurons, but it is not present in glia. Three
isoforms of NOS have been cloned; isoform I (nNOS or
cNOS) is found in neurons and epithelial cells, isoform 11
(iNOS) is induced by cytokines and is found in macro-
phages and smooth muscle cells, and isoform III (eNOS) is
found in endothelial cells lining blood vessels (Table 8-2).
All three isoforms require tetrahydrobiopterin as a cofac-
tor and nicotinamide adenine dinucleotide phosphate
(NADPH) as a coenzyme. Isoforms I and III of NOS are
activated by the influx of extracellular calcium into the
cell. Isoform II (iNOS), the inducible form of NOS, is
activated by cytokines. The steps involved in the activa-
tion of constitutive forms of NOS (cNOS and eNOS) are
as follows (Fig. 8-16).

1. Glutamate is released from a presynaptic neuron.

2. Glutamate acts on NMDA receptors located on the post-
synaptic neuron, and Ca’* enters the postsynaptic neuron
and binds with calmodulin (calcium-binding protein).

. Ca’*-calmodulin complex activates NOS.

4. Activation of NOS results in the formation of NO and

citrulline from L-arginine.

(O8]

TABLE 8-2 Isoforms of Nitric Oxide Synthase

Property Isoform | Isoform Il Isoform Il
Name ¢NOS or nNOS iNOS eNOS
Expression Constitutive’ Inducible by cytokines® Constitutive
(alcium dependence Yes No Yes

Tissue Neurons, epithelial cells Macrophages, smooth muscle cells Endothelial cells

NOS = nitric oxide synthase.
‘A constitutive enzyme is constantly produced in the cell regardless of the condition of growth.

®An inducible enzyme can be detected by addition of a particular substance, in this case cytokines.



Presynaptic

b Glutamine
terminal

|
!

Glutamate

v

Mitochondrion

Vesicular
transporter

/

Vesicle containing 00
neurotransmitter
Se)
’ 00
Exocytosis o
N
O
S ’ o o O
yglagf)t © @ Glutamate
(@)
NMDA )

receptor

® nNi)S <« Caz+ ¢/

Chapter 8 NEUROTRANSMITTERS [ N o

Glutaminase

Glial cell

Glutamate

sensitive
targets

Retrograde
messenger

(®No
v

sensitive cGMP

targets

¢ Adjacent

@A v T neuron
Postsynaptic e @ cGMP s‘;ﬁgg\’,—e
neuron f targets

Citrulline + NO

@\Soluble

guanylate
cyclase

FIGURE8-16 Steps involved in the synthesis of nitric oxide ([INO] see text for details). cGMP = cyclic guanosine monophosphate; NMDA = N-methyl-D-

aspartic acid; nNOS = nitric oxide synthase isoform I.

5. Once generated, NO interacts with the heme moiety of
soluble guanylate cyclase; this results in an allosteric
transformation and activation of this enzyme.

6. The stimulation of soluble guanylate cyclase results in
the formation of cyclic guanosine monophosphate
(cGMP) from guanosine triphosphate (GTP) in the
postsynaptic neuron. Increased levels of cGMP in the
postsynaptic neuron result in a physiological response.

7. NO generated in the postsynaptic neuron can diffuse
out to the presynaptic terminal. Diffusion of NO to the
presynaptic terminal suggests that it serves as a retro-
grade messenger. This action is believed to result in
enhanced and prolonged transmitter release from the
presynaptic neuron.

8. NO can also diffuse out to the adjacent neuron and (9)
adjacent glial cells. In each of these sites, NO stimulates
soluble guanylate cyclase and increases cGMP levels,
which then brings about a response.

As mentioned earlier, NO decays spontaneously and is
converted to nitrites, nitrates, oxygen, and water.

Physiological and Clinical Considerations
In the CNS, the role of NO as a transmitter is still under
investigation.

RECEPTORS

Receptors are proteins located on neuronal membranes
with which neurotransmitters bind; the result is the open-
ing or closing of specific ion channels. There are two fami-
lies of receptors: (1) ionotropic or ligand-gated receptors,
and (2) metabotropic or G-protein—coupled receptors (for
classification of different ion channels, see Chapter 7).

lonotropic Receptors

Ionotropic receptors usually consist of multimeric pro-
teins (different proteins, usually five). Each subunit spans
the plasma membrane and contributes to the formation of
the pore of the ion channel. They are called ligand-gated
receptors because they combine transmitter-binding and
channel functions into one molecular entity. When the
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TABLE 8-3 lonotropic and Metabotropic Receptors for Different Neurotransmitters

Neurotransmitter lonotropic Receptor

Metabotropic Receptor

Acetylcholine (ACh) Cholinergic nicotinic

Cholinergic muscarinic

Glutamate NMDA, AMPA, kainate mGIu1—mGIu8
GABA GABA, GABA,
Glycine Strychnine-sensitive glycine receptor —
Dopamine — D, D,

Norepinephrine —
Epinephrine =
Serotonin 5-HT,
Histamine —
Adenosine —
Opioid peptides —

.- and [3-adrenergic receptors
.- and [3-adrenergic receptors
5HT,, 5HT,, 5HT,

H,H,H,

A=A,

Mu, delta, kappa, ORL,

AMPA = alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionate; GABA = gamma aminobutyric acid; NMDA = N-methyl-D-aspartic acid.

neurotransmitter binds with the receptor site, an ion
channel opens and a response is elicited. These types of
receptors generally mediate rapid and short-duration
responses. Examples of ionotropic receptors for different
neurotransmitters are shown in Table 8-3. Some of these
receptors are discussed in the following sections.

Nicotinic Acetylcholine Receptor

These receptors are located at the neuromuscular junc-
tion (NM]J) as well as at central neurons. Nicotinic ace-
tylcholine receptor (nAChR) at the NM] consists of
five protein subunits: two alpha, one beta, one gamma,
and one delta subunit (Fig. 8-17A). Each subunit spans
the membrane four times (Fig. 8-17B). Twenty trans-
membrane domains from five subunits surround a central
pore of the channel (Fig. 8-17C); the transmembrane
domains of only one o-subunit are shown in the figure.
Ach binds to the a-subunits and opens the channel to
allow influx of Na* and efflux of K* (agonists: Ach and
nicotine; antagonist: d-tubocurarine, which is one of the
muscle relaxants used in surgical procedures).

Clinical Disorders Associated With the Neuromuscular Junction. There
are two major autoimmune disorders associated with the
NM]J. In Lambert-Eaton syndrome, an antibody develops
against the Ca** channels on the presynaptic terminal at
the NM]J. Details of this syndrome are described in
Chapter 6 (see also the clinical case in this chapter). In
myasthenia gravis, antibodies develop against the nAChR at
the NM]J. Details of this disorder are described in Chapter 6.

N-Methyl-D-Aspartic Acid Receptor

N-methyl-D-aspartic acid (NMDA) receptor, an iono-
tropic glutamate receptor, is distributed widely in the CNS.
Current evidence suggests that the NMDA receptor con-
sists of five subunits (NMDAR1,NMDAR2A,NMDAR2B,
NMDAR2C, and NMDAR2D). Each NMDA receptor
subunit consists of four transmembrane domains (TM1—
TM4). The TM2 domain forms a kink and does not fully
traverse the membrane (Fig. 8-18). The TM2 domain of

each subunit lines the pore of the NMDA receptor
channel. The activity of this receptor can be altered
through the following binding sites (Fig. 8-18):

1. Transmitter binding site where L-glutamate and related
agonists act and promote opening of the channel through
which Na* and Ca** ions enter and K* ions leave the cell.

2. A region of the transmitter binding site where NMDA
receptor antagonists bind.

3. The strychnine-insensitive glycine modulatory site,
which must be occupied by glycine in order for L-gluta-
mate to be effective at this receptor. Glycine increases
the frequency of the opening of this receptor channel.
At the glycine binding site of the NMDA receptor,
strychnine does not act as an antagonist; therefore, it is
called the strychnine-insensitive glycine site. It should
be noted that, in the synapses where glycine acts as a
neurotransmitter, strychnine acts as an antagonist, and
these sites are called strychnine-sensitive glycine sites
(see section, “Glycine Receptor”).

4. Voltage-dependent magnesium binding site where Mg**
binds at normal resting potentials or when the cell is
hyperpolarized and blocks the NMDA receptor channel.
Therefore, NMDA receptor cannot be activated at nor-
mal resting potentials or when the cell is hyperpolarized.
When the cell is depolarized, Mg** is dislodged from its
binding site in the channel, and Na* and Ca** enter, while
K* leaves the cell through the same channel.

5. The phencyclidine binding site is located within the
channel where phencyclidine (also known as “PCP”
and “angel dust”) binds and elicits the side-effects asso-
ciated with its use.

Kainate Receptor

The binding of kainic acid to kainate receptor, an iono-
tropic glutamate receptor, results in the opening of an
ion channel, permitting influx of Na* (but not Ca?*") and
efflux of K* (potassium) through the same channel, and
the neuron is depolarized.



Chapter 8 NEUROTRANSMITTERS [ N o

Extracellular
fluid

Hydrophilic
polar head

%%ém I
il \Wﬂ
Il

Hydrophobic

tail Phospholipid

bilayer

Intracellular

fluid

Extracellular side

Intracellular side

FIGURE8-17  Nicotinic acetylcholine receptor (nAChR). (A) nAChR
at the neuromuscular junction consists of five protein subunits
(alpha, beta, gamma, and delta). (B) Each subunit spans the
membrane four times. N and C represent amino (NH,) and car-
boxyl (COOH) terminals, respectively. (C) The transmembrane
domains from five subunits surround a central pore of the chan-
nel. Acetylcholine (Ach) binds to the o-subunit and opens the c T
channel to allow influx of Na* (sodium) and efflux of K*

(potassium).

Intracellular side

Kt

@ Glutamate @ Antagonist
binding site binding site

C az+

® Nat

@ Strychnine-insensitive
glycine binding site

Extracellular side

Membrane

Il

FIGURE 8-18 Components of an
N-methyl-D-aspartic acid (NMDA)
receptor. PCP = phencyclidine;
Ca?* = calcium; Na* = sodium; K* = @PCP binding
potassium; Mg = magnesium. site

@ Magnesium
binding site

127



128 @

[ N ) Section I THE NEURON

@ Benzodiazepine
binding site

Membrane

AMPA/Quisqualate Receptor

AMPA  (alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate) and quisqualic acid are agonists for AMPA/
quisqualate receptor, an ionotropic glutamate receptor.
Binding of these agonists to this receptor results in the
opening of an ion channel, permitting influx of Na* (but
not Ca?*) and efflux of K*, and the neuron is depolarized.

GABA, Receptors

GABA, receptors, ionotropic receptors, are distributed
throughout the CNS. They consist of a combination of
five subunits: two alpha, two beta, and one gamma
(Fig. 8-19). Each subunit has four transmembrane domains
(TM1-TM4). Present on these receptors are major bind-
ing sites: (1) for agonists (e.g., GABA), (2) for antagonists
(e.g., bicuculline), (3) for barbiturates (e.g., phenobarbi-
tal), and (4) for benzodiazepines (e.g., diazepam [Valium]).
Activation of the GABA receptor site by GABA agonists
results in the opening of the chloride channel; negatively
charged chloride ions (CI") enter the neuron and hyperpo-
larize and inhibit it. GABA receptor antagonists bind to
their receptor site, and the conformation of the receptor
changes so that subsequent application of the GABA
receptor fails to elicit a response. Barbiturates bind to
another site and prolong the opening of chloride channel.
Antianxiety (anxiolytic) drugs (e.g., diazepam) that bind
to the benzodiazepine site enhance the electrophysiologi-
cal effects of GABA on these neurons.

Glycine Receptor

Glycine has been implicated as a neurotransmitter in the
spinal cord, lower brainstem, and retina. Activation of
glycine receptors results in an influx of chloride ions into
the neuron, which is then hyperpolarized and inhibited.
Strychnine blocks the glycine receptors at the synapses
where glycine acts as a neurotransmitter. As stated earlier,
the glycine sites on the NMDA receptors are strychnine-
resistant.

@ GABA agonist
binding site

@ GABA antagonist
binding site

FIGURE8-19 Components of agamma
aminobutyric acid type A (GABAA)
receptor. CI~- = chloride.

binding site

Serotonin Receptors

At least seven subtypes of serotonin receptors have been
identified. Only 5-HT, receptors are ionotropic receptors.
All other subtypes are metabotropic receptors (see
Table 8-3). 5-HT, receptors are located in central and peri-
pheral neurons. Their function remains to be established.

Metabotropic Receptors

These receptors do not have the ion channel as part of the
receptor. The flow of ions through the channels associated
with these receptors depends on one or more metabolic steps.
Therefore, these receptors are called metabotropic recep-
tors. The opening or closing of the ion channels associated
with these receptors involves activation of intermediate
molecules called G-proteins. For this reason, metabotropic
receptors are also called G-protein—coupled receptors.

Metabotropic receptors consist of a single protein
(monomeric) molecule that has membrane-spanning
domains (I-VII) (Fig. 8-20A). Portions of domains II, III,
VI, and VII make up the extracellular domain where a
neurotransmitter binding site is located. G-proteins bind
to the intracellular loop between domain V and VI and to
portions of the C terminus. Heterotrimeric G-proteins
consist of three subunits: alpha, beta, and gamma
(Fig. 8-20B). The o-subunit binds guanine nucleotides,
such as GTP and guanosine-5’-diphosphate (GDP). When
GDP is bound to the o-subunit, the three subunits are
bound together and form an inactive trimer.

The steps involved in the binding of the neurotransmit-
ter to the metabotropic receptor and the events that follow
are shown in Figure 8-20C. The neurotransmitter binding
to the metabotropic receptor results in the replacement of
GDP by GTP on the d-subunit. The activated GTP—
o-subunit dissociates from the B-y—subunit complex. Either
one of these complexes can bind to effector molecules
(e.g., enzymes), stimulate them (e.g., adenylate cyclase),
and generate second messengers (e.g., cyclic adenosine
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tive trimer is formed. (C) The steps of a neurotransmitter binding to the metabotropic receptor and the events that follow. GTP = guanosine triphosphate.

monophosphate [cAMP]). The second messengers (e.g.,
cAMP) stimulate enzymes (e.g., protein kinase-A), which
then phosphorylate appropriate ion channels.

Usually phosphorylation of ion channels by protein
kinases results in opening of the channel; ions flow across
the neuronal membrane, the neurons are depolarized, and
the amplitude of neurotransmitter-induced excitatory
postsynaptic potentials (EPSPs) is increased. Hence, the
neuron is made more excitable. The onset and duration of
responses mediated by the metabotropic receptors is longer
than those mediated by ionotropic receptors. Dephospho-
rylation of ion channels by protein phosphatases results in
the closing of the channel.

Examples of metabotropic receptors for different neuro-
transmitters are shown in Table 8-3.

Some of them are discussed in the following sections.

Cholinergic Muscarinic Receptors

The steps involved in the binding of ACh to the choliner-
gic muscarinic receptor and the events that follow are
shown in Figure 8-21A. ACh binds with muscarinic

receptor; a G-protein (G) is activated; the enzyme phos-
pholipase-C is stimulated; and two second messengers
(inositol triphosphate [IP,] and diacylglycerol [DAG]) are
produced. IP, releases Ca** from intracellular stores, which
leads to opening of Ca?*-activated K* and CI~ (chloride)
channels. DAG activates protein kinase-C, which can
directly open Ca’*-activated K* channels. Opening of
Ca**-activated K* and CI~ channels results in the hyperpo-
larization and inhibition of the neuron.

Metabotropic Glutamate Receptors

Eight subtypes of metabotropic glutamate receptors
(mGLURs) have been identified so far. Based on their
amino acid sequence and their transduction mecha-
nisms, mGLURs have been assigned to three groups.

o Group I: includes mGLUR1 and mGLURS5. They stim-
ulate phospholipase C and phosphoinositide hydrolysis.

o Group II: includes mGLUR?2 and mGLUR3.

e Group III: includes mGLUR4, mGLUR6, mGLUR?Y,
and mGLURS. These two groups inhibit adenylyl
cyclase and cAMP formation.
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Mechanisms by which metabotropic receptors mediate responses to different transmitters. (A) Events that follow binding of acetylcholine

to a muscarinic receptor. (B) Events that follow binding of norepinephrine to a B-adrenergic receptor. GTP = guanosine triphosphate; cCAMP = cyclic
adenosine monophosphate; EPSPs = excitatory postsynaptic potentials; Ca?* = calcium; K* = potassium; CI~ = chloride.

Dopamine Receptors

At least five subtypes of dopamine receptors (D -D.)
have been identified. All of them are metabotropic
receptors.

Adrenergic Receptors

Norepinephrine and epinephrine mediate their actions
via adrenergic receptors. These receptors are divided
into two major classes: 0i- and PB-adrenergic receptors.
These classes have been further subdivided into many
subtypes of adrenergic receptors.

The action of norepinephrine mediated via B-adrener-
gic receptors is used as an example to illustrate how cate-
cholamines act via metabotropic receptors (Fig. 8-21B).
The binding of norepinephrine with B-adrenergic receptor
results in the activation of a G-protein (G). Adenylyl
cyclase enzyme is activated, which generates the second
messenger, cCAMP. The latter activates protein kinase-A,
which phosphorylates appropriate channels and opens
them. The neurons are depolarized, the amplitude of neu-
rotransmitter-induced EPSPs is increased, and the neurons
become more excitable.

GABA, Receptors

These metabotropic GABA receptors are not linked to a
chloride channel. They are coupled to calcium or potas-
sium channels via second-messenger systems. Activation
of presynaptic GABA_ receptors by baclofen decreases
calcium conductance and reduces transmitter release.

Opioid Receptors

Three major classes of opioid receptors have been identi-
fied in the CNS: p-, 8-, and k-receptors. Morphine and
endogenous opioid peptides produce their supraspinal
analgesic (pain-relieving) effect via W-opioid receptors
that are present in the PAG, thalamus, and raphe mag-
nus (structures implicated in processing of pain sensa-
tion). Leu- and met-enkephalins act mainly on
d-receptors. Dynorphin acts mainly on k-receptors. B-en-
dorphin acts on all three (mu, delta, and kappa) opioid
receptors. Recently, two tetrapeptides, endomorphin-1
and endomorphin-2, have been identified as endogenous
p-opioid receptor ligands. Naloxone blocks them. A new
opiate receptor, called ORL1 receptor, has been identi-
fied. “ORL1R” (opioid receptor like 1 receptor) has been



renamed as NOPR (nociceptin/Orphanin FQ peptide
receptor). Its endogenous ligand is nociceptin. Naloxone
does not block ORLI receptor. The physiological func-
tions of these peptides are not clearly established yet.

Serotonin Receptors

At present, four 5-HT receptor families (5-HT , 5-HT,,
5-HT,, and 5-HT,) have been identified. Each family
consists of several receptor subtypes. All of these 5-HT
receptor families, except 5-HT, receptors, belong to the
G-protein—coupled receptor (GPCR) superfamily. The
location of some of these receptors in different compo-
nents of a serotonergic synapse is shown in Figure 8-14.
All subtypes of 5-HT, receptor subfamily inhibit adeny-
lyl cyclase. The 5-HT |, activates a K* channel and inhib-
its a voltage-gated Ca’* channel. This is a common prop-
erty of the pertussis toxin-sensitive G/G_ family of
G-proteins. The 5-HT,, receptor is present on the neu-
ronal cell bodies of raphe nuclei where it acts as an
inhibitory autoreceptor. The 5-HT,  receptor is present
on axon terminals where it acts as an autoreceptor and
inhibits 5-HT release. Activation of the 5-HT, receptors,
that are coupled pertussis sensitive to G , results in acti-
vation of phospholipase C. Two second messengers, DAG
and IP, are generated. DAG is a cofactor for activation of
protein kinase C, and IP, mobilizes intracellular stores of

calcium ion. The 5-HT

3
channel that gates Na* and K* and is involved in neuro-

receptor is a ligand-gated ion

nal excitation. These receptors are located in area pos-
trema and the solitary nucleus where they participate in
emetic response. Antagonists at 5-HT, receptors (e.g.,
ondansetron) are used to treat chemotherapy-induced
emesis. The activation of the 5-HT

4
coupled to G, results in activation of adenylyl cyclase

receptors, that are
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and generation of cAMP, which may result in neuronal
excitation.

Histamine Receptors

At least three subtypes of histamine receptors (H,, H,, and
H.) have been identified. All of the subtypes are metabo-
tropic. Their function in the CNS remains to be elucidated.

Adenosine Receptors

At least three adenosine receptors (A —A,) have been
identified, all of which are metabotropic receptors. Iden-
tification of their function in the CNS is an active area
of research at present.

Mechanisms of Regulation of Receptors
Desensitization

Prolonged exposure of a receptor (e.g., B-adrenergic recep-
tor) to endogenous or exogenous agonists often reduces
the responsiveness of the receptor. This phenomenon is
called desensitization. Interaction of norepinephrine with
a B-adrenergic receptor will be used as an example to dem-
onstrate the mechanisms by which desensitization occurs.
Norepinephrine binds with the B-adrenergic receptor, a
G-protein (G ) is stimulated, and cAMP is formed, which
stimulates protein kinase-A. This kinase phosphorylates
the P-adrenergic receptor and uncouples it from the
G-protein. Therefore, the receptor no longer responds to
the agonist, causing desensitization.

Down-Requlation

When the number of receptors decreases, it is called down-
regulation of receptors. One of the mechanisms by which
down-regulation of receptors occurs is that the receptors
are internalized and sequestered inside the cell.

History

Helena is a 22-year-old woman who had no prior medical problems. Insidiously,
one day, she felt very fatigued and thought that she might be pregnant. She went
to her internist and had a positive pregnancy test, so she attributed all of her
fatigue to the pregnancy. However, throughout several months after her
pregnancy, she continued to feel fatigued and worse in the evening than in the
morning. Her eyes frequently drooped, and she was often told that her eyes did
not move synchronously. Many times, she thought that she had trouble
swallowing liquids. She felt that her face changed, in that it appeared more lax
than previously. She felt generally weak and noticed that the more she exercised,
such as walking around, the worse she felt. Noticing the persistence of Helena’s
symptoms, her internist referred her to a neurologist.

Examination

The neurologist observed that Helena was unable to abduct both eyes and that
there was ptosis (drooping) of both eyelids. When he asked her to flex her
finger extensors repetitively, she was only able to keep it up for 5 repetitions,
whereas most normal subjects were able to keep it up for more than 20. An
edrophonium test (Tensilon test) was administered in which edrophonium was
given before and after testing of finger extensors, respiratory function, and eye
movement function, all of which improved with the drug.

Explanation

Helena has myasthenia gravis, an autoimmune disease directed against the
nicotinic acetylcholine (nACh) receptor. There is a marked reduction in the
number of nACh receptors as well as folds on the postsynaptic membrane of
the neuromuscular junction. Neurophysiologically, there is a decrease in
miniature end-plate potentials upon repetitive stimulation.This demonstrates
a progressive fatigue of the muscle. Treatment with anticholinesterase drugs,
which increase the amount of acetylcholine in the neuromuscular junction,
reverses the pathological process. Thymomas may be found in 10% to 15% of
the cases and appear to play a role in the autoimmune process. Clinical features
of this disease vary, depending on the type and age of the patient, but it is
almost always characterized by fatigue and commonly involves the eyelids
and ocular muscles and the muscles of facial expression, mastication,
swallowing, and speech. In advanced cases, all of the muscles may become
weak, including the diaphragm and abdominal and intercostal muscles,
causing respiratory dysfunction. Weakness is usually least severe earlier in the
day and progresses during the course of the day. Treatment includes
administration of anticholinesterase drugs, thymectomy, corticosteroids, and
immunosuppressant therapy.
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Questions
Choose the one answer that is best for each question.

1

. The neurologic examination of a 60-year-old man

revealed that he is suffering from Parkinson’s disease.

Which one of the following statements is true concerning

this disease?

a. It involves a degeneration of cholinergic neurons in the
basal nucleus of Meynert.

b. It involves a degeneration of noradrenergic neurons of
the locus ceruleus.

c. It involves a degeneration of dopaminergic neurons of
the substantia nigra.

d. Oral administration of dopamine is likely to relieve the
symptoms of Parkinson’s disease.

e. Itis usually associated with hyperkinetic syndrome.

. A 35-year-old woman suffering from severe migraine head-

ache was prescribed sumatriptan (Imitrex) by her neurolo-

gist.The patient’s headache was relieved after she took the

drug.Which one of the following mechanisms is responsible

for the beneficial effects of sumatriptan in treating migraine

headache?

a. It dilates meningeal arteries via B-adrenergic receptors.

b. It constricts meningeal arteries via o-adrenergic
receptors.

c. It constricts meningeal arteries via 5-HT, | receptors.

d. It dilates systemic arterioles via cholinergic muscarinic
receptors.

e. It dilates meningeal arteries via histamine receptors.

. A neuropathologist received a brain specimen from a

deceased Alzheimer’s patient for postmortem histological
examination.Which one of the following neuronal groups is
likely to be degenerated in this specimen?

a. Basal nucleus of Meynert

b. Raphe magnus

c. Locus ceruleus

d. Nucleus ambiguus

e. Substantia nigra

. Which of the following statements is correct regarding

norepinephrine?

a. The main mechanism of its removal from the synaptic
cleft involves its reuptake.

b. Tyrosine is the immediate precursor for its synthesis.

c. Neurons containing this transmitter are present only in
the peripheral nervous system.

d. Deficiency of this transmitter in substantia nigra causes
Parkinson’s disease.

e. It is synthesized in the cytoplasm of the neuronal
terminal.

. Which one of the following statements is correct regarding

nitric oxide?

a. It stimulates soluble guanylate cyclase.

b. Its precursor is alanine.

c. Tyrosine hydroxylase is involved in its biosynthesis.

d. It mediates its actions through N-methyl-D-aspartic acid
receptors.

e. Its actions are mediated by cyclic adenosine monophos-
phate.

Answers and Explanations
1. Answer:c

Parkinson’s disease is characterized by tremor at rest, slow-
ness of movement (bradykinesia or hypokinetic syndrome),
rigidity of extremities and neck, and an expressionless face.
Dopaminergic neurons located in the substantia nigra are
degenerated in this disease, and the release of dopamine in
the caudate nucleus and putamen is decreased. Drug treat-
ment of this disease is aimed at replacement of the deficiency
of the transmitter (dopamine) in the basal ganglia (target of
nigrostriatal projection). Because dopamine does not cross
the blood-brain barrier, its immediate metabolic precursor
(levodopa or L-DOPA), which does cross this barrier, is admin-
istered orally.L-DOPA is transported into the brain via a large
neutral amino acid transporter, and it permeates the striatal
tissue where it is decarboxylated to dopamine.The levels of
DOPA in the plasma are increased by simultaneous adminis-
tration of carbidopa and L-DOPA. Carbidopa inhibits dopa-
decarboxylase, which converts DOPA into dopamine.
Carbidopa does not cross the blood-brain barrier.

. Answer:c

One of the causes of migraine headaches is believed to be
dilatation of meningeal arteries. Sumatriptan (Imitrex) is a
vasoconstrictor and mediates this effect via 5-HT, | recep-
tors. Adrenergic, histaminergic, and cholinergic receptors
are not involved in mediating migraine headaches.

. Answer:a

In Alzheimer’s patients, there is a dramatic loss of cholinergic
neurons in the basal nucleus of Meynert. The other nuclei
mentioned are not implicated in this disease. The raphe
magnus, locus ceruleus, and nucleus ambiguus are con-
cerned with descending control of pain sensation, forebrain
activity during sleep and wakefulness cycles, and heart rate
regulation, respectively. Dopaminergic neurons in the sub-
stantia nigra are degenerated in Parkinson’s disease.

. Answer:a

Reuptake is the main mechanism by which norepinephrine
is removed from the synaptic cleft. Norepinephrine is syn-
thesized from dopamine by dopamine -hydroxylase within
the vesicle. Thus, its immediate precursor is dopamine.
Noradrenergic neurons are present in the peripheral as well
as the central nervous system. Alteration of adrenergic
transmission has been implicated in some forms of depres-
sion but not in Parkinson’s disease. In Parkinson’s disease,
there is degeneration of dopaminergic neurons in the sub-
stantia nigra.

. Answer:a

Nitric oxide (NO) is a gas at normal atmospheric conditions
and represents a new class of transmitters. It interacts with
the heme moiety of soluble guanylate cyclase, which results
in allosteric transformation and activation of this enzyme.
Stimulation of soluble guanylate cyclase results in the forma-
tion of cyclic guanosine monophosphate from guanosine
triphosphate in the postsynaptic neuron, and the appropri-
ate response is elicited. Alanine and tyrosine hydroxylase are
not involved in its synthesis.NO is synthesized from arginine
by nitric oxide synthase. N-methyl-D-aspartic acid receptors
do not mediate the responses of NO.
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CHAPTER SUMMARY TABLE

Synthesis, Removal and Distribution of Selected Neurotransmitters

Synthesis Removal Function and Distribution

Acetylcholine

Ach is synthesized from
choline and acetylcoenzyme-A
in the presence of an enzyme,
choline acetyltransferase

Acetylcholinesterase in the
synaptic cleft hydrolyses Ach

Excitatory neurotransmitter; two constellations:

(1) the basal forebrain constellation, located medial
and ventral to the basal ganglia, includes the basal
nucleus of Meynert, which provides cholinergic
innervation to the entire neocortex,amygdala,
hippocampus, and thalamus; (2) the dorsolateral
pontine tegmental constellation projecting to the
basal ganglia, thalamus, hypothalamus, medullary
reticular formation,and deep cerebellar nuclei

Glutamate

Two processes: (1) glucose is Reuptake from the synaptic
metabolized via the Krebs cycle cleft into the nerve terminals
to a-oxoglutarate, which is and glia

transaminated to form gluta-

mate; (2) nerve terminals and

glial cells reuptake the gluta-

mate from the synaptic cleft;in

the glia, glutamate is converted

into glutamine by glutamine

synthetase,and glutamine is

transported out of the glia into

the neuronal terminal;in the

neuronal terminal, glutamine is

converted into glutamate by

glutaminase

Excitatory neurotransmitter throughout the CNS

Yy-aminobutyric acid

Glutamine is converted into Reuptake from the synaptic Inhibitory neurotransmitter throughout the CNS

glutamate by glutaminase;
glutamate is decarboxylated
by GAD to form GABA; Co-
enzyme required: pyridoxyl
phosphate (a form of
vitamin B

terminal and glia; in glia, GABA
is converted to glutamate by
GABA transaminase;
glutamine synthetase converts
glutamate into glutamine,
which is transported into the
nerve terminals where it is
processed to synthesize gluta-
mate

Glycine

Serine is formed by glycolysis;
glycine is formed from

serine by serine transhy-
droxymethylase

Reuptake into the nerve
terminals

Inhibitory neurotransmitter in the spinal cord,

lower brainstem, and retina
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Synthesis

Removal

Function and Distribution

Dopamine

Tyrosine is converted into
DOPA by the tyrosine hydroxy-
lase (rate-limiting step), DOPA
is converted to dopamine by
DOPA-decarboxylase

Reuptake into the nerve termi-
nal (reuptake 1):about 50% in
the terminal is destroyed by
MAO, remaining 50% is
recycled, and about 10% of
dopamine in the synaptic cleft
is taken up by the postsynaptic
neuron (re-uptake 2) and
inactivated by COMT; circulat-
ing dopamine is destroyed in
the liver by COMT and MAO

Excitatory at some synapses and inhibitory at
other synapses.Three constellations:

1. Dopaminergic neurons in the substantia nigra
(pars compacta) project to the corpus striatum
(caudate nucleus and putamen); these neurons
are degenerated in Parkinson’s disease

2. Dopaminergic neurons in the ventral tegmental
area project via the mesolimbic pathway to the
limbic structures (amygdala, septal area, and
hippocampal formation) and the nucleus
accumbens via the mesocortical pathway to
the frontal and cingulate cortices

3. Dopaminergic neurons in the hypothalamic
arcuate nucleus project to the median eminence
and release dopamine directly into the hypophy-
seal portal circulation, which is
then carried to the anterior lobe of the pituitary
to inhibit the release of prolactin

Norepinephrine

DBH converts dopamine into
norepinephrine; the synthesis
of norepinephrine takes place
in the storage vesicles

Removal mechanisms are
similar to those described
for dopamine

Excitatory at some synapses and inhibitory at
other synapses; Noradrenergic neurons in the
locus ceruleus (A, neurons) project to the thala-
mus, hypothalamus, limbic forebrain structures
(cingulate and parahippocampal gyri, hippocam-
pal formation, and amygdaloid complex), and the
cerebral cortex; modulate a variety of functions
(e.g., sleep and wakefulness, attention, and feeding
and emotional behaviors)

Serotonin (5-hydroxy-tryptamine)

Tryptophan is hydroxylated by
tryptophan hydroxylase to
form 5-hydroxy-tryptophan,
which is decarboxylated by
aromatic L-amino acid decar-
boxylase to form serotonin

Reuptake into the neuronal
terminals via plasma mem-
brane SERTs; some serotonin

is metabolized by MAO to
form 5-hydroxyindoleacetic
acid which is excreted through
the urine

Excitatory at some synapses and inhibitory at
other synapses; Midline raphe nuclei of the
medulla, pons, and upper brainstem; the medullary
raphe nuclei project to the spinal cord and brain
stem; the raphe nuclei located in the pons and
midbrain project to the thalamus, limbic system,
and cortex; projections from the raphe nuclei
terminating in the dorsal horn regulate the release
of enkephalins, which inhibit pain sensation

Histamine

Histidine is decarboxylated by
histidine decarboxylase to
form histamine

Histamine methyltransferase
and diamine oxidase (histami-
nase) metabolize histamine
into organic aldehydes and
acids, which are excreted in
urine

Enkephalins

Excitatory at some synapses and inhibitory at
other synapses; Median eminence and premam-
millary regions of the hypothalamus; these neu-
rons project to almost all areas of the brain and
spinal cord

Pre-proenkephalin A is synthe-
sized in the rough endoplas-
mic reticulum of neurons and
its proteolytic processing in
the terminal results in the
generation of methionine and
leucine enkephalin

Degradation by peptidases

Inhibitory at most synapses in the medulla and
spinal cord
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Synthesis

Removal

Function and Distribution

Substance P

An 11-amino acid peptide
(tachykinin family) synthesized
from a large precursor protein
in the endoplasmic reticulum
and transported to the nerve
terminal

Degradation by peptidases

Excitatory at some synapses and inhibitory at
other synapses; Widely distributed throughout the
CNS

Nitric Oxide; Gaseous Neurotransmitter

Glutamate stimulates the neu-
ron, Ca%* enters into the neu-
ron and forms Ca**-calmodulin
complex, activating NOS, and
NO is formed from L-arginine;
NO interacts with soluble gua-
nylate cyclase to form cGMP,
which elicits the physiological
response

NO decays spontaneously and
is converted to nitrites,
nitrates, oxygen, and water

Excitatory at some synapses and inhibitory at
other synapses
Discrete populations of neurons in the CNS

AcH = acetylcholine; cGMP = cyclic guanosine monophosphate; CNS = central nervous system; COMT = catechol-O-methyltransferase;
Ca*" = calcium, DBH = dopamine B-hydroxylase; DOPA = dihydroxyphenylalanine; GABA = gamma aminobutyric acid; GAD = L-glutamic
acid-1-decarboxylase; MAO = monoamine oxidase; NO = nitrous oxide; NOS = nitric oxide synthase; SERT = serotonin transporter proteins.
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CHAPTER SUMMARY TABLE

Physiological and Clinical Considerations Associated With Selected Neurotransmitters

Neurotransmitter

Acetylcholine

Glutamate

Gamma aminobu-

tyric acid

Dopamine

Serotonin

Physiological/Clinical
Considerations

Cholinergic neurons in the dorsolateral
pontine tegmentum are involved in the
regulation of forebrain activity during
cycles of sleep and wakefulness; cholin-
ergic neurons of the basal forebrain con-
stellation are involved in learning and
memory; these neurons in the nucleus of
Meynert are degenerated in Alzheimer’s
disease

Implicated as a transmitter in a variety of
brain circuits (e.g., learning and memory
and motor functions); implicated in some
chronic neuropathological conditions
such as amyotrophic lateral sclerosis;
prolonged stimulation of neurons by
excitatory amino acids results in neuro-
nal death or injury (excitotoxicity)

Alteration of GABAergic circuits has been
implicated in neurological and psychiat-
ric disorders like Huntington'’s chorea,
Parkinson’s disease, senile dementia,
Alzheimer’s disease, and schizophrenia;
deficiency of vitamin B, will impair GABA
synthesis and can result in seizures in
infants

Dopaminergic neurons in the substantia
nigra are degenerated in Parkinson’s dis-
ease; the release of dopamine in the cau-
date nucleus and putamen is decreased.
Dopaminergic projections from the ven-
tral tegmental area to the limbic struc-
tures (e.g., the nucleus accumbens) may
be involved in emotional reinforcement
and motivation associated with cocaine
drug addiction; levels of dopamine in
these projections are increased in indi-
viduals addicted to cocaine

Serotonin-containing cells in the raphe
nuclei play a role in descending pain-
control systems; serotonin plays a role
in depression and other emotional
disorders

Treatment

Alzheimers disease: donepezil (Aricept), an ace-
tylcholinesterase inhibitor, is indicated for mild
to moderate dementia in patients with Alzheim-
er’s disease

Excitotoxic action of glutamate has been impli-
cated in Alzheimer’s disease; memantine
(Namenda), an NMDA receptor antagonist, is
reported to mitigate this effect and slow down
the symptoms of the disease

Because epileptic seizures can be facilitated by
lack of neuronal inhibition, increase in the inhib-
itory transmitter, GABA, is helpful in terminating
them; valproic acid is useful as an anticonvulsant
because it inhibits GABA transaminase and
increases GABA levels in the brain; barbiturates
act as agonists or modulators on postsynaptic
GABA receptors and are used to treat epilepsy

A combination of I-DOPA and carbidopa
(Sinemet) is administered orally; carbidopa is an
inhibitor of dopa-decarboxylase and reduces
the decarboxylation of I-DOPA in the peripheral
tissues, enabling a greater concentration of this
precursor to reach the brain; carbidopa does not
cross the blood-brain barrier so conversion of
I-DOPA to dopamine does not diminish in the
brain; many adult psychotic disorders, including
schizophrenia, involve increased activity at
dopaminergic synapses; many drugs that are
effective in the treatment of these disorders (e.g.,
phenothiazines, thioxanthines, and butyrophe-
nones) reduce the dopamine synaptic activity in
the limbic forebrain

SSRIs (e.g., Prozac) are used in the treatment of
depression, anxiety disorders,and some person-
ality disorders; these drugs inhibit reuptake of
serotonin into the presynaptic terminal and
increase its extracellular levels; sumatriptan
(Imitrex),a 5-HT, ; receptor agonist, is a vasocon-
strictor of intracranial arteries and is used in
treating migraine headaches

AcH = acetylcholine; DOPA = dihydroxyphenylalanine; GABA = gamma aminobutyric acid; NMDA = N-methyl-D-aspartic acid;
SSRI = serotonin-specific reuptake inhibitor.
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OBJECTIVES

In this chapter, the student is expected to know:
1. The gross anatomy of the spinal cord.
2. Internal structure of the spinal cord.

3. Spinal segmentation: morphological differences
among the different levels of spinal cord.

4. Cytoarchitectural organization of the spinal cord:
cellular laminae.

Section III ORGANIZATION OF THE CENTRAL NERVOUS SYSTEM

5. The major spinal cell groups, or nuclei.
6. The course of the afferent fibers to the spinal cord.

7. The locations and functions of the ascending and
descending tracts in the spinal cord.

8. The difference between the lower and upper motor
neurons.

9. The effects of lesions of the spinal cord and dorsal and
ventral roots.

10. The spinal reflexes.

The spinal cord is a critical component for the transmission
of sensory information to the brain as well as for the regula-
tion of motor and autonomic functions. It receives sensory
information from somatic and visceral receptors through
dorsal roots, transmits this information to higher centers in
the brain through ascending tracts, receives signals from
higher centers through descending tracts, and transmits
the signals to somatic and visceral target sites via the ven-
tral roots. A number of reflexes are also mediated at the
level of the spinal cord. These functions of the spinal cord
and the anatomical, physiological, and clinical considera-
tions associated with them are presented in this chapter.

GROSS ANATOMY

The spinal cord is located within the vertebral canal and
extends from the foramen magnum to the rostral edge of
the second lumbar vertebra (Figs. 9-1 and 9-2). The cover-
ings (meninges) of the spinal cord (the dura, arachnoid,

Skull bone Skull bone

=— C1 nerve

C1 ‘ III&—G vertebra

IO
IO
— IO
=IO
N'e

cal|
T1 I /”I@ C7 vertebra

/} ,hQ—ﬁ vertebra
——T1 nerve

Foramen maghun ————

C1 vertebra D
)

Dorsal side Ventral side

Dura mater

Arachnoid mater

Pia mater

C7 vertebra 4 !
T venebra—é .

FIGURE 9-1  Cervical spinal cord. Note that the spinal nerves from spinal
segments C1-C7 exit through the intervertebral foramen located rostral
to the cervical vertebra of the same name. The spinal nerve from C8 seg-
ment of the spinal cord exits through the intervertebral foramen located
caudal to T1 (thoracic) vertebra.
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FIGURE9-2  Spinal segments caudal to the cervical region. Note that the
spinal nerves from thoracic (T), lumbar (L), and sacral (S) segments of the
spinal cord exit through the intervertebral foramen located caudal to
the vertebra of the same name. Note also the conus medullaris (caudal
end of the spinal cord) and the cauda equina.



and pia mater) are described in Chapter 3. The caudal end
of the spinal cord and the structures associated with it are
shown in Figure 9-2. The conical-shaped caudal end of the
spinal cord, known as the conus medullaris, is located at
the rostral edge of the second lumbar vertebra. A thin
filament enclosed in pia and consisting of glial cells,
ependymal cells, and astrocytes emerges from the conus
medullaris. This filament is called the filum terminale
internum. [t extends from the conus medullaris and passes
through the caudal end of the dural sac. At this level, a
caudal thin extension of the spinal dura, called the coc-
cygeal ligament (filum terminale externum) surrounds
the filum terminale. The coccygeal ligament, with the
filum terminale in it, attaches to the coccyx and, thus,
anchors the spinal cord and the fluid-filled dural sac to the
caudal end of the vertebral canal.

The spinal cord occupies the whole length of the verte-
bral canal up to the third month of fetal life. Then it length-
ens at a slower rate than does the vertebral column. As a
result, in an adult, the spinal cord occupies only the upper
two thirds of the vertebral column. For this reason, the cau-
dal end of the spinal cord in the normal adult is located at
the rostral edge of the second lumbar vertebra (or caudal
edge of the first lumbar vertebra). Therefore, the lumbar
and sacral nerve roots have to descend some distance within
the vertebral canal before they exit from their respective
intervertebral foramina. The lumbosacral nerve roots sur-
round the filum terminale and form a cluster that resembles
the tail of a horse and that is called the cauda equina
(Fig. 9-2). The subarachnoid space is widest from the cau-
dal end of the spinal cord (i.e., caudal edge of the first lum-
bar vertebra) to the second sacral vertebra and contains no
central nervous system (CNS) structures except the filum
terminale and the nerve roots of cauda equina. This space
is known as the lumbar cistern (see Chapter 3). Because of

White ramus

FIGURE9-3  Spinal nerves. Note the location of dorsal and
ventral roots and the dorsal root ganglion (as described in
the text).
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this anatomic feature, this space is most suitable for the
withdrawal of cerebrospinal fluid (CSF) by lumbar punc-
ture. The site for performing a lumbar puncture changes
with age in childhood. For example, in children, the caudal
end of the spinal cord is usually located at the third lumbar
vertebra (L3); therefore, the needle for lumbar puncture is
inserted at the L4-L5 level (see Chapter 3).

Spinal segmentation is based on the sites where spinal
nerves emerge from the spinal cord. Thirty-one pairs of
spinal nerves emerge from the spinal cord. At each level,
the spinal nerves exit through the intervertebral foramina.
In the thoracic, lumbar, and sacral regions of the cord,
spinal nerves exit through the intervertebral foramina just
caudal to the vertebra of the same name. In the cervical
region, these nerves exit through the intervertebral
foramina just rostral to the vertebra of the same name. The
eighth cervical spinal nerve (C8) exits through the
intervertebral foramen just rostral to the first thoracic
vertebra (Fig. 9-1).

Each spinal nerve consists of a dorsal root (containing
afferent fibers) and a ventral root (containing efferent fib-
ers). The dorsal root is absent in the first cervical and
coccygeal nerves. The dorsal and ventral roots travel a
short distance within the dural sac surrounding the spinal
cord, penetrate the dura, and enter the intervertebral
foramen. The spinal ganglion (dorsal root ganglion) is
located within the intervertebral foramen and contains
the neurons that give rise to afferent fibers entering the
spinal cord. The dorsal and ventral roots are joined distal
to the spinal ganglion and form the common spinal nerve
trunk (Fig. 9-3). The common spinal nerve trunk is con-
nected with the sympathetic chain of paravertebral gan-
glia that are located on either side of the vertebral column

through the white and gray rami (rami communicantes
[see Chapter 22]).

Arachnoid mater
Dorsal root
Pia mater

Ventral root

Gray ramus
Spinal ganglion
(dorsal root ganglion)

Rami communicantes
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The spinal cord is cylindrical in shape and is enlarged at
the cervical and lumbar regions. The cervical enlargement
includes four lower cervical segments and the first thoracic
segment. The nerve roots emerging from this enlargement
form the brachial plexus and innervate the upper extrem-
ities. The lumbar plexus (comprising the nerve roots from
L1-L4) and sacral plexus (consisting of nerve roots from
L4-S2) emerge from the lumbar enlargement. The lumbar
plexus innervates the lower extremities. The sacral spinal
nerves emerging from the conus medullaris contain para-
sympathetic fibers and motor fibers innervating the blad-
der and its sphincters, respectively.

INTERNAL STRUCTURE

Examination of a transverse section of the spinal cord
reveals the presence of central gray matter, shaped like a
butterfly, which contains cell columns oriented along the

Dorsal median septum

Tract of Lissauer
(dorsolateral fasciculus)

Laminae:

Nucleus dorsalis
of Clarke IX

Dorsal ‘
funiculus 4
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rostro-caudal axis of the spinal cord. This butterfly-shaped
gray area is surrounded by white matter consisting of
ascending and descending bundles of myelinated and
unmyelinated axons that are called tracts or fasciculi. The
neurons comprising these tracts have similar origins and
sites of termination. A bundle containing one or more
tracts or fasciculi is called a funiculus. In each half of the
spinal cord, there are three funiculi: (1) the dorsal (poste-
rior) funiculus, which is located between the dorsal horn
and a midline structure called the dorsal (posterior) median
septum; (2) the lateral funiculus, which is located between
the sites where the dorsal roots enter and ventral roots exit
from the spinal cord; and (3) the anterior (ventral) funic-
ulus, which is located between the anterior (ventral)
median fissure and the site where the ventral roots exit
(Fig. 9-4A).

In each half of the spinal cord, the dorsal horn of the
butterfly-shaped gray matter reaches the surface where the

Renshaw
cell

Alpha motor
neuron

Dorsal horn

Lateral
funiculus

Ventral horn

vill Central Grgy Ventral funiculus Ventra_l horn of Collateral of
X canal commissure the spinal cord alpha motor
A B neuron

Anterior white
commissure

C Cervical enlargement D

Flexors

Lumbar enlargement

FIGURE9-4  Gross anatomy of the spinal cord in transverse section. (A) The central gray matter is shaped like a butterfly. Note the three funiculi in each
half of the spinal cord: the dorsal (posterior) funiculus, the lateral funiculus, and the ventral (anterior) funiculus. The two sides of the gray matter are con-
nected by the gray commissure. Note the location of laminae | through X. Lamina VIl contains the nucleus dorsalis of Clarke. (B) A collateral emerging from
the axon of an alpha motor neuron activates the Renshaw cell, which, in turn, inhibits the alpha motor neuron. (C and D) Note the somatotopic arrange-
ment of neurons in laminae VIl and IX and the location of the neurons innervating the flexors and extensors. (See text for other details.)



dorsal rootlets of the spinal nerves enter. The ventral horn
of this butterfly-shaped gray matter does not reach the
ventral surface of the spinal cord. The two sides of the gray
matter are connected by a band of gray matter called the
gray commissure. The anterior white commissure, con-
sisting of decussating axons of nerve cells, is located ven-
tral to the gray commissure. The central canal is located in
the gray commissure (Fig. 9-4A). The lumen of the central
canal in the adult spinal cord may be filled with debris
consisting of macrophages and neuroglial processes.

The gray matter of the spinal cord contains primarily
neuronal cell bodies, dendrites, and myelinated and unmy-
elinated axons, which are either projecting from the white
matter to innervate neurons located in the gray matter or
exiting from the gray matter to the white matter. The
white matter consists of ascending and descending tracts
of myelinated and unmyelinated fibers.

CYTOARCHITECTURAL ORGANIZATION
OF THE SPINAL GRAY MATTER

The architectural organization of the spinal gray matter
was described by Rexed in 1952. He reported that clus-
ters of cells are arranged in the spinal cord in 10 zones.
A description of these zones, referred to as Rexed laminae
[-X, is provided in the following paragraphs, and their
location is shown in Fig. 9-4A. For important structures
located in these laminae, see Table 9-1.

The zone of Lissauer (dorsolateral fasciculus) consists of
fine myelinated and unmyelinated dorsal root fibers that
enter the medial portion of this zone. A large number of
propriospinal fibers, which interconnect different levels of
the substantia gelatinosa (described later in this section),
are also present in this zone. Laminae I through 1V are
located in the dorsal horn of the spinal cord. The cells
situated in these laminae receive primarily exteroceptive
(i.e., pain, temperature, and tactile) inputs from the
periphery.
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Lamina [ contains terminals of dorsal root fibers
mediating pain and temperature sensations that synapse,
in part, on the group of cells called the posteromarginal
nucleus. The axons of the cells in the posteromarginal
nucleus cross to the opposite side and ascend as the
lateral spinothalamic tract. Lamina I is located immedi-
ately below lamina I and contains the substantia gelati-
nosa. The neurons in the substantia gelatinosa modulate
the activity of pain and temperature afferent fibers. Acti-
vation of peripheral pain receptors results in the release of
substance P and glutamate in the substantia gelatinosa.
Laminae 111 and IV, both of which contain the proper sen-
sory nucleus, are located in the lower aspect of the dorsal
horn. The proper sensory nucleus receives inputs from the
substantia gelatinosa and contributes to the spinothalamic
tracts mediating pain, temperature, and crude touch. Lam-
ina V is located at the neck of the dorsal horn; neurons
located in this lamina receive descending fibers from the
corticospinal and rubrospinal tracts and give rise to axons
that contribute to the spinothalamic tracts. Lamina VI is
present only in cervical and lumbar segments. It contains
a medial segment that receives muscle spindle and joint
afferents, and also contains a lateral segment that receives
fibers from descending corticospinal and rubrospinal path-
ways. Neurons in this region are involved in the integra-
tion of somatic motor processes. Lamina VII, which is
located in an intermediate region of the spinal gray matter,
contains the nucleus dorsalis of Clarke, which extends
from C8 through L2. This nucleus receives muscle and
tendon afferents. Axons of this nucleus form the dorsal
spinocerebellar tract, which relays this information to the
ipsilateral cerebellum.

Other important neurons located in lamina VII include
the sympathetic preganglionic neurons, which constitute
the intermediolateral cell column (IML) in the thora-
columbar cord (T1-L2), parasympathetic neurons located
in the lateral aspect of sacral cord (S2-S4), and numerous
interneurons such as Renshaw cells. The output of alpha

TABLE 9-1 Key Structures in the Spinal Rexed Laminae

Laminae Key Structures

| Dorsal root fibers mediating pain, temperature, and touch sensations; posteromarginal nucleus

Il Substantia gelatinosa neurons mediating pain transmission

&IV Proper sensory nucleus that receives inputs from substantia gelatinosa and contributes to spinothalamic tracts mediating pain, temperature, and touch
sensations

v Neurons receiving descending fibers from corticospinal and rubrospinal tracts; neurons that contribute to ascending spinothalamic tracts

Vi Present only in cervical and lumbar segments; lateral segment receives descending corticospinal and rubrospinal fibers; medial segment receives afferents
from muscle spindles and joint afferents

Vil Nucleus dorsalis of Clarke extending from (8—L2 receives muscle and tendon afferents; axons from this nucleus form spinocerebellar tract; intermediolateral
cell column containing sympathetic preganglionic neurons from T1-L3; parasympathetic neurons located in S2—54 segments; Renshaw cells

VII&IX Located in the ventral horn; alpha and gamma motor neurons innervating skeletal muscles; neurons in medial aspect receive inputs from vestibulospinal

and reticulospinal tracts and innervate axial musculature for posture and balance; neurons in lateral aspect receive inputs from corticospinal and rubrospinal

tracts and innervate distal musculature
X Gray matter surrounding central canal
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motor neurons, which are located in the ventral horn of
the gray matter, is regulated by Renshaw cells through a
mechanism called “recurrent inhibition.” Renshaw cells
are interneurons that make inhibitory (glycinergic) syn-
apses on the alpha motor neurons and receive excitatory
(cholinergic) collaterals from the same neurons. When an
alpha motor neuron is excited, it activates Renshaw cells
via the excitatory (cholinergic) collaterals. Renshaw cells,
in turn, inhibit, via glycinergic synapses, the activity of the
same alpha motor neuron (Fig. 9-4B).

Laminae VIII and IX are located in the ventral horn of
the gray matter of the spinal cord. Neurons in this region,
which receive inputs from the descending motor tracts
from the cerebral cortex and brainstem, give rise to both
alpha and gamma motor neurons that innervate skeletal
muscles. Neurons in these laminae are somatotopically
arranged; neurons providing innervation to the extensor
muscles are located ventral to those innervating the flex-
ors, and neurons providing innervation to the axial mus-
culature are medial to those innervating muscles in the
distal parts of the extremity (Fig. 9-4, C and D). Neurons
situated in the medial aspect of the ventral horn receive
afferents from the vestibulospinal and reticulospinal sys-
tems and, in turn, innervate the axial musculature. This
anatomical arrangement allows descending pathways to
regulate the axial musculature (i.e., posture and balance).
In contrast, neurons situated in the lateral aspect of the
ventral horn receive afferents from the corticospinal and
rubrospinal pathways. Axons of these neurons mainly
innervate the distal musculature. This arrangement pro-
vides a basis by which these descending pathways can have
a preferential influence upon the activity of the distal mus-
culature. Thus, in the ventral horn, motor neurons are
located according to the muscle that they innervate. Neu-
rons providing innervation to the extensor muscles are
located ventral to those innervating the flexors. Neurons
providing innervation to the axial and limb girdle muscu-
lature are medial to those innervating muscles in the distal
parts of the extremity. In the cervical part of the spinal
cord (segments C3, C4, and C5), lamina IX contains
phrenic motor neurons that provide innervation to the
diaphragm. Thoracic respiratory motor neurons, which
innervate intercostal and other rib cage and back muscles,
are located in lamina IX of the thoracic segments. The
gray matter surrounding the central canal constitutes

lamina X.

SPINAL SEGMENTS

The spinal cord consists of 31 segments (8 cervical,
12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal) based on
the existence of 31 pairs of spinal nerves. Each segment
(except the first cervical and coccygeal segments) receives
dorsal and ventral root filaments on each side. A schematic
representation of different spinal segments is shown in
Figure 9-5. The functions of various tracts and neuronal
groups located in these segments are described later in this
chapter in the section, “Spinal Cord Tracts.”
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Cervical segments are the largest spinal cord segments.
In each half of the spinal cord, the dorsal funiculus is
divided into two major ascending pathways called the fas-
ciculus gracilis and fasciculus cuneatus.

Thoracic segments are smaller than the cervical seg-
ments because they contain a smaller amount of gray and
white matter. A lateral horn, which contains the IML

Spinal cord

@ o

Segment C4

Segment C8

Segment T2

Lateral horn
(intermediolateral
cell column)

Segment T12

Segment L4

Segment S3

FIGURE 9-5 Spinal cord segments. Cervical segments are the largest
segments. The thoracic and sacral segments are relatively small. Note
the presence of intermediolateral cell column in the thoracic and sacral
segments. C = cervical; T = thoracic; L = lumbar; S = sacral.



(described earlier), is present in all thoracic segments
(Fig. 9-5). The IML of the thoracic and lumbar spinal
cord contains preganglionic sympathetic neurons. In all
thoracic segments, a prominent structure called the dor-
sal nucleus of Clarke contains large cells and is located
medially at the base of the dorsal horn. At rostral levels
of the thoracic cord (T1-T6), both the fasciculi gracilis
and cuneatus are present, whereas at caudal levels (e.g.,
T7-T12), only the fasciculus gracilis is present. The spi-
nal nerves emerging from the rostral levels of the thoracic
cord (except T1) provide motor innervation to the back
and intercostal muscles (axial muscles). The spinal nerves
emerging from the caudal thoracic levels innervate
abdominal muscles in addition to axial muscles.

The lumbar segments appear circular in transverse sec-
tions (Fig 9-5). The segments at L1 and L2 are similar to

Cervical

Thoracic

Lumbar
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those located at lower thoracic levels. These segments
contain the IML. The lumbar segments located at L3 to L5
do not contain IML. These segments provide motor inner-
vation to the large muscles in the lower extremities.

The sacral segments are relatively small. They con-
tain relatively small amounts of white matter and more
abundant quantities of gray matter. The IML of sacral
segments S2-S4 contains the parasympathetic pregan-
glionic neurons (see Chapter 22). The coccygeal seg-
ments resemble the sacral segments.

A dermatome is defined as the area of skin supplied by
the right and left dorsal roots of a single spinal segment.
Dermatomal maps of the peripheral distribution of spinal
nerves reveal a set of bands on the surface of the body
(Fig. 9-6). If one dorsal root is sectioned, the sensation in
the corresponding dermatome is not lost because several

Sacral

L5 %

FIGURE 9-6  Dermatomal maps of the peripheral distribution of spinal nerves. (A) Front view. (B) Back view. Labels indicate the innervation of each

dermatome. C = cervical; T = thoracic; L = lumbar; S = sacral. (Used with permission from Bear MF, et al.: Neuroscience: Exploring the Brain, 3rd ed.

Philadelphia: Lippincott Williams & Wilkins, 2007, p. 395.)
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adjacent dorsal roots innervate overlapping areas on the
skin. Usually three adjacent dorsal roots have to be sec-
tioned in order to lose sensation in one dermatome.

SPINAL CORD TRACTS

As noted earlier, tracts, or fasciculi, are bundles of fibers
that have the same origin, course, and termination. Differ-
ent tracts are clustered together in the white matter of the
spinal cord and are referred to as dorsal, ventral, and lat-
eral funiculi. The dorsal funiculus (dorsal column) con-
tains two ascending tracts, the fasciculus gracilis and
fasciculus cuneatus, which are described in the following
sections. The lateral aspect of the funiculi contains long
ascending and descending tracts, whereas the region adja-
cent to the gray matter contains the short tracts that con-
nect different spinal segments.

Long Ascending Tracts
Fasciculus Gracilis

The dorsal (posterior) white column of the spinal cord
consists of the fasciculi gracilis and cuneatus (described in
the next section). The fasciculus gracilis (containing
ascending fibers from the lower body) is located medially,
whereas the fasciculus cuneatus (containing ascending fib-
ers from the upper body) is located laterally in the dorsal
column. A schematic diagram of the course of fibers in the
fasciculus gracilis is shown in Figure 9-7. This tract exists
at all levels of the spinal cord and contains afferent fibers
from the sacral, lumbar, and thoracic segments T6-T12,
which mediate sensations from the lower body.

The neurons located in the dorsal root ganglion repre-
sent the first-order neurons (i.e., neuron I). The periph-
eral processes of the first-order neuron innervate the
Pacinian corpuscle (sensing tactile and vibratory stimuli)
and Meissner’s corpuscle (sensing touch) in the skin as
well as proprioceptors in joints that are involved in
kinesthesia (sense of position and movement). The central
processes of the first-order neuron ascend ipsilaterally in
the spinal cord (i.e., the ascending fibers of first-order neu-
rons are uncrossed) and terminate somatotopically on
second-order neurons (i.e., neuron II) in the ipsilateral
nucleus gracilis in the medulla. Axons of the second-order
neuron in the nucleus gracilis travel ventromedially as
internal arcuate fibers and cross in the midline to form the
medial lemniscus (decussation of medial lemniscus). This
crossed tract ascends through the medulla, pons, and mid-
brain and finally terminates on the third-order neurons
(i.e., neuron III) located in the contralateral ventral poste-
rolateral nucleus of the thalamus. Axons of the third-order
neurons terminate in the medial aspect of the sensorimo-
tor cortex. The fasciculus gracilis is involved in mediating
conscious proprioception that includes kinesthesia and
discriminative touch.

Fasciculus Cuneatus
A schematic representation of the course of this tract is
shown in Figure 9-7. It exists in thoracic segments above T6
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and cervical segments and contains long ascending fibers
from the upper body. Myelinated afferents from the dorsal
root ganglion enter the dorsal funiculus, medial to the dor-
sal horn, and the ascending fibers occupy a lateral position
in the dorsal funiculus. The peripheral processes of the first-
order neuron innervate Pacinian and Meissner’s corpuscles
in the skin and proprioceptors in joints, and central proc-
esses of the first-order neuron ascend ipsilaterally to termi-
nate on second-order neurons located in the ipsilateral
nucleus cuneatus of the medulla. As noted earlier, axons of
these second-order neurons travel as internal arcuate fibers,
crossing the midline to form the medial lemniscus, and ter-
minate on third-order neurons located in the contralateral
ventral posterolateral nucleus of thalamus. The axons of
these third-order neurons then terminate in the lateral
aspect of the sensorimotor cortex. The fasciculus cuneatus
is also involved in mediating conscious proprioception.

The fasciculi gracilis and cuneatus are also referred to as
the dorsal (posterior) columns. Damage to these tracts
results in symptoms that appear ipsilateral to the affected
dorsal columns in the dermatomes at and below the level of
the spinal cord lesion. The symptoms include loss of tactile
sense (vibration, deep touch, and two-point discrimina-
tion) and kinesthetic sense (position and movement). The
patient with a lesion affecting the cervical cord cannot
identify an object placed in his or her hand ipsilateral to
the lesion. If the lesion is located at the level of the lumbar
cord, then the loss of these forms of sensation will be
restricted to an ipsilateral lower limb. The patient cannot
perceive sensations, such as touch or pressure, and his or
her movements are poorly coordinated and clumsy because
of the loss of conscious proprioception of his or her posi-
tion in space.

Dorsal (Posterior) Spinocerebellar Tract

The course of this tract is shown in Figure 9-8A. The
peripheral processes of the first-order neurons (located in
the dorsal root ganglion) innervate mainly muscle spindles
and, to a lesser extent, Golgi tendon organs (located at the
junction of the muscle and tendon). The central processes
of these sensory neurons project to the nucleus dorsalis of
Clarke that extends from C8 to L2. Axons of neurons
located in the dorsal nucleus of Clarke ascend ipsilaterally
(i.e., the tract is uncrossed), reach the inferior cerebellar
peduncle (restiform body) in the medulla, and terminate
ipsilaterally in the cerebellar vermis of the anterior lobe.
Although the nucleus dorsalis of Clarke receives afferents
from all parts of the body (C8-L2) except the head and
neck, functionally it transmits information about muscle
spindle and tendon afferents from the ipsilateral caudal
aspect of the body and legs. In so doing, this tract provides
the cerebellum with information about the status of indi-
vidual muscles as well as groups of muscles (e.g., how long
each muscle is, how fast each muscle is moving, and how
much tension is on each muscle). The individual is not
aware of this information going to the cerebellum (non-
conscious proprioception). With this information, the
cerebellum is enabled to coordinate and integrate neural
signals controlling movement of individual lower limb



FIGURE9-7 Diagram showing the course of
fibers in the dorsal column. The fasciculus
gracilis exists at all levels of the spinal cord
and contains long ascending fibers from
the lower limbs (shown in red). The fascicu-
lus cuneatus exists in thoracic (T) segments
above T6 (T1-T6) and cervical (C) segments
(C1-C8) and contains long ascending
fibers from the upper limbs (shown in blue).
The axons of second-order neurons (neuron
1) in the nucleus gracilis and cuneatus travel
as internal arcuate fibers and cross in the
midline to form the medial lemniscus, which
ascends through the medulla, pons, and
midbrain and terminates in the contralat-
eral ventral posterolateral nucleus of the
thalamus. Axons of third-order neurons
(neuron ll) in the thalamus travel in the
internal capsule and terminate in the senso-
rimotor cerebral cortex. For other details,
see text. neuron | = first-order neuron; L =
lumbar; S = sacral.
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of Clarke

Accessory
cuneate nucleus

Inferior cerebellar peduncle

<JI>—— Fasciculus cuneatus

muscles and posture. Damage to the dorsal spinocerebellar
tract results in the loss of nonconscious proprioception and
coordination ipsilateral to the lesion.

Cuneocerebellar Tract

The course of this tract is shown in Figure 9-8B. It should
be recalled that the nucleus dorsalis of Clarke is not present
in the spinal segments rostral to C8. Therefore, afferent
fibers entering the spinal cord rostral to this level ascend
ipsilaterally in the fasciculus cuneatus and project to neu-
rons located in the accessory cuneate nucleus of the lower
medulla. Neurons located in this nucleus then give rise to
the cuneocerebellar tract, which is functionally related to
the upper limb, conveying nonconscious proprioception.
(Recall that the dorsal spinocerebellar tract is functionally

Muscle
spindle

Golgi FIGURE9-8 (A) The dorsal (posterior) spinoc-
organ erebellar tract. (B) The cuneocerebellar tract.
See text for details. C = cervical

related to the lower limb.) The fibers in this tract then
terminate in the cerebellar cortex.

Ventral (Anterior) Spinocerebellar Tract

The course of this tract is shown in Figure 9-9. The first-
order neurons in this system are located in the dorsal root
ganglion; their peripheral processes innervate the Golgi
tendon organs that are located at the junction of the mus-
cle and tendon of the ipsilateral lower limbs. The central
processes of the first-order neurons project to the
second-order neurons located in the lateral part of the base
and neck of the dorsal horn. The axons of the second-order
neurons cross in the spinal cord and ascend through the
medulla to the pons. The fibers then join the superior
cerebellar peduncle (brachium conjunctivum) in the
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<J>—— Anterior (ventral)
spinocerebellar

FIGURE9-9 The ventral (anterior) spinocere-
bellar tract. Note that the tract first crosses in
the spinal cord and then crosses a second
time in the superior cerebellar peduncle and
terminates in the cerebellum.

Spinal cord

pons, cross again to the other side, and terminate in the
vermal region of the anterior lobe of the cerebellum. Thus,
the ventral (anterior) spinocerebellar tract crosses first in
the spinal cord and then crosses again when it joins the
superior cerebellar peduncle and crosses to terminate in
the cerebellum. This tract conveys information about
whole limb movements and postural adjustments to the
cerebellum. Damage to this tract results in loss of noncon-
scious proprioception and coordination in the lower limb.

Rostral Spinocerebellar Tract

The course of this tract is similar to the ventral spinocer-
ebellar tract except that the afferents are from the Golgi
tendon organs located in the upper limb, the tract is
uncrossed, and it enters the cerebellum via the inferior
cerebellar peduncle. Damage to this tract results in loss of
nonconscious proprioception and coordination in the
upper limb.

Spinothalamic Tract

Conventionally, it was believed that the lateral spinotha-
lamic tract transmits pain and temperature sensations,
whereas the anterior spinothalamic tract transmits the sen-
sation of nondiscriminative touch to the primary sensory
cortex. This concept has recently been revised. Currently,
it is believed that pain and temperature sensations are
transmitted primarily via the spinothalamic tract, which
ascends in the ventrolateral quadrant of the spinal cord
located contralateral to the side where the afferents carry-
ing these sensations enter the spinal cord. Pain sensation is
complex. It includes the perception of noxious stimuli

Superior
cerebellar
peduncle

Pons

Medulla

(discriminative component), emotional and autonomic
responses to such stimulation, and an increased level of
attention (arousal-emotional component). Multiple path-
ways mediate the discriminative and arousal-emotional
components of pain sensation. Because these pathways
ascend in the ventrolateral quadrant of the spinal cord,
they are collectively known as the anterolateral system of
ascending tracts.

The spinothalamic tract consists of the following com-
ponents: (1) The direct pathway, consisting of the neospi-
nothalamic tract, mediates pain, temperature, and simple
tactile sensations; whereas indirect pathways, consisting
primarily of paleospinothalamic, spinoreticular, and spi-
nomesencephalic tracts, mediate the affective and arousal
components of these sensations. These pathways are

described below.

Direct Pathway

Neospinothalamic Tract. The course of this tract is shown in
Figure 9-10. The neurons that give rise to this tract arise
mainly from the nucleus proprius (proper sensory
nucleus) that is located in laminae III and IV of the dorsal
horn. The axons of these neurons cross obliquely via the
ventral (anterior) white commissure to enter the contral-
ateral white matter where they ascend in the lateral funic-
ulus. This tract has a somatotopic organization throughout
its course, including in the spinal cord. Fibers arising from
the lowest part of the body (the sacral and lumbar levels of
spinal cord) ascend dorsolaterally, whereas those arising
from the upper extremities and neck (the cervical cord)
ascend ventromedially. The ascending axons synapse on

149



150 @ ( N Section III ORGANIZATION OF THE CENTRAL NERVOUS

Primary sensory
cortex

Ventral posterolateral
nucleus of thalamus

Neospinothalamic

tract
Pons
Upper medulla \
Lower medulla
Dorsal root
ganglion cell
Cervical
spinal cord Nucleus
proprius
Ventral white
commissure
Thoracic
spinal cord
©
Lumbar
spinal cord
Dorsal horn

SYSTEM

Fibers from

cervical region

Fibers from
lumbar region

FIGURE 9-10 Direct spinothalamic
pathway: the neospinothalamic tract.
The peripheral processes of these dor-
sal root ganglion cells end as recep-
tors sensing pain, temperature, and
simple tactile sensations. The central
processes of these dorsal root gan-
glion cells synapse with the neurons
of the nucleus proprius. The axons of
these second-order neurons cross via
the anterior white commissure, enter
the contralateral white matter, ascend
in the lateral funiculus, and synapse
on third-order neurons located in
the ventral posterolateral nucleus of
the thalamus. The axons of third-order
neurons project to the primary sensory
cortex.



third-order neurons located primarily in the ventral poste-
rolateral nucleus of thalamus that, in turn, project to the
primary sensory cortex in the postcentral gyrus.

Deficits After Damage to the Direct Neospinothalamic Pathway. Sec-
tioning of the direct neospinothalamic pathway at the cer-
vical level on one side results in complete loss of pain
(anesthesia), temperature (thermoanesthesia), and simple
tactile sensations on the contralateral side of the body
(upper and lower limbs and trunk). The loss of pain sensa-
tion is experienced about one to two levels below the lesion
because the first-order afferent fibers contained in the zone
of Lissauer ascend or descend one to two levels before mak-
ing synaptic contact with second-order neospinothalamic
neurons. If a lesion is present at the lumbar level, then
there would be a loss of pain, temperature, and simple tac-
tile sensations in the contralateral lower limb and trunk.

Loss of pain, temperature, and tactile sensations can
also occur at a specific segment after damage to the area
around the central spinal canal. This occurs in a condition
called syringomyelia, in which there is an expansion of
the central canal of the spinal cord. In addition, the glial
cells proliferate around the central canal. In this case, the
crossing fibers from the neospinothalamic tract on each
side are affected but only in or about the segment in which
the lesion is present. Accordingly, such a disorder results in
bilateral loss of pain, temperature, and simple tactile sensa-
tions at the affected segment.

As noted earlier, the neospinothalamic tract is somato-
topically organized in such a manner that sacral and lumbar
fibers lie dorsolateral to the thoracic and cervical fibers.
Accordingly, an expanding lesion or tumor located in the
gray matter within the spinal cord is likely to affect the tho-
racic and cervical fibers first, whereas the sacral and lumbar
fibers would be affected later, if at all. This clinical phenom-
enon, in which damage to the spinothalamic tracts leaves
intact the pain, temperature, and simple tactile sensations
in sacral dermatomes, is referred to as sacral sparing.

Damage to the dorsal columns as well as to the neospi-
nothalamic tracts on one side elicits the following symp-
toms. On the ipsilateral side below the level of the lesion,
there is a loss of conscious proprioception, but the sensa-
tions of pain, temperature, and simple touch are preserved.
On the contralateral side below the level of the lesion, just
the reverse is true; that is, there is a loss of pain, tempera-
ture, and simple tactile sensations, while conscious prop-
rioception is preserved.

Indirect Pathways. These pathways are involved in the auto-
nomic, endocrine, motor, and arousal components of pain,
temperature, and simple tactile sensations. Indirect path-
ways are also involved in activation of pain-inhibiting
mechanisms (see Chapter 15). The axons of these neurons
ascend in the spinal cord bilaterally, show poor somato-
topic organization, and make multiple synapses in the
reticular formation, hypothalamus, and limbic system. The
pathways described in the following sections are included
in this system.

Paleospinothalamic Tract. The neurons of this pathway are
located in the dorsal horn and intermediate gray matter.
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The axons of these neurons ascend contralaterally as well
as ipsilaterally in the ventrolateral quadrant of the spinal
cord (ipsilateral projection is not shown in Fig. 9-11A).
The axons ascending in the spinal cord make several syn-
apses in the reticular formation of the brainstem (medulla,
pons, and midbrain) and finally project to the midline and
intralaminar thalamic nuclei (see Chapters 13 and 26).
These nuclei, in turn, project in a diffuse manner to the
cerebral cortex, especially to limbic regions such as the
cingulate gyrus.

Spinoreticular Tract. The neurons of this pathway are also
located in the dorsal horn and intermediate gray matter.
One group of these axons terminates in the medullary
reticular formation and another ascends to the pontine
reticular formation (Fig. 9-11B [see also Chapters 10 and
11]). The projections from the spinal cord to the brain-
stem are both crossed and uncrossed (uncrossed projection
is not shown in Fig. 9-11B). Although details regarding
the projections of ascending spinoreticular fibers have not
been delineated, it is believed that these fibers transmit
sensory information to the reticular formation, which, in
turn, activates the cerebral cortex through secondary and
tertiary projections via the midline and intralaminar tha-
lamic nuclei (see Chapters 23 and 26). The thalamocorti-
cal projections, in turn, are highly diffuse and influence
wide areas of the cerebral cortex.

Spinomesencephalic Tract. The neurons of this pathway are
also located in the dorsal horn and intermediate gray mat-
ter. The axons of these neurons ascend to the midbrain
where they terminate in periaqueductal gray (PAG), a
region surrounding the cerebral aqueduct (Fig. 9-11C).
This pathway presumably activates PAG neurons, which
send descending indirect projections to the spinal cord to
inhibit pain sensation at this level (see Chapter 15). As is
the case with spinoreticular fibers, details regarding the
distribution of spinomesencephalic fibers have not been
clearly established. It is believed that sensory information
associated with this tract is transmitted to the amygdala
via parabrachial nuclei.

Long Descending Tracts

These tracts mediate motor functions including volun-
tary and involuntary movement, regulation of muscle
tone, modulation of spinal segmental reflexes, and regu-
lation of visceral functions. The corticospinal tract arises
from the cerebral cortex, and the tectospinal and rubro-
spinal tracts arise from the midbrain. The remaining
tracts arise from different nuclear groups within the lower
brainstem. These tracts include the lateral and medial
vestibulospinal and reticulospinal tracts that arise from
the pons and medulla. In addition, other descending
pathways that arise from medullary nuclei modulate auto-
nomic functions. It should be noted that the corticospi-
nal and rubrospinal pathways are mainly concerned with
control over the flexor motor system and fine movements
of the limbs, whereas the vestibulospinal and reticulospi-
nal systems principally regulate antigravity muscles, pos-
ture, and balance.
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Indirect spinothalamic pathways. These pathways mediate the affective and arousal components of pain, temperature, and simple tactile sen-

sations. (A) The ascending axons in the paleothalamic tract synapse in the brainstem reticular formation and neurons in midline and intralaminar thalamic
nuclei, which then project diffusely to the cerebral cortex including the cingulate gyrus. (B) In the spinoreticular tract, one group of ascending axons projects
to the medullary reticular formation, and the other group projects to the pontine reticular formation. The neurons in the reticular formation then project to
neurons located in the midline and intralaminar thalamic nuclei. These thalamic neurons then project to the cerebral cortex. (C) In the spinomesencephalic
tract, ascending axons terminate on the periaqueductal gray neurons that, in turn, project to neurons in the amygdala via the parabrachial nuclei.

Corticospinal Tract

This tract is involved in the control of fine movements. It is
the largest and perhaps the most important descending
tract in the human CNS. A schematic representation of the
course of this tract is shown in Figure 9-12. It arises from the
cerebral cortex, passes through the medullary pyramids, and
terminates in the spinal cord. The corticospinal tract is
somatotopically organized throughout its entire projection,
and its structure and function are described in detail in
Chapter 19. In brief, the cells of origin functionally

associated with the arm are located in the lateral convexity
of the cortex, whereas the cells of origin functionally associ-
ated with the leg are located along the medial wall of the
hemisphere. This somatotopic organization is called a cor-
tical homunculus. Many of these axons control the fine
movements of the distal parts of the extremities. The axons
arising from the cortex converge in the corona radiata and
then descend through the internal capsule, crus cerebri in
the midbrain, pons, and medulla. A majority (about 90%)
of the fibers cross to the contralateral side at the juncture of



FIGURE9-12  The corticospinal tract. This tract arises
from the motor cortex (precentral gyrus), passes
through the medullary pyramids, and terminates in
the spinal cord. Note that a majority of corticospinal
fibers cross to the contralateral side in the caudal
medulla (pyramidal decussation) and descend as
the lateral corticospinal tract and the remaining fib-
ers descend ipsilaterally as anterior corticospinal
tract. neuron | = first-order neuron.

Motor cortex
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the medulla and spinal cord, forming the lateral
corticospinal tract, which descends to all levels of the spi-
nal cord and terminates in the spinal gray matter of both
the dorsal and ventral horns. The remaining fibers do not
cross at the juncture of the medulla and spinal cord; these
uncrossed fibers constitute the anterior corticospinal tract.
The fibers in this tract descend through the spinal cord and,
ultimately, cross over at different segmental levels to syn-
apse with anterior homn cells on the contralateral side.

There is a continuation of the anterior median fissure of
the spinal cord on the ventral (anterior) surface of the
medulla. The medullary pyramids are located on either
side of this fissure. The pyramids carry descending corticos-
pinal and corticobulbar fibers. As mentioned earlier, the
corticospinal fibers in the pyramids cross to the contralat-
eral side at the juncture of the medulla and spinal cord.
This decussation, known as the pyramidal decussation,
forms the anatomical basis for the voluntary motor control
of one half of the body by the contralateral cerebral hemi-
sphere. The corticobulbar fibers leave the pyramids as they
descend in the medulla and project to the cranial nerve
and other brainstem nuclei.

The corticospinal tract controls voluntary movements
of both the contralateral upper and lower limbs. Depend-
ing on the extent of the lesion, these functions are lost
when the corticospinal tract is damaged. After a stroke,
first the affected muscles lose their tone. After several days
or weeks, the muscles become spastic, (i.e., they resist pas-
sive movement in one direction) and hyperreflexia occurs
(i.e., the force and amplitude of the myotatic reflexes is
increased, particularly in the legs). The superficial reflexes
(abdominal, cremasteric, and normal plantar) are either
lost or diminished. A Babinski sign, which usually indi-
cates damage of the corticospinal tract, is also present.
This sign is characterized by an abnormal plantar response
(extension of great toe while the other toes fan out) when
the sole of the foot is stroked by a blunt instrument (see
Chapter 19, Fig. 19-12) The normal plantar response con-
sists of a brisk flexion of all toes when the sole of the foot
is stroked by a blunt instrument.

At this time, it is useful to define the terms “upper” and
“lower motor neurons” and their corresponding forms of
paralyses. A lower motor neuron is a neuron whose cell
body lies in the CNS but whose axon innervates muscles.
An upper motor neuron is a neuron that descends from
the cerebral cortex to the brainstem or spinal cord or a
neuron that descends from the brainstem to spinal cord
and synapses with a lower motor neuron. In general, a
lower motor neuron is usually thought of as spinal cord
motor neuron or cranial nerve motor neuron, whereas
upper motor neurons are thought of as corticospinal or
corticobulbar (neurons projecting from cerebral cortex to
the brainstem nuclei) neurons.

The symptoms of damage to the corticospinal tract (i.e.,
loss of voluntary movement, spasticity, increased deep ten-
don reflexes, loss of superficial reflexes, and Babinski sign)
comprise an upper motor neuron paralysis. The symptoms of
lower motor neuron paralysis include: loss of muscle tone,
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atrophy of muscles, and loss of all reflex and voluntary
movement. When both the arm and leg on one side of the
body are paralyzed, the disorder is referred to as hemiplegia.
When one limb on a given side is paralyzed, it is called
monoplegia. A paralysis involving both arms is called diple-
gia. Paralysis of both legs is called paraplegia. Quadriplegia
refers to paralysis of all limbs.

Rubrospinal Tract

The course of this tract is shown in Figure 9-13. The rubro-
spinal tract arises from neurons in the red nucleus (see
Chapter 12). This nucleus is located in the rostral half of
the midbrain tegmentum. The axons of these neurons cross
the midline in the ventral midbrain (called the ventral
tegmental decussation) and descend to the contralateral
spinal cord. Fibers in the rubrospinal tract are somatotopi-
cally arranged. The cervical spinal segments receive fibers
from the dorsal part of the red nucleus, which, in turn,
receive inputs from the upper limb region of the sensori-
motor cortex; the lumbosacral spinal segments receive
fibers from the ventral half of the red nucleus, which in
turn, receive inputs from the lower limb region of the sen-
sorimotor cortex. The fibers of the rubrospinal tract end on
interneurons that, in turn, project to the dorsal aspect of
ventral (motor) horn cells. In humans most of the efferent
fibers emerging from the red nucleus terminate in the infe-
rior olive. The neurons in the red nucleus are activated
monosynaptically by projections from the cortex. The
function of this tract is to facilitate flexor motor neurons
and inhibit extensor motor neurons. Although the effects
of lesions restricted to the red nucleus are not known in
humans, lesions of the midbrain tegmentum including the
red nucleus are known to elicit contralateral motor distur-
bances (e.g., tremor, ataxia, and choreiform activity).

Tectospinal Tract

The neurons from which this tract arises are located in the
superior colliculus (Fig. 9-13). The axons of these neurons
terminate in upper cervical segments. This tract is believed
to aid in directing head movements in response to visual
and auditory stimuli.

Lateral Vestibulospinal Tract

A schematic representation of the course of this tract is
shown in Figure 9-14. This tract arises from neurons of the
lateral vestibular nucleus, which is located at the border of
the pons and medulla. The fibers in this tract are uncrossed
and descend the entire length of the spinal cord. The
descending fibers terminate predominantly on interneu-
rons that activate motor neurons innervating extensor
muscles of the trunk and ipsilateral limb. The lateral ves-
tibular nucleus receives inhibitory inputs from the cerebel-
lum and excitatory inputs from the vestibular apparatus.
Impulses transmitted to the spinal cord by the lateral ves-
tibular nucleus powerfully facilitate ipsilateral extensor
motor neurons and their associated gamma motor neurons,
thereby increasing extensor motor tone. Thus, the main
functions of this tract are to control the muscles that main-
tain upright posture and balance.



Superior colliculus

Tectospinal and
tectobulbar tracts

Ventral tegmental
decussation
Inferior colliculus

Medial lemniscus
Midbrain

Tectospinal and

Rubrospinal and
tectobulbar tracts

rubroreticular
(rubro-olivary) tracts

Pons

Lateral reticular
nucleus

Medulla

Rubrospinal tract
(axons of neuron 1)

FIGURE 9-13  Rubrospinal and tectospinal tracts. The rubrospinal tract
(shown in red) arises from neurons in the red nucleus (located in the
midbrain). The axons of these neurons cross the midline in the ventral
midbrain (called the ventral tegmental decussation) and descend to
the contralateral spinal cord. Fibers of the rubrospinal tract end on
interneurons that,in turn, project to the dorsal aspect of ventral (motor)
horn cells. The neurons giving rise to the tectospinal tract (shown in
blue) are located in the superior colliculus. The axons of these neurons
descend around the periaqueductal gray, cross the midline (called the
dorsal tegmental decussation), join the medial longitudinal fasciculus
in the medulla, and descend in the anterior funiculus of the spinal cord.
They terminate in upper cervical segments. neuron | = first-order
neuron.

Medial Vestibulospinal Tract

This tract arises from ipsilateral and contralateral medial
vestibular nuclei, descends in the ventral funiculus of
the cervical spinal cord, and terminates in the ipsilateral
ventral horn (Fig. 9-14). The main function of this tract
is to adjust the position of the head in response to
changes in posture, such as keeping the head stable while
walking.
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Reticulospinal Tracts

The reticular formation gives rise to three functionally dif-
ferent fiber systems. One component of this system medi-
ates motor functions, a second component mediates
autonomic functions, and a third component modulates
pain impulses.

Fibers arising from the medulla emerge from a group of
large cells located medially called the nucleus reticularis
gigantocellularis. These cells project bilaterally to all lev-
els of the spinal cord, and this pathway is referred to as the
medullary (lateral) reticulospinal tract (Fig. 9-15). A key
function of this pathway is that it powerfully suppresses
extensor spinal reflex activity. In contrast, a separate retic-
ulospinal pathway arises from two distinct nuclear groups
in the medial aspect of the pontine reticular formation;
these two nuclear groups are called the nucleus reticularis
pontis caudalis and nucleus reticularis pontis oralis. These
neurons project ipsilaterally to the entire extent of the spi-
nal cord, and their principal function is to facilitate exten-
sor spinal reflexes. This fiber bundle is called the pontine
(medial) reticulospinal tract (Fig. 9-15).

A second group of descending reticulospinal fibers
mediates autonomic functions. These fibers arise largely
from the ventrolateral medulla and project to the IML of
the thoracolumbar cord. This fiber system excites sympa-
thetic preganglionic neurons in the IML, and these neu-
rons provide sympathetic innervation to visceral organs
(see Chapter 22).

A third group of descending fibers is involved in pain
modulation. The first limb of this pathway consists of
enkephalinergic neurons located in the midbrain PAG
that project to serotonergic neurons located in the nucleus
raphe magnus of the medulla. The second limb of this
pathway consists of projections of these serotonergic neu-
rons to the dorsal horn of the spinal cord, making synaptic
contacts with a second group of enkephalinergic interneu-
rons, which, in turn, synapse upon primary afferent pain
fibers. Therefore, a key function of this descending fiber
system is to modulate the activity of pain impulses that
ascend in the spinothalamic system (see Chapter 15).

Medial Longitudinal Fasciculus

The medial longitudinal fasciculus (MLF) is a bundle of
fibers comprising mainly ascending fibers. However, it also
contains a descending component. Descending fibers of
the MLF arise from the medial vestibular nucleus, the
reticular formation, and the superior colliculus (tectospi-
nal fibers). The fibers in the MLF project primarily to the
ipsilateral upper cervical spinal cord segments and mono-
synaptically inhibit motor neurons located in these seg-
ments. By virtue of its connections with motor neurons in
the cervical cord, the MLF controls the position of the
head in response to excitation by the labyrinth of the ves-
tibular apparatus.

Fasciculi Proprii

The fasciculi proprii include fibers (ascending and
descending, crossed and uncrossed) that arise and end
in the spinal cord. They connect different segments of
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FIGURE9-14 Lateral and medial vestibulospinal
tracts. The lateral vestibulospinal tract (shown
in blue) is uncrossed and arises from neurons of
the lateral vestibular nucleus (located at the
border of the pons and medulla) and descends
the entire length of the spinal cord. The
descending fibers terminate on interneurons
that activate motor neurons innervating exten-
sor muscles in the trunk and ipsilateral limb.
The medial vestibulospinal tract (shown in red)
arises from ipsilateral and contralateral (not
shown) medial vestibular nuclei, descends in
the ventral funiculus of the cervical spinal cord,
and terminates in the ipsilateral ventral horn.
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the spinal cord. These fibers mediate intrinsic reflex | ESJONS OF THE SPINAL CORD

mechanisms of the spinal cord, such as the coordination = frcrrrrrrrrrrrrrereeeneeeaneeaeteiteeateeenteeaneeaneeannanns
of upper and lower limb movements. Signals entering Splnal Cord Transection

the spinal cord at any segment are thus conveyed to A complete transection of the spinal cord results in loss of
upper or lower segments and finally transmitted to ven- muscle tone, motor function, reflex activity, visceral
tral horn cells either directly or through interneurons. sensation, and somatic sensation below the level of the
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FIGURE 9-15 Reticulospinal tracts. The medullary
(lateral) reticulospinal tract (shown in blue) arises
from the nucleus gigantocellularis and projects
bilaterally to all levels of the spinal cord (only ipsilat-
eral projections are shown). The pontine (medial)
reticulospinal tract (shown in red) arises from the
pons and projects ipsilaterally to the entire extent
of the spinal cord. C = cervical. (Used with permis-
sion from Parent A: Carpenter’s Human Neuroanat-
omy, 9th ed. Baltimore: Williams & Wilkins, 1996,
p. 395).
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transection. Immediately after the spinal cord damage,
there is a period during which all spinal reflexes below the
level of transection are attenuated or absent. This condi-
tion is called spinal shock and results from a sudden inter-
ruption of descending excitatory influences on the spinal
cord. Bladder and bowel function are also impaired
because of the disruption of autonomic reflexes of these
organs. In humans, spinal shock lasts for about 1 to
6 weeks. Then, slow recovery of neural function occurs:
First, minimal reflex activity with a Babinski sign appears;
next, flexor spasms are observed, which are then followed
by alternate flexor and extensor spasms and the appear-
ance of predominant extensor spasms.

Brown-Séquard Syndrome

Brown-Séquard syndrome involves a hemisection of the
spinal cord. The primary characteristic is the dissociation
of function between conscious proprioception and pain and
temperature sensations. Loss of conscious proprioception
and two-point discrimination occurs below the level of the
lesion on the ipsilateral side, and loss of pain and tempera-
ture sensation occurs one or two segments below the level
of the lesion on the contralateral side as well as bilaterally.

reticulospinal

Pontine reticular
formation

Medullary reticular
formation

Medullary reticulospinal
tract

There is also an upper motor neuron paralysis below the
level of the lesion on the ipsilateral side and a lower motor
neuron paralysis at the level of the lesion on the ipsilateral
side. This kind of incomplete transection may occur by
fracture dislocation of vertebrae, tumor, or missile wounds.

Amyotrophic Lateral Sclerosis (Lou Gehrig’s Disease)

Amyotrophic lateral sclerosis (ALS) is a progressive degen-
erative disease in which the corticospinal tracts (upper
motor neuron) and ventral horn cells (lower motor neuron)
degenerate, often beginning with the lower limbs and later
involving the upper limbs. Degeneration of the ventral horn
cells in the cervical spinal cord results in weakness and, ulti-
mately, in loss of control in muscles of the hand, trunk, and
lower limbs. Involuntary twitching of muscle fascicles (fas-
ciculations) occurs in these muscles. Bladder and bowel
functions are also impaired due to the loss of descending
autonomic pathways. The cause of this disease is not
known.

Syringomyelia
This disease is due to a developmental or acquired abnor-
mality and is characterized by an expansion of the central
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canal of the spinal cord (see Chapter 2). Such expansion
produces proliferation of glial cells in this region, espe-
cially at the levels of the lower cervical and upper thoracic
cord. In this condition, there is a segmental loss of pain
and thermal sensation because there is an interruption of
crossing fibers of the spinothalamic tracts in the same and
adjoining segments at the level of the lesion. Because tac-
tile sensation is largely preserved, while pain and thermal
sensation is lost, it is another example of “dissociated sen-
sory loss.”

Tabes Dorsalis

Tabes dorsalis represents late consequences of syphilitic
infection of the nervous system and is also referred to as
tertiary syphilis or neurosyphilis. In this syndrome, the
large diameter central processes of the dorsal root ganglion
neurons (primary afferent sensors) degenerate, especially
in the lower thoracic and lumbosacral segments. There-
fore, the fibers in the fasciculus gracilis degenerate, and
there is a loss of vibration sensation, two-point discrimina-
tion, and conscious proprioception. The loss of conscious
proprioception results in ataxia (uncoordinated muscular
movements) because the patient is now deprived of the
“conscious” sensory feedback of signals that detect the
position of the lower limbs at any given point in time.

Multiple Sclerosis
This disease has been described in Chapter 6.

Combined Systems Disease

Combined systems disease results from a deficiency of
enzymes necessary for vitamin B, absorption. Deficiency
of vitamin B, results in pernicious anemia as well as
degenerative changes in the dorsal and lateral funiculi of
the spinal cord. These patients have defects in both sen-
sory and motor function. The symptoms of sensory loss
include tingling and the loss of senses of vibration and
position. Disturbance in motor function includes upper
motor neuron dysfunction. This may include a weakness of
the lower limbs and an ataxic gait.

Lesions of the Dorsal Root

Section of three consecutive dorsal roots causes abolition
of all sensory function in a particular dermatome (anesthe-
sia of the dermatome); section of one dorsal root does not
cause much sensory loss because of overlap between der-
matomes that are associated with intact dorsal roots and
those that are damaged. With muscle tone also dependent
on segmental reflexes, interruption of the afferent limb of
these reflexes caused by the section of a dorsal root results
in loss of muscle tone innervated by the affected segment.

Lesions of the Ventral Root

These lesions abolish motor functions of the muscles
innervated by the affected segment. For example, section
of the ventral root of C8 will result in paralysis of the mus-
cles of the hand. Similarly, section of thoracic ventral roots
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will result in disturbances in the function of visceral organs
innervated by them.

SPINAL REFLEXES

A spinal reflex involves discharge of an efferent motor
neuron in response to afferent stimulation of sufficient
intensity. Spinal reflexes are modulated by supraspinal
mechanisms. However, when continuity of supraspinal
pathways is interrupted (e.g., by damage to the spinal cord),
the spinal reflexes remain intact below the level of the
lesion and are often exaggerated. Clinically, symptoms of
motor dysfunctions can be readily identified by testing the
integrity of spinal reflexes. The neural mechanisms involved
in different important spinal reflexes are summarized in the
following sections.

Myotatic Reflex
Receptors

The myotatic reflex (also called stretch or deep tendon
reflex or knee-jerk response) is the basis of the knee-jerk
response routinely tested in neurologic examinations.
The primary receptor involved in the initiation of the
myotatic reflex is the muscle spindle. Muscle spindles are
present in all skeletal muscles with a few exceptions
(e.g., the muscles in the middle ear). Each spindle con-
sists of a connective tissue capsule in which there are 8 to
10 specialized muscle fibers called intrafusal fibers (see
Chapter 15). The intrafusal fibers and the connective tis-
sue capsule in which they are located are oriented parallel
to the surrounding larger skeletal muscle fibers called
extrafusal fibers, which are involved in the movement of
the limb. In larger intrafusal muscle fibers, the nuclei are
located in the center of the fiber. These fibers are called
the nuclear bag fibers. In other intrafusal fibers, the
nuclei are arranged in a single file. These fibers are called
nuclear chain fibers. Fast-conducting, large myelinated
axons (called Group la afferents) encircle the middle of
both types of intrafusal fibers, and these axon terminals
constitute the primary sensory ending of the spindle.
Group I afferent axons provide the secondary sensory
innervation to the intrafusal fibers. The intrafusal fibers
contract when gamma motor neurons are activated
because these fibers are innervated by the spinal gamma
motor neurons.

Circuitry and Mechanisms

A schematic representation of the circuitry involved in
the myotatic reflex is shown in Figure 9-16. The mecha-
nism of muscle contraction in response to its stretching is
summarized as follows using the quadriceps muscle (exten-
sor) as an example. When a quick tap is delivered to the
patellar tendon, the quadriceps muscle is stretched briefly,
the intrafusal fibers in the muscle spindle are deformed
briefly, and action potentials are initiated by activating
mechanically gated ion channels in the afferent axons
coiled around the intrafusal fibers, resulting in a volley of
discharge in group la afferent fibers emerging from the
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FIGURE9-16 Myotatic reflex. When a quick
tap is delivered to the patellar tendon,
the quadriceps muscle is stretched, and
the reflex response is a contraction of the
homonymous muscle (quadriceps in this
case). In the myotatic reflex, there is recip-
rocal inhibition of the antagonist muscle
(heteronymous muscle). (Reproduced
with permission from Bear MF, et al.: Neu-
roscience: Exploring the Brain, 3rd ed.
Philadelphia: Williams & Wilkins, 2007,
p.441)

spindle (see Chapter 15 for structure of muscle spindle).
These fast-conducting afferent fibers synapse directly on
alpha motor neurons in the spinal cord, which innervate
extrafusal muscle fibers of the same muscle in which the
muscle spindle is located (homonymous muscle). The
impulses conducted through the la afferent fibers result in
excitation of alpha motor neurons, which, in turn, elicit
contraction of the homonymous muscle (quadriceps in
this case) causing extension of the leg. Thus, the myotatic
reflex is monosynaptic and involves a two-neuronal arc
consisting of the la fiber from the stimulated muscle spin-
dle and the alpha motor neuron that innervates the
homonymous muscle. Note that this reflex is of short dura-
tion because of the inhibitory action of the Renshaw cell
on the alpha motor neuron (see Fig. 9-4B).

Reciprocal Inhibition in the Myotatic Reflex

Group Ia fibers from a muscle spindle also make an exci-
tatory synapse with an inhibitory interneuron in the spi-
nal cord, which, in turn, makes an inhibitory synapse
with an alpha motor neuron innervating the antagonist

muscle

. Alpha motor neuron
ligament projection to antagonistic
\ (heteronymous muscle)

(heteronymous) muscle (Fig. 9-16). An antagonist muscle
is one that controls the same joint but has an antagonis-
tic mechanical function. For example, an extensor has an
antagonistic action to that of a flexor. Thus, activation of
group la muscle spindle afferents causes contraction of
homonymous muscles while producing reciprocal inhibi-
tion of antagonist muscles. The end result of this process
is to resist the changes in muscle length through a nega-
tive feedback loop.

Inverse Myotatic Reflex

A schematic representation of the circuitry involved in the
inverse myotatic reflex is shown in Figure 9-17. The Golgi
tendon organ is another sensory receptor that plays an
important role in regulating the motor unit activity. It is
located in the tendon of the muscle (see also Chapter 15).
The Golgi tendon organ is a high-threshold receptor that
senses tension of the muscle; the muscle spindle, which has
a much lower threshold, senses length of the muscle. Con-
traction of the muscle or stretching of the muscle (e.g., in
whole-limb movement) constitutes the sufficient stimulus
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required for activation of the Golgi tendon organ.
Activation of the Golgi tendon organ produces a volley in
the associated afferent fiber (Ib fiber). This afferent fiber
makes an excitatory synapse with an interneuron that inhib-
its the alpha motor neuron that innervates the homony-
mous muscle group. The net effect is that the period of
contraction of the muscle in response to a stretch is reduced.
This type of response (i.e., reduction of contraction of
homonymous muscle) elicited by stimulation of Golgi ten-
don organs is referred to as the inverse myotatic reflex.

Resetting of the Muscle Spindle Through the Gamma Loop
Gamma motor neurons, located in the ventral horn of the
spinal cord and intermingled among alpha motor neurons,
constitute lower motor neurons because they innervate
skeletal muscle. As stated earlier, gamma motor neurons
innervate the polar ends of intrafusal muscle fibers. Their
activation produces contraction of the intrafusal muscle
fibers at their polar ends, which results in stretching of the
muscle spindle in the middle, causing the spindle to dis-
charge. Thus, the primary function of the gamma motor
neuron is not to cause the direct contraction of the
extrafusal muscle but to reset the spindle mechanism and
increase the likelihood of discharge of Ia afferent fibers. In
this manner, the gamma motor neurons indirectly lead to
contraction of the extrafusal muscle fibers because of their
actions upon the spindle mechanism, which results in
reflex activation of alpha motor neurons.

Modulation of Muscle Tone by Gamma Motor Neurons

It is also important to point out that the gamma motor
neurons are under supraspinal control. Descending motor
fibers principally from the reticular formation (i.e., the lat-
eral and medial reticulospinal tracts) but also from other
regions, such as the cerebral cortex and lateral vestibular
nucleus, can modulate muscle tone by exciting or inhibit-
ing gamma motor neurons. For example, excitation of
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FIGURE9-17  Inverse myotatic reflex. Contraction of the muscle or
stretching of the muscle (e.g., in whole-limb movement) activates
the Golgi tendon organs, and a volley of discharge is produced in
the Ib fibers. Inhibitory interneurons are excited and alpha motor
neurons innervating the homonymous muscle group are inhibited;
the result is a reduction in the period of muscle contraction. (Used
with permission from Bear MF, et al.: Neuroscience: Exploring the
Brain, 3rd ed. Philadelphia: Williams & Wilkins, 2007, p. 444.)

gamma motor neurons by the medial reticulospinal tract
causes an increase in muscle tone and a general facilitation
of the stretch reflex. Conversely, activation of the lateral
reticulospinal tract causes inhibition of gamma motor neu-
rons and subsequent inhibition of the stretch reflex. In
general, the descending motor fibers function in concert in
order to constantly regulate muscle tone by providing con-
verging inputs onto gamma motor neurons.

Flexion (Withdrawal) Reflex
Receptors

The flexion reflex is primarily mediated by pain receptors
(nociceptors) consisting of free nerve endings. Noxious
stimuli activate these receptors.

Circuitry and Mechanism

A schematic representation of the circuitry involved in
the flexion reflex is shown in Figure 9-18. When a noxious
stimulus is applied to the skin or deeper structures, free
nerve endings are stimulated, and the resulting impulses
are conducted through myelinated afferent fibers of small
diameter (group II fibers) and unmyelinated afferent fibers
(group 1V fibers) (see Chapter 15, Table 15-1). These fib-
ers synapse with a number of alpha motor neurons located
in the spinal cord. These connections are polysynaptic,
and at least three to four interneurons are involved. Acti-
vation of these polysynaptic pathways in the spinal cord
results in contraction of ipsilateral flexor muscles, produc-
ing flexion and relaxation of ipsilateral antagonist exten-
sor muscles. The net effect of this reflex is to withdraw the
limb in response to a noxious stimulus.

Crossed Extension Reflex
Receptors

Nociceptors are also involved in the crossed extension
reflex.
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FIGURE 9-18  Flexor (withdrawal) reflex. A noxious
stimulus (in this case stepping on a thumbtack)
applied to the skin or deeper structures stimulates
free nerve endings, and the resulting impulses are
conducted through small-diameter myelinated
afferent fibers and unmyelinated afferent fibers.
These fibers make polysynaptic connections with
at least three to four excitatory interneurons. The
result is that ipsilateral flexor muscles contract,
ipsilateral antagonist extensor muscles relax, and
the person withdraws the limb in response to the
noxious stimulus. (Used with permission from Bear
MF, et al.: Neuroscience: Exploring the Brain, 3rd
ed. Philadelphia: Williams & Wilkins, 2007, p. 446.)

FIGURE9-19 Crossed extension reflex. Noxious stimulation (in this
case stepping on a thumbtack) activates pain fibers, and the
impulses generated are conducted to the spinal cord via afferents
that send collaterals through the anterior commissure to alpha
motor neurons innervating contralateral flexor and extensor mus-
cles. Activation of these polysynaptic pathways results in relaxa-
tion of contralateral flexor muscles, while contralateral extensor
muscles are contracted. This neuronal circuitry of the flexion and
crossed extension reflexes permits extension of the limb contralat-
eral to the site of noxious stimulation and withdrawal (flexion) of
the limb ipsilateral to it. (Used with permission from Bear MF, et al.:
Neuroscience: Exploring the Brain, 3rd ed. Philadelphia: Williams &
Wilkins, 2007. p. 446).

Circuitry and Mechanism

A schematic representation of the circuitry involved in
the crossed extension reflex is shown in Figure 9-19. As
noted with reference to the flexion reflex, a noxious stimu-
lation activates pain fibers, and the impulses generated are
conducted to the spinal cord via afferents, which send col-
laterals through the anterior commissure of the spinal cord
that make multisynaptic connections with alpha motor
neurons that innervate contralateral flexor and extensor
muscles. Activation of these pathways produce effects
opposite to those described for ipsilateral flexor and exten-
sor muscles following activation of the flexor reflex. For
example, contralateral flexor muscles are relaxed (note
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that in the flexion reflex, ipsilateral flexor muscles are
contracted), while contralateral extensor muscles are
contracted (note that in the flexion reflex, ipsilateral
extensor muscles are relaxed). This neuronal circuitry of
the flexion and crossed extension reflexes permits exten-
sion of the limb contralateral to the site of noxious stimula-
tion and withdrawal (flexion) of the limb ipsilateral to it.

Synchronization of Reflexes of Upper
and Lower Limbs

Dorsal root fibers branch after they enter the spinal cord.
Some of these collaterals synapse directly on alpha motor
neurons. Other collaterals synapse on interneurons; the
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axons of these interneurons synapse on motor neurons in
the same segment, rostral segments, or caudal segments.
These ascending and descending axons, crossed or
uncrossed, begin and end in the spinal cord and connect
many segments. This intersegmental collection of fibers is
referred to as fasciculus proprius or spinospinal columns.
The reflexes of upper and lower limbs are thus synchro-
nized by the fasciculus proprius system. Therefore, as
indicated, the function of this system is to synchronize
movements and functions of the upper and lower limbs on

each side of the body.

Clinical Case

History

Steve is a 37-year-old man who was well until he developed a weakness of his
left leg for a few weeks. During this period of time, he gradually began to drag
the leg when he walked, and he also noticed that his left leg was numb over the
entire leg. He was no longer able to participate in his weekly golf game.

Examination

Steve went to a neurologist. The neurologist examined him and found no
problems with Steve’s speech, his cranial nerves, or the sensory or motor function
of his arms. His left leg was extremely weak, and the knee-jerk and ankle-jerk
reflexes were very brisk. Whereas vibration and position sense were absent on
the left leg, pain and temperature sense were absent on the right leg. Pain
sensation, when tested with a pinprick was absent on the right aspect of the
trunk below the level of the umbilicus, and, at this level, there was also some
segmental bilateral loss of pain sensation. When the lateral plantar surface of
Steve’s left foot was scratched, the great toe dorsiflexed, and the other toes
fanned. When this maneuver was repeated on the opposite side, the toes curled
under.

Explanation

The spinal cord syndrome described in Steve’s case is called the Brown-Séquard
syndrome, or hemisection of the spinal cord. In this case, the left side of the
spinal cord was injured, causing damage to the corticospinal tract and resulting
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LOCOMOTION

Rhythmic stepping involves coordination of contraction of
several muscle groups. The neural circuits that coordinate
this thythmic stepping are located in the spinal cord. How-
ever, supraspinal systems are also necessary for normal goal-
directed locomotion. Humans with complete spinal cord
transections cannot exhibit rhythmic stepping because,
corticospinal, rubrospinal, and reticulospinal descending
systems are phasically active during locomotion.

in upper motor neuron weakness on the ipsilateral side. The weakness is
ipsilateral because the damage is caudal to the level at which the corticospinal
tracts cross in the medullary pyramid. Position and vibratory sense are also lost
on the ipsilateral side because the tract in which these fibers travel (fasciculus
gracilis) also crosses above the lesion in the medulla. The loss of pain and
temperature are on the contralateral side because first-order pain and
temperature fibers enter the dorsal root and make synaptic contact with
neospinothalamic tract neurons, whose axons cross over to the opposite side.
Although the sensory level of diminished function was perceived to be at the
umbilicus (approximately T10), the actual lesion was localized to T8 or T9.This is
due to the fact that the first-order fibers carrying pain sensation in the zone of
Lissauer ascend and descend one to two segments before making synaptic
contact with second-order neospinothalamic neurons.The reason for the bilateral
segmental loss of pain sensation at the approximate level of the lesion is that
hemisection of the cord destroys the crossing neospinothalamic fibers from both
sides in the anterior white commissure.

The Brown-Séquard syndrome results from a variety of causes, including
tumors and infections of the spinal cord. In Steve’s case, his neurologist ordered a
magnetic resonance imaging study of his thoracic spine, which revealed a
meningioma, a type of usually benign tumor that was compressing the spinal
cord at the level of T8. Several therapies were presented to Steve for relief of his
symptoms, including the possible removal of the tumor.

==
S

Questions
Choose the best answer for each question.

1. A 27-year-old male was involved in a street brawl, and
during the fight, he was stabbed in the back. He lost con-
sciousness and was rushed to the emergency room of a
local hospital. After regaining consciousness, the patient
received a neurologic examination. The patient indicated
to the neurologist that he could not feel any pricks of a
safety pin when tested along a band of an approximately
4-cm ring, which included both sides of his back. The
patient was able to recognize tactile stimulation when
tested on his arms and legs of both sides of the body as
well as on the back or chest. Motor functions appeared to

be intact. The neurologist concluded that the patient

suffered damage of the:

a. Substantia gelatinosa

b. Dorsal root ganglion of the left side

c. Lateral funiculus of both the lumbar and thoracic cords
of the left side

d. Region surrounding the central canal of thoracic cord

e. Dorsal columns at the level of thoracic cord, bilaterally

2. A security guard at a bank was shot in the back during an
attempted bank robbery. He was admitted to the emer-
gency room, and when he regained consciousness, he was
given a neurologic examination. The patient indicated that
he could not detect tactile stimulation of the left leg,
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although sensation in the left arm after similar stimulation
was intact. When a pinprick was applied to all four limbs, the
patient said that he could not feel the sensation in his right
leg, whereas this sensation was present in his left leg and
both arms.In addition, further neurologic examination indi-
cated that the patient could not move his left leg. The neu-
rologist concluded that there was damage to the:

a. Dorsal horn of the right side of the thoracic cord

b. Region surrounding the central canal of the lumbar cord
c. Region of the dorsal columns, bilaterally

d. Ventral horn of the left side of the thoracic cord

e. Left half of lower thoracic cord

3. A69-year-old woman was admitted to a local hospital after
she reported that she couldn’t move her legs. Neurologic
examination indicated that, not only did she lose motor
functions in both of her legs, but that she could not detect
any sensation in either leg when probed with a safety pin.
However, she was aware of sensation in both legs when the
neurologist applied tactile stimulation to them. It was con-
cluded that the patient suffered damage to the:

a. Anterior half of both sides of the spinal cord at the
lumbar level

b. Posterior half of both sides of the spinal cord at the
lumbar level

¢. Region surrounding the central canal of the lumbar
cord

d. Left half of the cervical cord

e. Dorsal roots of the lower thoracic cord, bilaterally

4. A 61-year-old man complained to his local physician that
his legs had begun to feel weak over the past few months
and that the weakness was progressive over time. Some
time following the initial examination, the patient was
unable to move his legs and, several months later, his
arms began to show weakness as well. Eventually, he
couldn’t move his limbs at all, and, in addition, he began
to lose bladder control.Sensation seemed to be relatively
intact. A comprehensive neurologic examination led the
neurologist to conclude that the patient was suffering
from:

a. Syringomyelia

b. Amyotrophic lateral sclerosis
c. Multiple sclerosis

d. Combined systems disease
e. Tabes dorsalis

5. Asaresult of a vascular lesion of the brainstem, an afflicted
individual displays a rather extensive marked rigidity in his
limbs. The pathway most likely responsible for this rigidity
is the:

a. Medial longitudinal fasciculus
b. Rubrospinal tract

c. Tectospinal tract

d. Lateral reticulospinal tract

e. Lateral vestibulospinal tract

Answers and Explanations

1. Answer:d
Bilateral segmental loss of pain is the result of damage to
the region surrounding the central canal of the spinal cord.
This is due to damage to the crossing fibers of the lateral
spinothalamic tracts (on each side) at a specific level of the
cord. Damage to the substantia gelatinosa or dorsal root

ganglia could only account for unilateral loss of pain.
Damage to the lateral funiculus at both lumbar and tho-
racic levels on one side would likewise not account for
bilateral loss of pain and, additionally, such a lesion would
not be segmental. Dorsal column lesions would not affect
the pathways mediat- ing pain but,instead, would affect
conscious proprioception.

. Answer:e

This disorder is a classic example of Brown-Séquard
syndrome, in which there is damage to one side of the spi-
nal cord.Such a lesion would cause loss of conscious prop-
rioception below the lesion on the same side (i.e., leftleg in
this case) and loss of pain in the contralateral limb below
the lesion (i.e., right leg). Sensation from other regions
would remain intact. Because of the damage to the ventral
horn and lateral funiculus, there would be loss of ability to
move the limb at the level of the lesion or below it (i.e., left
leg).A dorsal horn lesion of the right side could not account
for the loss of sensation on the left side. Damage to the
region of the central canal would only produce loss of pain
bilaterally and segmentally (see answer to Question 1).
Damage to the dorsal columns would only affect conscious
proprioception but not pain. A ventral horn lesion would
not affect sensory functions, such as pain and conscious
proprioception.

. Answer:a

This is an example of an individual who suffered an occlu-
sion of the anterior spinal artery, affecting the ventral half
of the spinal cord. Such an occlusion would affect the ven-
tral horns on both sides, causing paralysis of both legs.
Damage to the ventral half of the spinal cord would also
affect the spinothalamic tracts, resulting in the loss of pain
impulses below the lesion bilaterally. Damage to the pos-
terior half of the spinal cord would affect conscious
proprioception but would not affect transmission of pain
and temperature. Damage to the region of the central
canal would only produce segmental loss of pain and tem-
perature but would have no motor effects. Damage to the
left half of the cervical cord would produce Brown-Séquard
syndrome (see answer to Question 2).Dorsal root ganglion
damage would only produce sensory loss but would not
cause limb paralysis.

. Answer:b

Progressive loss of motor functions, starting with the lower
limbs and extending to the upper limbs, is characteristic of
amyotrophic lateral sclerosis, which results in the destruc-
tion of ventral horn cells and, eventually, descending motor
pathways. There is little or no sensory loss. In contrast, the
other choices produce disorders that include components
of sensory loss.

. Answer:e

Impulses transmitted to the spinal cord by the lateral vestibu-
lar nucleus powerfully facilitate ipsilateral extensor motor
neurons and increase extensor motor tone.The main function
of this tract is to control the muscles that maintain upright
posture and balance.The descending fibers of the medial lon-
gitudinal fasciculus do not descend beyond the cervical level
and have no effect on functions of the lower limbs.The rubro-
spinal tract is known to facilitate the flexor musculature, and
the lateral reticulospinal tract inhibits spinal reflex activity.
Damage to the tectospinal tract does not produce rigidity.
The tectospinal tract is believed to aid in directing head
movements in response to visual and auditory stimuli.
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CHAPTER SUMMARY TABLE
Spinal Cord Tracts
Tract Receptors Course and Distribution® Functions Effects of Lesions
Long Ascending Spinal Tracts
Fascicu- Meissner’s Exists at all levels of spinal cord; Carries information Loss of sensations of
lus gra- (touch), Mer- located medial to fasciculus cuneatus, about fine touch, fine touch, pressure,
cilis® kel's (pres- central processes of first-order neu- pressure, vibration vibration sensation,
sure), rons ascend ipsilaterally and terminate sensation, and con- and conscious propri-
Pacinian on second-order neurons located in scious propriocep- oception from lower
(vibration), ipsilateral medullary nucleus gracilis; tion (sense of body and limbs ipsilat-
and joint axons of second-order neurons cross position and eral to lesion; ataxia
receptors in midline (internal arcuate fibers) to movement) from due to loss of con-
(kinesthe- form medial lemniscus and ascend to the lower body scious proprioception
sia—posi- synapse on third-order neurons and limbs (sacral, from lower limbs
tion and located in contralateral thalamic ven- lumbar and T6-T12
movement) tral posterolateral nucleus; axons of region) to brain-
third-order neurons terminate in stem
medial aspect of sensorimotor cortex
Fasciculus Meissner’s Exists at T6 thoracic levels and cervical Carries information Loss of sensations of
cuneatus? (touch), Mer- levels; located lateral to fasciculus gra- about fine touch, fine touch, pressure,
kel's (pres- cilis; central processes of first-order pressure, vibration vibration sensation,
sure), neurons ascend ipsilaterally and termi- sensation, and con- and conscious propri-
Pacinian nate on second-order neurons located scious propriocep- oception from upper
(vibration), in ipsilateral medullary nucleus cunea- tion (sense of body and limbs ipsilat-
and joint tus; axons of second-order neurons position and eral to lesion
receptors project to third-order neurons located movement) from
(kinesthe- in contralateral thalamic ventral poste- upper body and
sia— posi- rolateral nucleus; axons of third-order limbs to brainstem
tion and neurons terminate in lateral aspect of
movement) sensorimotor cortex
Dorsal Muscle spin- Central processes of first-order neu- Transmits signals Likely gait ataxia
(posterior) dles, Golgi rons project to neurons in nucleus from muscle spin-
spino-cer- tendon dorsalis of Clarke (C8 to L2); axons of dle and Golgi ten-
ebellar organsin these neurons ascend ipsilaterally, don afferents in
tract lower limbs reach inferior cerebellar peduncle in lower limb to cere-
medulla, and terminate ipsilaterally in bellum, which
cerebellar vermis of anterior lobe coordinates non-
conscious proprio-
ception
Ventral Golgi ten- Central processes of first-order neu- Transmits informa- Unknown
(anterior) don organs rons project to second-order neurons tion from Golgi
spino- in lower in dorsal horn; axons of most second- tendon organs
cerebellar limbs order neurons cross to contralateral located in lower
tract lateral funiculus and ascend to pons limb to cerebellum
where they join superior cerebellar
peduncle, cross again to other side,
and terminate in cerebellar vermis of
anterior lobe
Cuneo- Muscle spin- Central processes of first-order neu- Transmits informa- Loss of nonconscious
cerebellar dles, Golgi rons ascend ipsilaterally in fasciculus tion about muscle proprioception and
tract tendon cuneatus and synapse on neurons in spindle and Golgi coordination of upper
organsin accessory cuneate nucleus; neurons in tendon afferents in limbs ipsilateral to
upper limbs this nucleus give rise to cuneocerebel- upper limb to cere- lesion
lar tract, which terminates ipsilaterally bellum
in cerebellar vermis of anterior lobe
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Tract Receptors Course and Distribution® Functions Effects of Lesions
Long Ascending Spinal Tracts
Rostral Golgi ten- Same as in ventral spinocerebellar Transmits informa- Unknown
spino- don organs tract except that afferents are from tion from Golgi
cerebellar in upper upper limb, tract is uncrossed, and it tendon organs
tract limbs enters cerebellum via inferior cerebel- located in upper
lar peduncle (not known if present in limb to cerebellum
humans)
Spino- Nociceptors: Direct: Mediates discrimi- Cervical Lesion: Com-
thalamic Free nerve Neospinothalamic Tract: Neurons that native component plete loss of pain, tem-
tract® endings give rise to this tract arise mainly from of pain sensation perature, and simple
mediating proper sensory nucleus (lamina lll and tactile sensations on
mechanical, IV); axons of these neurons cross contralateral side of
thermal,and obliquely to enter contralateral white body (upper and lower
polymodal matter,ascend in lateral funiculus,and limbs and trunk Lum-
sensations synapse on third-order neurons located bar Lesion: Loss of

primarily in ventral posterolateral
nucleus of thalamus that projects to pri-
mary somatosensory cortex in postcen-
tral gyrus

Indirect:

Paleospinothalamic Tract: Neurons of
this pathway are located in dorsal horn
and intermediate gray matter; axons of
these neurons ascend bilaterally, make
several synapses in reticular formation
of medulla, pons, and midbrain,and
finally project to midline and intralami-
nar thalamic nuclei, which then project
in a diffuse manner to cerebral cortex.
Spinoreticular Tract: Neurons of this
pathway are also located in dorsal
horn and intermediate gray matter;
their axons ascend bilaterally and
terminate on neurons located in
medullary and pontine reticular
formation; these neurons activate
cerebral cortex through secondary
and tertiary projections via midline
and intralaminar thalamic nuclei.
Spinomesencephalic Tract: Neurons of
this pathway are also located in dorsal
horn and intermediate gray matter;
axons of these neurons ascend to
midbrain where they terminate in
PAG; activation of neurons in PAG
results in inhibition of pain sensation
at spinal level via indirect descending
projections; sensory information
carried by this tract is also transmitted
to amygdala via parabrachial nuclei

Mediate arousal-
emotional compo-
nents of pain
sensation

pain, temperature, and
simple tactile sensa-
tions in contralateral
lower limb and trunk

Lesions of these tracts
are believed to cause a
loss of arousal-emo-
tional components of
pain
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response to visual
and auditory stimuli

® ®  Scciion Il ORGANIZATION OF THE CENTRAL NERVOUS SYSTEM
-
Tract Origin Course and Distribution® Functions Effects of Lesions
Long Descending Spinal Tracts
Cortico- Cerebral Arises from cerebral cortex, passes Controls voluntary Voluntary control of
spinal cortex through medullary pyramids, and termi- movements of contralateral upper
tract nates in spinal cord; in cortex, cells func- both contralateral and lower limbs is lost
tionally associated with arm and leg are upper and lower when corticospinal
located in lateral convexity and medial limbs tract is damaged;
wall of hemisphere, respectively (corti- symptoms of damage
cal homunculus); axons arising from to corticospinal tract
cortex converge in corona radiata and (i.e., loss of voluntary
descend through internal capsule, crus movement, spasticity,
cerebri in midbrain, pons,and medulla; a increased deep ten-
majority (about 90%) of fibers cross to don reflexes, loss of
contralateral side at juncture of medulla superficial reflexes,
and spinal cord (pyramidal decussation), and Babinski sign)
forming lateral corticospinal tract, which comprise an “upper
descends to all levels of spinal cord and motor neuron paraly-
terminates in spinal gray matter of both sis”; symptoms of
dorsal and ventral horns; remaining “lower motor neuron
uncrossed fibers (anterior corticospinal paralysis”include loss
tract) descend through spinal cord and of muscle tone, atro-
cross over at different segmental levels phy of muscles, and
to synapse with anterior horn cells on loss of all reflex and
contralateral side; pyramidal decussa- voluntary movement
tion forms anatomical basis for volun-
tary motor control of one half of body
by contralateral cerebral hemisphere
Rubrospi- Red nucleus Axons of red nucleus neurons cross Function of this Although effects of
nal tract (located in midline in ventral midbrain (ventral tract is to facilitate lesions restricted to
the rostral tegmental decussation) and descend flexor motor neu- red nucleus are not
half of the to contralateral spinal cord; fibers in rons and inhibit known in humans,
midbrain rubrospinal tract are somatotopically extensor motor lesions of midbrain
tegmentum) arranged; cervical spinal segments neurons tegmentum including
receive fibers from dorsal part of red red nucleus are
nucleus, which receives inputs from reported to elicit con-
upper limb region of sensorimotor tralateral motor distur-
cortex; lumbosacral spinal segments bances (tremor, ataxia,
receive fibers from ventral half of red and choreiform activ-
nucleus, which receives inputs from ity), possibly because
lower limb region of sensorimotor of involvement of
cortex; fibers of rubrospinal tract ter- axons arising from
minate on interneurons that, in turn, basal ganglia or
project to dorsal aspect of ventral cerebellum
(motor) horn cells; in humans most
of efferent fibers emerging from red
nucleus terminate in inferior olive
and cervical cord
Tectospi- Superior col- Axons of neurons in superior colliculus May direct head Not established
nal tract liculus terminate in upper cervical segments movements in
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Tract Origin Course and Distribution® Functions Effects of Lesions
Long Descending Spinal Tracts
Lateral Lateral ves- Fibers in this tract are uncrossed, Facilitates ipsilat- Disturbances in main-
vestibulo- tibular descend entire length of spinal cord, eral extensor taining posture and
spinal nucleus and terminate on interneurons that alpha-motor neu- balance; effects of
tract (border of activate motor neurons innervating rons and associ- lesions limited to lat-
the pons extensor muscles of trunk and ated gamma eral vestibulospinal
and ipsilateral limb motor neurons; tract have not been
medulla) main function is to described in humans
control muscles
that maintain
upright posture
and balance
Medial Ipsilateral Descends in ventral funiculus of cervi- Main function of Possible disturbances
vestibulo- and contral- cal spinal cord, and terminates in ipsi- this tract is to in positioning of head
spinal ateral lateral ventral horn adjust position of when position of body
tract medial head in response is affected
vestibular to changes in pos-
nuclei ture (such as keep-
ing head stable
while walking)
Reticulo- Medulla: Projects bilaterally to all levels of spi- Inhibits extensor Believed to contribute
spinal Nucleus nal cord; this tract is called medullary spinal reflex to spasticity in upper
tracts reticularis (lateral) reticulospinal tract motor neuron
giganto-cel- paralysis
lularis
Pons: Projects ipsilaterally to entire spinal Facilitates extensor Not established; possi-
Nucleus cord; this tract is called pontine spinal reflexes ble loss of muscle tone
reticularis (medial) reticulospinal tract of extensor muscles
pontis cau-
dalis and
oralis

Ventrolateral
medulla

PAG

Projects to IML of thoracolumbar cord

Enkephalinergic neurons located in
midbrain PAG project to serotonergic
neurons located in nucleus raphe
magnus of medulla (first limb); second
limb of pathway consists of projec-
tions from serotonergic raphe magnus
neurons to enkephalinergic interneu-
rons in dorsal horn of spinal cord,
which, in turn, synapse upon primary
afferent pain fibers

Excites sympa-
thetic pregangli-
onic neurons in
IML, which provide
sympathetic inner-
vation to visceral
organs

Modulates activity
of pain impulses

that ascend in spi-
nothalamic system

Not established; pre-
sumed to contribute
to Horner’s syndrome

Not established; possi-
ble disturbance of
pain sensation
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Tract Origin Course and Distribution® Functions Effects of Lesions

Long Descending Spinal Tracts

MLF Medial Descending fibers in MLF project Descending MLF Although damage to
vestibular primarily to ipsilateral upper cervical fibers monosynap- descending fibers of
nucleus, spinal cord segments tically inhibit MLF is presumed to
reticular for- motor neurons disrupt control of posi-
mation, and located in upper tion of head in
superior cervical spinal seg- response to inputs
colliculus ments and control from labyrinth and
(tectospinal position of head in vestibular apparatus,
fibers) response to excita- these symptoms have

tion by labyrinth of not been clinically
vestibular established; damage
apparatus to ascending fibers in

MLF at the level of
brainstem produces
internuclear ophthal-
moplegias; lesions of
MLF are common in
patients with multiple
sclerosis in which
symptoms include
nystagmus and occa-
sionally diplopia in
ipsilateral eye; these
symptoms may be due
to damage to projec-
tions from lateral,
superior,and medial
vestibular nuclei to
oculomotor, abducens,
and trochlear cranial
nerve nuclei

IML = intermediolateral cell column; MLF = medial longitu dinal fasciculus; PAG = periaqueductal midbrain gray.

“Fasciculi gracilis and cuneatus together form the dorsal column of the spinal cord.

*First-order neuron of all ascending tracts are located in the dorsal root ganglia.

‘Direct (neospinothalamic) and indirect (paleospinothalamic, spinoreticular, and spinomesencephalic) tracts comprising the spinothalamic
tract are collectively known as the anterolateral system of ascending tracts.
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GROSS ANATOMICAL VIEW AND INTERNAL
ORGANIZATION

Gross Anatomical View

The purpose of this chapter is to begin to develop an
understanding of the organization of the brainstem by con-
sidering the neuroanatomy of the medulla. Knowledge of the
anatomy of the principal neural cell groups and pathways of
the medulla is essential in acquiring an appreciation of their
functions and insight into the clinical disorders resulting
from damage to particular areas of this region of the brain-
stem. One may view the medulla as an extension of the spi-
nal cord, in that it contains a number of the fiber tracts

Optic chiasm

Optic nerve Infundibulum

Mamillary bodies

Optic tract

Midbrain —

Pons

Pons —|

Medulla —|

Ventral root C1 \

Trochlear nerve

Vagus nerve
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present in the spinal cord and, like the spinal cord, also
includes sensory, motor, and autonomic neurons. Thus, the
principal pathways include long ascending and descending
fiber systems that begin or terminate in the spinal cord and
that pass through the medulla. Several other pathways medi-
ating sensory, motor, and autonomic functions arise from the
medulla and, to a considerable extent, are linked to cranial
nerves. In addition, one of the three cerebellar peduncles,
which connect the cerebellum to the brainstem, includes
the inferior cerebellar peduncle. This massive fiber bundle
represents an important conduit for transmission of informa-
tion from the spinal cord and medulla to the cerebellum and
is attached to the cerebellum from the dorsolateral aspect of
the rostral medulla.

Cerebral peduncle

Posterior perforated substance

Oculomotor nerve

Trigeminal nerve

Abducens nerve

Facial nerve and
nervus intermedius

Vestibulocochlear nerve

Glossopharyngeal nerve

Hypoglossal nerve

Spinal accessory nerve

FIGURE 10-1 Different views of brainstem. (A) Anterior view
of the medulla. (B) Posterior view of the medulla. Note the
position at which the fourth ventricle begins (the “open” part
of the medulla) at the level of the area postrema. In this illus-
tration, the cerebellum has been removed in order to see
the structures situated on the dorsal surface of the medulla.
The midbrain and pons are included for purposes of orienta-
tion. Cranial nerves (CN) VII-X and Xl are presented to illus-
trate their medial or lateral positions along the neuraxis of

A
i Superior colliculus
Midbrain ; Inferior colliculus
f Superior peduncle
Middle peduncle
57— CNV
Pons —| / \
£ \ :l*-.._ CN VI
‘_,__H__\ / B CNVIII
Medulla —| "ﬂ
/ Area postrema
\ ff’ Tuberculum cuneatus
| .
| Tuberculum gracilis
B

the medulla.



The medulla, or myelencephalon, is located between
the pons and spinal cord. At its caudal end, it is continu-
ous with the spinal cord. At its rostral end, the medulla is
continuous with the pons (Fig. 10-1). Within the caudal
half of the medulla, one can observe the positions of the
fasciculus gracilis and fasciculus cuneatus, which ascend
from the spinal cord (Fig. 10-1B). These tracts mediate
conscious proprioception, vibratory sensation, and some
tactile sensation from the body to the brain. As these
structures pass in a rostral direction, they form two swell-
ings (seen on the dorsal surface) referred to as the tubercu-
lum gracilis and tuberculum cuneatus (or gracile and
cuneate tubercles [Figs. 10-1 to 10-3]). They reflect the
underlying nucleus gracilis and nucleus cuneatus (the
latter lies immediately lateral to the nucleus gracilis); these
nuclei receive inputs from the fasciculus gracilis and
cuneatus, respectively, and thus constitute a relay system
for the transmission of conscious proprioception, vibratory
sensation, and tactile impulses to higher regions of the
brain. The gracile and cuneate tubercles extend rostrally
to a level where the fourth ventricle begins. The rostral
third of the medulla, which contains a portion of the fourth
ventricle, is known as the “open” part of the medulla

Midbrain —|

Pons —

FIGURE 10-2 Ascending and
descending pathways of fiber
tracts and associated nuclei. Note
the most prominent ascending
pathways (the dorsal column-
medial lemniscus) and descending
pathways (the medial longitudi-
nal fasciculus, corticospinal and
corticobulbartracts,and descend-
ing tract of cranial nerve [CN] V)
that traverse the medulla. In the
lower half of the medulla, the
nucleus gracilis and nucleus
cuneatus are shown. At more ros-
tral levels, the relative positions of
the nucleus ambiguus (CN IX and
X); spinal nucleus of CN V and its
rostral extension in the pons; the
main sensory nucleus of CN V;
hypoglossal nucleus (CN XII); infe-
rior olivary nucleus; inferior (1),
medial (M), lateral (L), and supe-
rior (S) vestibular nuclei; and coch-
lear nuclei (CN VIII) are depicted.

Vestibular nuclei

Cochlear nuclei

Medulla —|

Spinal cord —|

Medial lemniscus
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(described later in the “Levels of the Medulla” section).
The part of the medulla where the central canal is present
is referred to as the “closed” part of the medulla (described
later). At the rostral end of the medulla, the dorsolateral
surface is expanded to form the inferior cerebellar pedun-
cle, which contains proprioceptive and vestibular fibers
which project to the cerebellum (see Chapter 1, Fig. 1-8
for orientation).

Along the medial aspect of the ventral surface of the
medulla, there is a swelling referred to as the pyramid,
which is also present throughout the rostro-caudal extent
of the medulla. The pyramid is composed of numerous
nerve fibers that arise from the precentral, postcentral, and
premotor regions of the cerebral cortex. These nerve fibers
pass to the spinal cord as the corticospinal tracts or termi-
nate within the medulla as corticobulbar fibers. As
described in Chapter 19, the corticospinal tract mediates
voluntary control over movements of the body. Similarly,
the corticobulbar tract mediates voluntary control over
movements of the head region.

At the caudal end of the medulla immediately above the
rostral end of the spinal cord, the pyramid is considerably
smaller because, at this level, 90% of the fibers are crossed

N

_

Medial longitudinal
fasciculus

N 2 7 N

Corticobulbar and
corticospinal tracts

Main sensory
nucleus (CN V)

Trigeminal nerve
afferent component

M Descending tract

a Inferior olivary nucleus
B Solitary nucleus

] Nucleus ambiguus
Hypoglossal nuclei

Spinal nucleus (CN V)

Nucleus cuneatus
Nucleus gracilis
e g
< Dorsal columns
Spinal nerve
afferent component
\""'\.._ -
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in a dorsolateral direction to the opposite side in a series of
bundles called the decussation of the pyramids. The decus-
sated axons then descend into the spinal cord as the lateral
corticospinal tract (Fig. 10-3). The remaining (uncrossed)
component of the corticospinal tract passes ipsilaterally
into the ventral white matter of the spinal cord as the ven-
tral corticospinal tract (see Chapter 9).

At the level of the rostral half of the medulla, another
swelling located just lateral to the pyramids is referred to as
the inferior olivary nucleus.

Internal Organization

Major Fiber Tracts and Associated Nuclei
Figures 10-2 and 10-3 depict major fiber tracts and their
associated nuclei.

Pyramidal (Corticospinal) Tract. The pyramidal tract is situated
in a ventromedial position throughout most of the medulla
but changes position at its caudal end. Here, approximately
90% of the fibers, en route to the spinal cord, pass in a
dorsolateral direction while crossing the midline to reach
the dorsolateral aspect of the caudal medulla. The fibers,
which cross to the contralateral side of the brainstem, form

Nucleus gracilis

/ Nucleus cuneatus

Spinothalamic
tracts

A Decussation of
pyramids

Nucleus gracilis

Nucleus cuneatus

Accessory cuneate
nucleus

Central canal

Reticular
formation

Spinothalamic
tracts

Inferior olivary
nucleus

B Pyramid

Decussation of
medial lemniscus
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the decussation of the pyramid and descend into the dor-
solateral aspect of the lateral funiculus of the spinal cord as
the lateral corticospinal tract. As described in Chapter 9,
the corticospinal tract mediates voluntary control over
motor responses, and damage to this pathway results in an
upper motor neuron paralysis.

Medial Lemniscus. The medial lemniscus originates from the
dorsal column nuclei (described in Chapter 9). These fib-
ers collectively pass ventrally for a short distance in an
arc-like trajectory and are referred to as internal arcuate
fibers. These second-order somatosensory fibers then cross
to the opposite side of the medulla as the decussation of
the medial lemniscus. The medial lemniscal fibers then
pass rostrally in a medial position throughout the remain-
der of their trajectory through the medulla and continue
into the pons. The function of the medial lemniscus is to
transmit information associated mainly with conscious
proprioception and vibratory stimuli to the thalamus
(Fig. 10-2).

The Medial Longitudinal Fasciculus. The medial longitudinal fas-
ciculus (MLF) tract is located in a dorsomedial position
within the medulla and consists of both ascending and

descending axons (Fig. 10-2 and Fig. 10-3B). Ascending

Fasciculus gracilis
Fasciculus cuneatus

Spinal tract (CN V)

Spinal nucleus (CN V)

Posterior
spinocerebellar tract

Anterior
spinocerebellar tract

Medial longitutinal
fasciculus

Spinal tract (CN V)

Spinal nucleus (CN V)

Fibers of CN X

Nucleus ambiguus
/ Posterior
spinocerebellar tract

Anterior

spinocerebellar tract FIGURE10-3  Cross-sectional diagrams
of the lower medulla. (A) Level of the
decussation of the pyramids. (B) Level
of the decussation of the medial

lemniscus. CN = cranial nerve.



axons arising from the lateral, medial, and superior ves-
tibular nuclei project to the pons and midbrain; they pro-
vide information about the position of the head in space to
cranial nerve nuclei that mediate control over the position
and movements of the eyes. The descending fibers, which
arise from the medial vestibular nucleus and pass caudally
to cervical levels of the cord, are often called the medial
vestibulospinal tract. This tract serves to adjust changes in
the position of the head in response to changes in vestibu-
lar inputs.

Descending Tract of Nerve V. The descending fibers of the
trigeminal nerve extend caudally as far as the second cer-
vical segment and occupy a far lateral position within the
medulla immediately lateral to the spinal nucleus of the
trigeminal nerve (cranial nerve [CN] V [Figs. 10-2 and
10-3]). The spinal nucleus of CN V is present throughout
the entire length of the medulla, extending from the level
of the lower pons caudally to the spinal cord—medulla bor-
der, where it becomes continuous with the substantia
gelatinosa. In the middle of the pons, the spinal nucleus is
replaced by the main sensory nucleus of CN V.

The descending fibers of CN V constitute first-order
axons that mediate somatosensory inputs from the head
region to the brain; they synapse at different levels along
the rostro-caudal axis of the spinal nucleus. Therefore, the
spinal nucleus constitutes the second-order neuron, which
transmits so