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DEDICATION

To the memory of Dr. James C. Young,
a brilliant clinician and a good friend.

To our students who inspire us to grow, and
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PREFACE

A major focus of clinical neuropsychology and cognitive-behavioral neurology is the
assessment and management of cognitive and behavioral changes that result from brain
injury or disease. In most instances, the task of the neuropsychologist can be divided into
one of two general categories. Perhaps the most common is where patients are known to be
suffering from identified neurological insults, such as completed strokes, neoplasms, major
head traumas or other disease processes, and the clinician is asked to assess the impact of
the resulting brain damage on behavior. The second involves differential diagnosis in cases
of questionable insults to the central nervous system. Examples of the latter might be milder
forms of head trauma, anoxia and dementia or suspected vascular compromise. In either
instance, understanding the underlying pathology and its consequences depends in large part
on an analysis of cognitive and behavioral changes, as well as obtaining a good personal
and medical history. The clinical investigation will typically include assessing problems or
changes in personality, social and environmental adaptations, affect, cognition, perception,
as well as sensorimotor skills. Regardless of whether one approaches these questions having
prior independent confirmation of the pathology versus only a suspicion of pathology, a fairly
comprehensive knowledge of functional neuroanatomy is considered critical to this process.

Unfortunately as neuropsychologists we too frequently adopt a corticocentric view of
neurological deficits. We recognize changes in personality, memory, or problem solving
capacity as suggestive of possible cerebral compromise. We have been trained to think
of motor speech problems as being correlated with the left anterior cortices, asymmetries
in sensory or motor skills as a likely sign of contralateral hemispheric dysfunction, and
visual perceptual deficits as being associated with the posterior lobes of the brain. At the
same time there should be an awareness that multiple and diverse behavioral deficits can
frequently result from strategically placed focal lesions, and that many such deficits might
reflect lesions involving subcortical structures, the cerebellum, brainstem, spinal cord, or
even peripheral or cranial nerves. As first noted by Hughlings Jackson in the 19th century,
while the cortex is clearly central to all complex human behavior, most cortical activities
begin and end with the peripheral nervous system, from sensory input to motor expression.

This current work was an outgrowth of seminars given by the principal author (JEM)
at the request of neuropsychology interns and residents at the VA to broaden their clinical
appreciation and application of functional neuroanatomy. In working closely with neurolo-
gists and neurosurgeons, these students also recognized the advantage of being able converse
knowledgeably about patients with subtentorial deficits. While all the intricate details of the
nervous system may be beyond the immediate needs of most clinicians, a general appreci-
ation of its gross structural makeup and functional relationships is viewed as essential in
working with neurological populations.

To this end, the book begins with a brief review of the gross anatomy, functional correlates,
and behavioral syndromes of the spinal cord and peripheral nervous system. From there,
the text carries one rostrally, looking at these same features in the cerebellum, brainstem and
cranial nerves. Where this volume deviates from most textbooks of functional neuroanatomy
is in its expanded treatment of supratentorial structures, particularly the cerebral cortex
itself, which more directly impacts on those aspects of behavior and cognition that often
represent the primary focus or interests of neuropsychologists and behavioral neurologists.
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viii Preface

The final chapters are devoted to the vascular supply and neurochemical substrates of the
brain and their clinical and pathological ramifications.

In addition to simply reviewing structural neuroanatomy and providing the classically
defined behavioral correlates of the major divisions of the CNS, a major focus of this work
will be to attempt to integrate functional systems and provide the reader with at least a
tentative conceptual model of brain organization and how this organization is important in
the understanding of behavioral syndromes. For the neuropsychologist, of equal importance
to an understanding of clinical neuroanatomy is an appreciation of neuropathology, i.e.,
the natural history, associated signs and symptoms and physiological and/or neurological
correlates underlying specific disease states. While occasional references are made to these
factors throughout the text, an adequate treatment of this subject is beyond the scope of
this book and the reader is advised to supplement this information with other works that
specifically address these latter topics.

In going through the chapters the reader will notice some redundancy. This was purely
intentional as a means of reinforcing certain key concepts and promoting their retention. Care
was taken to try and resolve any discrepancies with regard to either structural or functional
issues that appeared to be in dispute. However, our collective knowledge of the nervous
system is still very incomplete and is often derived as much from clinical impressions and
correlations as it is from definitive experimental paradigms. This is particularly true as we
progress from peripheral pathways to central mechanisms in the brain. Part of the problem
is the complexity of the nervous system itself and the technical (and ethical) limitations
of carefully controlled studies, especially in man. Another problem is simply the startling
limitations of our own knowledge. We are still far from being able to create a good working
model of the brain. Thus, as we progress along the neural axis from the spinal cord to
the brain, much of the data presented will be increasingly speculative. However, it is
hoped that the sum total of this exercise will provide the reader not only with a broad
overview of functional neuroanatomy, but will provide a beginning framework for trying
to conceptualize brain-behavior relationships and the effects of focal lesions on behavior.
Although this book was initially written for neuropsychologists, it provides a practical
review of this subject for clinicians in other disciplines who work with the neurologically
impaired, particularly neurologists and behavioral neurologists.

Finally, a number of acknowledgements are in order. Throughout the text, it will be
noted that a large number of the figures use photographs of the brain and other neural
structures derived from the Interactive Brain Atlas (1994). These base images were provided
courtesy of the University of Washington and proved invaluable in illustrating anatomical
landmarks. Two additional points should be made in this regard. First, the labeling of these
images was done by one of the authors (JEM), thus any errors that might be found are not
the responsibility of the University of Washington. Second, while the monochrome images
used here were preferred for our text, the University of Washington has an updated version
of this interactive atlas, which is highly recommended for anyone interested in an easy and
entertaining way to review basic neuroanatomy. Thanks are also in order to the University
of Illinois Press, Western Psychological Services, and Dr. Kenneth Heilman for permission
to use published materials, as well as to Dr. Jose Suros who provided several brain images
and to Dr. Enrique Palacios who was kind enough to review the radiographic images. It
also seems appropriate to mention Stephen Stahl whose works on psychopharmacology
provided inspiration for much of the material contained in Chapter 11.

A special acknowledgment is reserved for Mr. Eugene New, a medical illustrator from
the LSU Health Sciences Center, who is responsible for all the artwork seen throughout the
text.
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OVERVIEW

The spinal cord, along with its ventral roots, represents the final common pathway for
skilled, voluntary motor responses initiated in the cerebral cortex and carried out by our
trunk and limbs. Beyond consciously guided or directed actions, spinal motor pathways
and nuclei are important in maintaining what might be termed baseline, automatic, or
supportive motor activities, such as muscle tone, balance, and various reflexes. In fact, some
of the latter are apparently mediated purely at a spinal level. Descending spinal pathways
apparently can influence even certain sensory phenomena, such as the perception of painful
stimuli. Finally, the spinal cord plays a critical role in the homeostatic modulation of internal
and external organs via the autonomic nervous system, the effects of which may be seen
throughout the entire body.

Injury and disease selectively may target the spinal cord and/or its peripheral processes,
often producing highly specific and very profound clinical syndromes. As similar symptoms
can result from pathology at various levels of the neuroaxis, it is imperative that the clinician
has some appreciation of the basic neuroanatomy of the spinal cord and its impact on these
behavioral phenomena. In this chapter, we will focus on the general organization of the
spinal cord, its relationship to the peripheral nerves, and the major descending (motor)
pathways, including the spinal portion of the autonomic nervous system (ascending or
sensory pathways will be reviewed in Chapter 2).

At the conclusion of this chapter, the reader should be able to describe the fundamental
structure of the spinal cord and define the functional significance of the major descending
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2 Chapter 1

tracts, discuss the basic mechanisms underlying spinal reflexes, and outline the general
structural and functional correlates of the autonomic nervous system. While the major
clinical syndromes affecting the spinal cord will be reviewed in Chapter 2, by the end of this
chapter the reader should be able to discuss the basic characteristics differentiating upper
and lower motor neuron lesions.

INTRODUCTION

It is easy to think of the spinal cord as simply the interface or site of synaptic connec-
tions between ascending and descending cortical pathways and the peripheral nerves.
However, as the following two chapters will note, its function is indeed quite complex.
Its structure and connections provide an anatomical substrate for the reciprocal excitation
and inhibition of agonist and antagonist muscles crucial for effective coordinated activity.
Combining both afferent feedback and motor effector mechanisms, the spinal cord plays a
major role in moderating or regulating muscle tone that is the background against which
all muscle activity must take place. The spinal cord serves as the initial staging area for
all somatosensory input from the trunk and limbs. This sensory input is summated and
dispersed to (1) the ventral posterior lateral (VPL) nuclei of the thalamus and eventually to
the cortex for conscious perception; (2) to the reticular system and intralaminar nuclei of the
thalamus for arousal and attention; and (3) to the cerebellum to assist with the coordination
of complex, programmed activities. In addition, the interaction of both descending influ-
ences at the spinal level, as well as the interactions among various types of afferent inputs,
allow for the modulation of sensory input at the spinal level. Thus, what takes place at the
spinal level can impact directly on what is eventually perceived by the cortex. The spinal
cord also mediates reflexes that are essential for posture and balance and withdrawal from
certain types of painful stimuli and participates in other, more complex reflexes essential
for executing more complex motor functions.

While damage to the spinal cord, its ascending or descending tracts, or the peripheral
nerves has no impact on cognition or behavior as defined in psychological terms, it can,
and typically does, result in somatosensory and both elementary and complex, coordinated
motor disturbances. Such deficits not only will impact on measures of sensorimotor skills
routinely used as part of a neuropsychological examination, but in a larger sense can
directly impact on activities of daily living and rehabilitation efforts. Indirectly they also can
drastically impact the patient’s self-image and emotional or psychological adjustment. Thus,
it becomes important for the neuropsychologist to have an appreciation of the functional
anatomy of these and other subtentorial structures. The present chapter will focus on the
general structure of the spinal cord and the descending or motor system. The ascending or
somatosensory system will be reviewed in the following chapter.

GROSS ANATOMY OF THE SPINAL CORD

The spinal cord, along with the brainstem, represents the most primitive part of the central
nervous system. Housed within the vertebral column, it is seen as a caudal extension of the
medulla of the brainstem (Figure 1-1). Unlike the brainstem, in which discrete, more or less
circumscribed nuclear groups can be identified at specific levels, the spinal cord tends to be
organized in a more continuous, columnar fashion. This tends to be true not only for the
descending (motor) and ascending (somatosensory) white matter pathways, but also to a
large extent for its nuclear components. However, for teaching and description purposes, the
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Figure 1-1. Brainstem exiting the cranial cavity through the foramen magnum forming the spinal
cord as it enters the cervical vertebrae.

cord is often discussed segmentally, and, as will be seen when the internal structure of the
spinal cord is reviewed, there are noticeable variations at different levels. This segmentation
is based on those portions of the cord from which the 31 pairs of spinal nerves enter or exit.
These 31 segments are labeled C-1 through C-8 (cervical), T-1 through T-12 (thoracic), L-1
through L-5 (lumbar), S-1 through S-5 (sacral), and coccygeal (1). While these labels refer to
the intervertebral spaces through which these spinal nerves pass, it should be noted that the
cord itself does not extend the entire length of the vertebral column.! In adults, the spinal
cord terminates around L-1. The dorsal and ventral spinal nerves simply travel down the
vertebral canal as the cauda equina, exiting from the intervertebral spaces for which they
are named. The areas of the skin supplied by the sensory segments (dorsal roots) of the
spinal nerves are referred to as dermatomes. A general map of these dermatomes can be
found in Chapter 2.

In looking at a cross section of the cord (Figure 1-2), several features may be immediately
obvious. The first is that, unlike the cortex, the axonal pathways (white matter) are on the
outer portions of the cord with the nuclear groupings (gray matter) on the inside. On the
ventral or anterior surface of cord there is a very noticeable central cleft or sulcus (the ventral
median fissure). There also is a less obvious dorsal fissure known as the dorsal median
sulcus. These two fissures or sulci divide the cord into a right and left half. In the central
portion of the cord, the gray matter is roughly H-shaped. The small opening in the center
of the “crossbar” is the central canal that is continuous with the fourth ventricle.

The white matter of each half of the cord is commonly divided into three sections or
funiculi representing the columns of ascending and/or descending fiber tracts. These are
the dorsal, the lateral, and the ventral funiculi (Figure 1-3). The most anatomically and
functionally distinct is the dorsal funiculus, which lies between the dorsal median sulcus
and the posterolateral sulcus. The latter, which represents the entry point for the posterior
(sensory) roots, can be easily identified by following the dorsal horns of the central gray



Dorsal Median Fissure White matter (pathways)

Grey matter (cells)
i Central Canal
Cervical

Thoracic Lateral Horn

Ventral Median Fissure

Central Canal

Posterior Harn
Central Canal
Lumbar f
Anterior Horn
Ventral White Commissure
- @

Cervical Thoracic

Lumbar

Chapter 1



The Spinal Cord and Descending Tracts 5

Fasciculus Cuneatus
Fasciculus Gracilis

}Dorsal (posterior) columns

i

Dorsolateral fasciculus
(Lissauer's tract)

Lateral corticospinal tract
Dorsal Spinocerebellar tract
Rubrospinal tract

Ventral Spinocerebellar tract

Anterolateral system

Ventral nerve roots ihc Ventral corticospinal tract

Dorsal median sulcus
Posterolateral (Dorsolateral) sulcus
Ventrolateral sulcus (indistinct)
Ventral median sulcus

oO0Omw>»

A-»B = Dorsal Funiculus
B-» C = Lateral Funiculus
C—»D = Ventral Funiculus

Figure 1-3. The relative positions of the dorsal, lateral and ventral funiculi, as well as a number of
the more prominent ascending and descending pathways contained therein.

matter to where they intersect with the surface of the cord. In the upper levels of the
cord, this dorsal funiculus is further divided into a more medial portion—the fasciculus
gracilis—and a more lateral portion—the fasciculus cuneatus. As will be discussed in more
detail in Chapter 2, the former includes the ascending tracts representing proprioception
and stereognosis or fine tactile discrimination for the lower extremities (and lower trunk).
The mnemonic device often applied here is gracilis — “graceful” — “dancer” — “legs.”
The more lateral fasciculus cuneatus carries the fibers for proprioception and stereognosis
for the upper extremities (and upper trunk).

The remaining columns of fibers constitute the lateral and ventral funiculi. The lateral
funiculus occupies the lateral portion of the cord, while the ventral funiculus is found
in the ventromedial aspect of the cord. Unlike the division between the dorsal and lateral
funiculi, there is no clear anatomical demarcation between the lateral and ventral funiculi.
The division is arbitrarily defined by the anterolateral sulcus, which represents the point
of exit for the anterior (motor) nerve roots. However, this point of departure for the motor
fibers of the anterior horn cells typically cannot be seen in most cross-sections of the cord, but
their location can be roughly approximated by visualizing the “5 and 7 o’clock” positions on
the cord. Also, unlike the rather homogeneous nature of the dorsal funiculus, the lateral and
ventral funiculi consist of a variety of ascending and descending tracts representing multiple

A

<«

Figure 1-2. Axial sections of the cord at various levels are illustrated in Figure 1-2a. Note the relative
differences in the proportions of gray to white matter at the various levels due to the number of
ascending and descending present at a given level, and the number of synapses present in the gray
matter in those areas representing innervation of the extremities. Figure 1-2b shows stained specimens
at the cervical, thoracic, lumbar and sacral levels (Courtesy of Univ. Of Washington). Due to staining
technique, fiber tracts (while matter) appear dark.



6 Chapter 1

functional components. As a general rule, those descending motor pathways that primarily
mediate discrete, fine motor skills are predominately located in the lateral funiculus. The
largest of these is the lateral corticospinal tract (see below), while the tracts responsible for
coordination, balance, and axial musculature tend to be located in the ventral funiculus.
Fibers representing pain, temperature, and simple touch can be found both in the lateral
and ventral funiculi. These tracts will be discussed in greater detail later in this chapter and
in the next chapter. However, one other white matter pathway deserves mention at this
point. Between the small zone of gray matter surrounding the central canal and the ventral
median fissure lies a thin strip of white matter: the ventral or anterior white commissure. It
is through this commissure that both descending and ascending pathways can cross from
one side of the cord to the other.

The gray matter of the cord is commonly divided into the dorsal (or posterior) and ventral
or (anterior) horns. The area between the two, roughly corresponding to the crossbar of the
“H,” is termed the intermediate zone. Approximately from T-1 through L-3 a small lateral
protuberance is noted in this intermediate zone. This is known as the lateral horn and repre-
sents the preganglionic neurons of the sympathetic portion of the autonomic nervous system.
The dorsal horns are the site of entry for the dorsal roots of the spinal nerves that carry
somatosensory information, including the afferent feedback from the intrafusal muscle fibers.
The dorsal or posterior horn contains the postsynaptic cell bodies for some of the ascending
sensory pathways (see Chapter 2). However, the greatest number of spinal cord cells are
interneurons whose processes generally remain local or, at most, within a few segments
of their origin. These interneurons are important for the initial editing, integration, and
synthesis of incoming sensory information; the modulation of sensory input by descending
pathways; transferring information from one side of the cord to the other; and influencing
motor neurons by maintaining muscle tone and triggering reflex postural adjustments.

The ventral or anterior horns contain the cells of origin for the final common motor
pathways or lower motor neurons, which are represented by the ventral roots of the spinal
nerves (see below for distinction between upper and lower motor neurons). As in the
case of the dorsal horns, the ventral horns also contain a vast number of interneurons
that respond both to descending influences from the cortex and brainstem (and indirectly
from the cerebellum), as well as from segmental inputs from the dorsal roots. Again, these
interneurons become important for maintaining optimal levels of muscle tone, the coordi-
nation of complex motor activity, postural stability, and/or postural reflexes. The relative
size and shape of this central gray area will change at various levels of the cord. At
levels C-5 to T-1 (cervical enlargement) and again at approximately L-2 to S-3 (lumbosacral
enlargement) there are noticeable increases in the size of the cord as a whole and in the
size of the ventral horns in particular. These enlargements reflect the increased number of
cells serving the upper and lower extremities, respectively. At levels T-1 to L-2 one can see
the lateral horn representing the cell bodies of the preganglionic fibers of the sympathetic
nervous system. Also, the proportion of gray to white matter generally increases as the result
of more descending fibers dropping out as one proceeds down the cord and, conversely,
more ascending fibers being added as one goes rostrally in the cord.

The central gray area of the spinal cord has been further divided into ten zones or lamina that
appear to have distinct anatomical and functional properties. While a detailed knowledge of
these properties is probably not critical for our present purposes, for the sake of completeness
a brief summary will be included. Lamina I (Figure 1-4) occupies the tip of the dorsal horn
at the site of entry of the dorsal nerve roots. It contains some cells that contribute to the
spinothalamic tract. Lamina II is synonymous with the substantia gelatinosa, which plays an
important role in the spinal modulation of pain. Lamina III through VI are largely involved
in processing somatosensory input. Lamina VII, which comprises most of the intermediate
zone between the dorsal and ventral horns, is mostly made up of interneurons. In addition



The Spinal Cord and Descending Tracts 7

Figure 1-4. Approximate locations of Rexed’s lamina in the cervical cord.

to some probable integration of sensorimotor information, the intermediate zone, as noted,
serves as the site for cell bodies for preganglionic fibers of the autonomic nervous system.
In the thoracic and upper lumbar regions of the cord, the nucleus dorsalis (dorsal nucleus
of Clark), which is the origin of the dorsal spinocerebellar tract, also is located in the medial
portion of lamina VII. Lamina VIII and IX, which are located in the ventral horn, are primarily
involved with motor output. In the latter are located the cells of origin for both the large-
diameter alpha neurons that innervate the striated muscles and the small-diameter gamma
neurons that go to the intrafusal muscle fibers. Lamina X surrounds the central canal and its
role is unclear. However, given its location, there is some speculation that it may be involved
in the sharing or transfer of certain types of information between the two halves of the cord.?

SPINAL NERVES

At each vertebral junction, two groups of nerves enter/exit on each side of the spinal cord.
As noted earlier, the dorsal (sensory) roots enter the cord in the region of the dorsal horn of
the central gray. The cell bodies for these fibers lie outside the cord in the dorsal root ganglia.
The ventral (motor) roots exit the cord along its ventrolateral surface and consist primarily of
large alpha neurons, as well as the smaller gamma neurons (Figure 1-5). The alpha neurons

Anterior Horn Cells Dorsal (sensory) Nerve Root

Dorsal Root Ganglion

Peripheral Nerve (mixed
R Lt Ventral (motor) Nerve Root

Figure 1-5. Dorsal and ventral roots, combining to form peripheral nerve.
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supply the extrafusal striated muscle fibers (the ones that do the work), while the gamma
neurons innervate the intrafusal muscle fibers, which are important in maintaining tone and
posture and in supplying information about the state of kinetic activity in the muscles. At
specificlevelswithin the cord, theseroots also contain the preganglionic fibers for the autonomic
nervous system. The cell bodies for the ventral roots are contained in the ventral horns for
the striated muscles and in the intermediate zone for the viscera. Distal to the dorsal root
ganglia, the dorsal and ventral roots combine into the peripheral nerves that travel together
to the target organs (eg, muscles, tendons, skin). The nerves that supply the upper extremities
involve C-5 to T-1. The nerves that supply the lower extremities are from L-2 to S-3.

CORTICAL MOTOR TRACTS (DESCENDING PATHWAYS)

The pathway for skilled, voluntary motor activity begins in cortex and terminates in the
individual fibers of the peripheral musculature. However, this system is impacted all along
the way by numerous other systems that may modulate its activity. For example, any
purposeful (and many reflexive) movements of the extremities occur against a background of
muscle tone and antigravity forces. The smooth, successful execution of any such movement
depends on the proper reciprocal excitation and inhibition of agonist and antagonist muscle
groups and adaptive posturing of the trunk, head, or other extremities. To execute purposeful
movement, the motor system requires extensive, ongoing feedback from the cerebellum as
well as from a variety of sensory information, including touch, pressure, proprioception,
kinesthetic, vestibular, visual, and visual-spatial. Constant monitoring and feedback from
multiple cortical areas are required to initiate a goal-directed activity, to plan its sequence,
to modify its original direction (goal or intention) as might be demanded by changing
circumstances, and to simply know when to terminate the activity. In addition to being
influenced by other systems, these fiber tracts also give off collaterals to other neural
centers or structures, thereby creating a complex array of feedback loops. Thus, it may be
useful to keep in mind that only a relatively small percentage of the fibers of the various
descending pathways to be discussed actually end up synapsing on alpha (or even gamma)
motor neurons (ie, directly effecting a motor response). The majority serves to modulate,
in an indirect manner, various motor and sensory systems. Even the experience of painful
stimuli is affected by descending pathways at the spinal level. This interdependence on
other systems will become increasingly clear as we review some of the more prominent
interconnecting pathways and as we later review other functional-anatomical systems.

The remaining focus of this chapter will be to outline the primary motor tracts that exit
from the brain and descend through the spinal cord and to briefly describe the anatomical
basis for reflex arcs and the maintenance of muscle tone. Some of the more common patho-
logical consequences of insults to this system will be presented at the conclusion of the
following chapter.

Corticospinal Tract

The corticospinal or pyramidal tract is the primary motor pathway for skilled, voluntary
movements, particularly those involving the upper and lower extremities. The corticobulbar
tracts that subserve the muscles of the face and head have similar origins, but terminate in the
brainstem. These will be reviewed below and again in Chapter 5. Although the corticospinal
tract is considered to be the major pathway for skilled movements, only about 55% of its
fibers have their cells of origin in the primary and secondary motor cortices (Brodmann’s
areas 4 and 6). The somatosensory cortex (areas 3, 2, and 1) contribute approximately
35%, with other frontal and parietal areas contributing the remaining 10% (the temporal
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Table 1-1. Major Descending Voluntary Motor Tracts

Tract

Origin

Termination

Primary Function

Lateral corticospinal
(crossed)

Ventral corticospinal
(uncrossed)

Corticobulbar
(primarily
crossed)

Corticotectal
(uncrossed)

Corticorubral
(uncrossed)

Corticoreticular

(bilateral)

Medial and lateral
vestibulospinal

Primarily sensorimotor
cortices
Same as above

Same as above,
including frontal eye
fields

Primarily occipital and
inferior parietal
cortices

Primarily sensorimotor
cortices

Primarily sensorimotor

cortices?

Medial and inferior
vestibular nuclei

Anterior horn cells in
the spinal cord
Same as above

Brainstem nuclei

Superior colliculi,
which give rise to
tectobulbar and
tectospinal tracts

Red nuclei, which give
rise to CTT® and
rubrospinal tracts

Pontine and medullary
reticular nuclei, from
there giving rise to
reticulospinal tracts

Spinal cord

Voluntary movement
of trunk, extremities

Axial, proximal
muscles for posture,
balance

Control of muscles
supplied by cranial
nerves; cerebellar
inputs

Visual tracking, visual
reflexes

May facilitate fine
motor coordination

Posture, gross motor
coordination,
balance

Medial: same as above;
Lateral: fine motor

coordination?

? Central tegmental tract.

and occipital cortices apparently contribute little, if any, to this pathway). The large Betz
(pyramidal) cells of area 4, once thought to be a major source of these fibers, contribute only
about 5% of the total. Thus, from its very origin, one can see the influence of somatosensory
and other higher cortical systems on this descending motor tract.

Both within the voluntary motor and the somatosensory systems, there is a clear
topographical organization beginning in the cortex (for the corticospinal pathways) and
continuing into the cord. At the cortical level, the ventral-most portion of the motor strip
subserves the muscles used for speaking and swallowing. Proceeding dorsally, next are the
cortical origins for the fibers that will eventually mediate the muscles involved with masti-
cation and facial expression. Approximately at the midway point on the lateral surface of
the motor strip is the cortical representation of the hand, followed by the arm and shoulder,
then the trunk, and the hip and upper leg. Over the dorsal aspect of the motor strip and
into its medial surface lies that portion that is responsible for movements of the lower leg
and foot. Because this latter part of the cortex is supplied by a different arterial system
(anterior cerebral artery) than the lateral surface (middle cerebral artery), patients with
strokes involving the middle cerebral artery may regain better use of the lower extremity
than of the arm or hand. It also should be noted that the different body parts are dispropor-
tionately represented in the motor (and somatosensory) cortex. The areas that mediate those
body parts that call for finer, discrete actions, such as the tongue, the face, and the hands,
have a much broader cortical representation than those body parts that, though larger in
size, lack the need for such precision in their response (eg, the upper arm, shoulder, trunk,
or leg).
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From their cells of origin in the cortex, the corticobulbar and corticospinal fibers coalesce
and descend through the genu and posterior limb of the internal capsule, respectively. The
internal capsule, when viewed in horizontal section, looks like a boomerang with its anterior
limb lying between the lenticular nuclei (putamen and globus pallidus) and the head of
the caudate and its posterior limb between the lenticular nuclei and the thalamus, with its
genu in the center (see Figure 1-6a).> As the descending corticospinal and corticobulbar
fibers enter the brainstem, they constitute the central or middle portion of the cerebral

Anterior limb
Genu

Posterior limb

Posterior limb of
Internal Capsule

Cerebral peduncle

Figure 1-6. (a) Axial section showing anterior limb, genu, and posterior limb of internal capsule.
Fibers mediating facial muscles are located in the genu, followed by the upper extremities, trunk,
and legs in the posterior limb. (b) Coronal section showing transition of corticofugal fibers in internal
capsule as they form the cerebral peduncles.
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peduncles (also known as the basis pedunculi or crus cerebri) on the basal or ventral
aspect of the midbrain (see Figure 1-6b). The medial and lateral portions of the cerebral
peduncles are made up of descending frontopontine and parieto-occipito-temporo-pontine
fibers, respectively, (ie, fiber tracts originating in the frontal, parietal, occipital, and temporal
cortices and terminating within the brainstem). The corticospinal tract, largely coming from
the region around the central sulcus, descends through the basilar portion of the pons. As
the corticospinal tract exits from the pons, it forms the pyramids on the ventral surface of
the upper medulla. It is from this localized portion of the descending corticospinal tract that
the term pyramidal tract derives its name.*

In the lower medulla, approximately 90% of the corticospinal tract decussates, with about
10% of the fibers remaining ipsilateral. That portion of the corticospinal (C-S) tract that
decussates descends in the cord as the lateral corticospinal tract. These fibers then synapse
at their respective levels in the central gray (horn) cells of the cord (laminae IV through VIII),
which in turn synapse with the alpha and gamma motor neurons in the ventral horn (lamina
IX) (Figure 1-7). Because of this decussation, lesions above the level of the lower medulla
will produce contralateral motor symptoms, while lesions below this level will result in
ipsilateral deficits. The fibers of the lateral corticospinal tract are primarily responsible for
mediating fine, voluntary motor movements of the extremities.

The 10% or so of the corticospinal tract that does not decussate travels down the cord in
the ventral or anterior funiculus as the ventral corticospinal tract. These fibers then decussate
at the level that they cross the cord (via the white anterior commissure) to synapse in the
ventral horn (lamina IX). As opposed to the lateral corticospinal tract, which is generally
associated with control over distal movements of the extremities, the ventral corticospinal
tract appears to project largely to axial and proximal musculature and plays a greater role
in maintaining posture, balance, and gross truncal movements. It should be noted that the
fibers of the corticospinal tract serve not only to initiate and direct skilled motor movements,
but also probably impact on sensory feedback loops through synapses with neurons of the
ascending sensory tracts and may also affect local reflex arcs.

Corticobulbar Tract

Whereas the corticospinal tract largely subserves voluntary movement of the upper and
lower extremities, the corticobulbar tract provides comparable innervation for the muscles
of the head (eg, eyes, facial expression, mastication, speech) and neck supplied by the cranial
nerves. The corticobulbar pathways start out with the corticospinal tract, their cells of origin
being primarily the inferior portions of areas the motor (4 and 6) and somatosensory (3, 1,
and 2) cortices and area 8 (frontal eye fields). They descend in the genu of the internal capsule
anterior to the corticospinal tract. Most of these fibers terminate in the brainstem where
they influence (both directly and via indirect, multisynaptic connections) cranial nerves III,
IV, v, VI, VII, IX, X, XI, and XII. A large percentage of these fibers synapse in the basal
nuclei of the pons from where they give rise to the fibers of the middle cerebellar peduncle.
While the latter will be discussed in greater detail in Chapter 3, for now suffice it point
out that this cortico-pontine-cerebellar pathway appears to be the primary means by which
cerebellum is informed of cortical intentions. Also, as is the case with the corticospinal tract,
the majority of the corticobulbar fibers likely exercise a modulating function, contributing
both to indirect motor feedback loops and afferent systems.

There is one other clinically significant difference between the corticospinal tract and the
corticobulbar tract. The latter’s connections are often bilateral. Thus, cortical lesions involving
corticobulbar pathways frequently result in transient and/or very limited weakness of the
target musculature. The most notable exception involves the lower face (the muscles of
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Internal capsule

Loe Cerebral peduncle
(posterior limb)

(Crus Cerebri)

/-J Pontine nuclei
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Figure 1-7. The corticospinal tracts from their origin in the cerebral cortex, through the internal
capsule, brainstem, spinal cord, to their eventual synapse in the anterior horn cells are shown. The
anterior horn cells, in turn, give rise to the ventral nerve roots (which themselves join with the
incoming somatosensory fibers to form the peripheral nerves) that ill eventually innervate the skeletal
musculature.

expression), lateral rectus and tongue in which the pattern is one of contralateral repre-
sentation. Thus, a supranuclear (upper motor neuron) lesion of this tract can result in
contralateral weakness of the muscles of the lower face while the muscles of the upper
face (eg, those involved in frowning) appear unaffected. By contrast, both the upper and
lower face will evidence weakness with lower motor neuron lesions of the seventh cranial
nerve. If the lesion is located at the pontomedullary junction where the corticobulbar fibers
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decussate to synapse in the seventh cranial nerve nuclei, the patient may evidence ipsilateral
weakness of the lower face and contralateral weakness in the extremities due to the fact that
the corticospinal tracts have not yet decussated.

Corticotectal and Tectofugal Tracts

The corticotectal tract is one of several that is concerned with the control of eye
movements.” The functional mechanisms and neuroanatomical connections that mediate
eye movement are extremely complex and will be discussed here only in general terms
(see: Chapter 5). The cells of origin for the corticotectal tract likely derive from several
cortical areas, but the primary input seems to be from the occipital and possibly inferior
parietal cortices. As implied by its name, the tract terminates ipsilaterally in the tectum,
specifically in the superior colliculi. Fibers synapse topographically in the areas corre-
sponding to the same portion of the visual fields as the inputs received directly from
the retina. The efferent fibers from the superior colliculi do not synapse directly with
the nuclei of the third, fourth, and sixth cranial nerves. Rather, through their connec-
tions with intermediary gaze centers (eg, pontine paramedian reticular formation) and
other brainstem and spinal nuclei, the superior colliculi help govern tracking and other
reflex movements of the eyes. Among these projection sites of the superior colliculi
are the pons (tectopontine), the medulla (tectobulbar), and cervical spine (tectospinal
tracts). In addition, the superior colliculi are a source of fibers that eventually serve
afferent or arousal functions, such as the tectoreticular (to the ascending reticular activating
system) and the tectothalamic tracts. The superior colliculi also receive input from the
somatosensory (especially from head and neck), cerebellar, vestibular, and the auditory
systems.

Let us turn momentarily to an exploration of the probable functional significance of these
pathways. First, we often need or desire to actively scan our environment or to consciously
shift our focus from one object to another. These voluntary eye movements appear largely
mediated by corticobulbar connections originating in Brodmann'’s area 8 (frontal eye fields).
Frequently, it is necessary to track moving objects or to fixate on an object while we are in
motion. Depending on the circumstances, such tracking may involve volitional components,
but often this is done reflexively or subconsciously. Such movements are likely accomplished,
at least in part, by the corticotectal fibers coming from the occipital (and possibly inferior
parietal) cortices.® A good example may be to read this text while slowing moving your
head up and down or from side to side. In doing so you will notice that the words still
remain fixed (and appear static) in your foveal vision. Feedback from the vestibular nuclei
is critical for making these adjustments.

There is survival value in being able to react quickly to unexpected and/or novel
peripheral visual (or auditory) stimuli, that is, to attend to and identify such stimuli as
rapidly as possible. This typically involves an automatic turning of the head toward such
stimuli. Tectospinal pathways mediate these functions. Rapid closure of the eyelids is
likewise essential for protecting the eye from oncoming objects. Such reflex responses would
appear to require rather direct connections between unfiltered visual input and the muscles
of the eyelids. The tectopontine pathways to the nuclei of the seventh cranial nerve seem
well-suited to this function. Of course, whenever you have muscle systems involved, you
need some type of somatosensory feedback loop; thus perhaps one of the functions served
by inputs to the tectal region from the somatosensory system. Direct connections from the
inferior colliculi (an auditory relay center) to the superior colliculi would ensure a prompt
visual response (orientation) to unexpected sounds. Finally, the presence of a sudden,
unexpected (potentially dangerous) visual stimulus may be sufficient cause for all the cortex
and all the senses to become more alert and attentive, at least until the stimulus is identified.
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This may be one of the key functions of the tectoreticular pathways. Whereas the purpose of
the tectothalamic connections is less clear, they may help maintain cortical tone along with
other sensory inputs. Again, it should be noted the above explanations represent a grossly
simplified and, in part, speculative explanation of a tremendously complex system.

Corticorubral and Rubrospinal Tracts

The red nucleus is a fairly large, well-defined structure in the midbrain at the level of the
superior colliculus (see Chapter 4). In addition to ipsilateral input from the cortex, primarily
from the regions surrounding the central gyrus (corticorubral tract), the red nucleus also
receives major projections from the cerebellum via the superior cerebellar peduncle. After
synapsing, the corticorubral fibers give rise to the rubrospinal tract, a crossed pathway
that descends in the lateral funiculus of the cord and synapses in lamina V, VI, VIL. In
addition to its spinal projections, the red nucleus contributes significant input to the inferior
olivary nucleus (via the central tegmental tract), which in turn projects heavily back to the
cerebellum. Thus, through direct and indirect connections between the cerebellum and the
red nucleus, the rubrospinal pathway may represent one of three descending pathways by
which the cerebellum exerts control of motor activities in the extremities and trunk. Some
authors suggest that the role of the rubrospinal tract may be to facilitate flexor and inhibit
extensor alpha and gamma motor neurons, particularly those of the upper extremities.

Corticoreticular and Reticulospinal Tracts

The reticular formation, at least in neuropsychological literature, is most commonly
associated with the ascending reticular activating system, which is intimately involved with
cortical arousal. However, the reticular formation, which consists of multiple discrete nuclei,
also has a descending influence on motor systems. Corticoreticular pathways represent
bilateral descending cortical influences, probably similar in origin to that of the corticospinal
tract, on the reticular formation. The pontine nuclei of the reticular formation give rise to
the medial reticulospinal tract that descends in the medial aspect of the ventral funiculus of
the cord. The lateral reticulospinal tract, arising from the medullary portion of the reticular
formation, travels in the lateral funiculus of the cord. While both the medial and lateral retic-
ulospinal tracts mainly represent ipsilateral pathways, some of the fibers cross within the
cord. The lateral reticulospinal tract probably plays a significant role in mediating autonomic
activities, as well as in controlling somatic musculature. The role of the reticulospinal tracts
in somatic motor activity will be considered in association with the vestibulospinal tracts
below.

Vestibulospinal Tracts

The vestibular nuclei, located in the upper medulla and lower pons, receive input from the
utricle and saccule and the three semicircular canals or ducts of the inner ear. The utricle
and the saccule are associated with orientation with respect to the pull of gravity. The
semicircular canals respond to the detection of kinetic changes in space. These nuclei are
intimately interconnected with the cerebellum. In addition, these nuclei are the origin of two
descending fiber tracts: the lateral and medial vestibulospinal tracts. The lateral vestibular
nuclei give rise to the lateral vestibulospinal tracts that descend in the ventral-lateral aspect
of the cord throughout its entire length. One of the primary functions of this tract appears
to be the facilitation of the extensor or antigravity musculature. A lesion that essentially
transects the brainstem above the lateral vestibular nuclei can result in decerebrate rigidity
as a result of the unmodulated activity of these nuclei or tracts. The medial and inferior
vestibular nuclei are the source of the medial vestibulospinal tracts that descend bilaterally
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Table 1-2. Upper versus Lower Motor Neuron Lesions

Upper Motor Neuron Lesion Lower Motor Neuron Lesion

Likely affects many muscle groups Likely affects single muscles

Increased muscle tone Decreased muscle tone

Spastic paralysis Flaccid paralysis

Mild, chronic atrophy due to disuse Significant atrophy

Fasciculations absent Fasciculations present

Hyperreflexia (hyporeflexia acutely) Hyporeflexia or absent

Clonus possible Clonus not seen

Babinski likely present (C-S tract) Absent Babinski reflex

Absent abdominal/cremasteric reflexes Absent only if those muscles are specifically involved

in the ventral medial aspect of the cord via the medial longitudinal fasciculus. These latter
tracts extend only to the upper thoracic region and appear to mediate movements of the
head, neck, and/or upper back in making postural adjustments or in orienting to stimuli.

In terms of general functional considerations, it would appear that those tracts that
descend in the lateral funiculus, ie, the lateral corticospinal, lateral reticulospinal, and
perhaps also the rubrospinal tract, primarily mediate fine, discrete skilled movements of
the extremities. In animals, lesions of the pyramidal tracts at the level of the medulla or
below are found to have more permanent and disabling effects on skilled movements of
the extremities when accompanied by lesions of the lateral reticulospinal and rubrospinal
tracts. By contrast, those pathways that are concentrated in the ventral funiculus, such as the
tectospinal, interstitiospinal, medial reticulospinal, vestibulospinal and ventral corticospinal
tract generally seem to serve a different function. These pathways may be more important in
governing axial and peripheral muscular responses essential to the maintenance of posture,
balance, and the integration or coordination of movements, including orienting the head and
body to novel or threatening stimuli. As noted above, the vestibulospinal tracts in particular
have extensive and fairly direct input from the cerebellum.

UPPER AND LOWER MOTOR NEURONS

The notion of distinguishing between “upper” and “lower” motor neurons has a number of
very important clinical implications and is one that is commonly employed in neurology.
For all practical purposes, upper motor neurons are basically all those motor neurons that
originate in the cortex and/or brainstem nuclei and travel down the spinal cord to synapse
either on interneurons or on the alpha (or gamma) neurons in the ventral horn of the cord.
Similarly, lower motor neurons are those motor neurons whose cell bodies lie in the ventral
horn and whose axons exit the cord as the ventral nerve roots (ie, the motor components of
the peripheral nerves). The neural motor pathways that innervate the muscles of the head,
face, and neck also are composed of upper and lower motor neuron. The corticobulbar
pathways represent the upper motor neuron segment of this system, whereas the motor
components of the cranial nerves or their motor nuclei constitute its lower motor neuron
pathways. Table 1-2 presents a list of clinical symptoms that tend to be characteristic of
upper versus lower motor neuron lesions.

Some diseases of the nervous system may tend to selectively affect upper motor neurons,
such as posterolateral column syndrome; others lower motor neurons, such as anterior horn
cell syndrome; or both, such as amyotrophic lateral sclerosis. Other diseases, such as tabes
dorsalis (neurosyphilis), produce motor symptoms secondary to impairment of sensory
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feedback loops. Other lesions, such as those due to trauma or vascular disease, may produce
a variety of clinical pictures, including both sensory and motor changes. Brief descriptions
of a few of these more common neurological disorders affecting descending (motor) and
ascending (sensory) systems will be reviewed in the next chapter.

SPINAL REFLEXES

A study of the spinal reflexes contributes to an understanding of how the motor and sensory
work together as a functional unit. Neurologically, they are useful to help investigate the
integrity of the central and peripheral nervous system. The clinically pathological response
may be the absence of a normally present response (abdominal, corneal), the presence of a
normally absent response (suck, snout, grasp, palmomental), changes in the direction of the
reflex (Babinski), or in the intensity of the response (hyporeflexia or hyperreflexia).

Spinal reflexes are a stereotypic, involuntary response to specific types of stimulation
to the muscles, tendons, or skin. While they can be influenced or modulated by higher
centers (cerebrum, cerebellum), the basic stimulus—response arc takes place at the spinal
level through either monosynaptic (muscle stretch reflex) or multisynaptic mechanisms.
Functionally, reflexes help maintain the proper muscle tone to serve as a background for
voluntary muscle activity, help maintain balance and posture, and serve as a protective
response from noxious or threatening stimuli.

Mechanisms of Spinal Stretch Reflex

Within the striated or skeletal muscles (extrafusal fibers) are muscle spindles (intrafusal
muscle fibers) that lie parallel to the extrafusal fibers. There are two major types of intrafusal
fibers: nuclear bag fibers and nuclear chain fibers that stretch or contract with the stretching
or contraction of the surrounding extrafusal fibers (muscles). The intrafusal fibers have both
efferent and afferent connections to the spinal cord. The primary afferent connections of
the intrafusal fibers are group la neurons, which generally synapse on central portions of
intrafusal fibers and respond both to the length of the fiber (state of stretch or contraction)
as well as to the rate of change. Group II neurons that synapse on the more distal portions,
primarily on nuclear chain fibers, respond only to the length of the fiber. In addition to the
muscles, there are sensory stretch receptors in the tendons (Golgi tendon organs) which are
innervated by group Ib afferent fibers (Figure 1-8).

The primary efferent connections to the extrafusal fibers are made via the alpha motor
neurons. Gamma motor neurons innervate the intrafusal (muscle spindle) fibers. The alpha
motor neurons are responsible for the contraction of the muscle, while the gamma neurons
are responsible for the state of contraction of the intrafusal fibers. The latter is important to
maintain feedback capability on further changes in muscle tone during states of contraction
and makes them more responsive to stretch. Two types of gamma neurons have been
identified, one more responsive to static stretch and the other to phasic stretch.

When the quadriceps muscle is stretched by striking the patellar tendon, the quick
stretching of the intrafusal fibers triggers the afferent fibers to send a signal to the cord.
There they make a monosynaptic connection with the alpha motor neuron in the ventral
horn of the central gray matter. The alpha motor neuron then sends a signal directly back
to the extrafusal fibers of the muscle causing it to contract; hence the foot “jumps” with the
knee-jerk response (Figure 1-9).

While reflex excitation of extrafusal muscle fibers, as a result of the stretching of a muscle,
can serve useful functions, excessive or inappropriate reflex contractions of certain muscles
in certain circumstances can be counterproductive. Hence, in addition to the facilitation, at
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Figure 1-8. Intra and extrafusal muscle fibers.

times the inhibition of muscle groups may be needed. For example, for an extensor muscle
to contract, its antagonistic flexor muscle must relax; or if one “voluntarily” stretches a
muscle, as in the act of sitting, the stretch reflex of the quadriceps must be inhibited. Such
inhibition can take place in a variety of ways. Golgi tendon organs, when stretched, send
afferent feedback to the cord, which makes polysynaptic connections with interneurons that
serve to inhibit the agonist muscle and to facilitate the antagonist muscles. The same afferent
fibers that result in the excitatory connection with alpha motor neurons may send collaterals
to interneurons, which in turn have an inhibitory influence on the alpha fibers going to the
antagonist muscles. Even the excitatory alpha neurons themselves may send off collaterals
to specialized interneurons, known as Renshaw cells, which make inhibitory connections
with that same alpha neuron. In response to certain types of noxious stimuli (eg, stepping on
a sharp tack), flexor muscles on that side must be facilitated and extensors inhibited, while
on the contralateral side the reverse must occur (extensors facilitated and flexors inhibited).
Again this all takes place by an elaborate system of excitatory and inhibitory connections
involving multiple interneurons across several spinal segments. Sensory feedback from
muscle activity also sends messages rostrally up the cord to higher segmental levels as well
as to the cerebellum and cortex, which in turn have a downward influence on both the
gamma and alpha fibers, both excitatory and inhibitory.

Muscle tone (optimal state of contractility) is maintained by this reflex arc. A state of
hypotonia will occur if lesions occur either in the dorsal nerve roots, ventral nerve roots,
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Figure 1-9. Basic afferent and efferent components mediating the stretch reflex.

anterior horn cells, or peripheral nerves (lower motor neuron lesion). It also can occur as
a result of cerebellar lesions. Hypertonia results from a lesion rostral to the anterior horn
cells (upper motor neuron lesion) and can take two forms: spasticity (increased resistance
to movement of the “clasp knife” type) and rigidity (persistent resistance to movement
throughout the range of movement of the limb).

AUTONOMIC NERVOUS SYSTEM

The autonomic nervous system (ANS) exerts control over or regulates the action of smooth
and cardiac muscles and glands. It is primarily a motor or efferent system, though most if
not all of its end organs have some type of afferent feedback loops built in. Following most
discussions on this system, the focus here will be simply on the efferent connections.

The ANS consists of sympathetic and parasympathetic divisions that operate in an
antagonistic or complementary fashion. Somewhat simplistically, the primary purpose of the
ANS is to maintain homeostasis and meet demands of changes in environmental situations,
both internal and external. The sympathetic system predominates in situations of physical
or psychological stress and prepares the body for “flight” or “fight.” Common responses
might include:

(1) dilation of the bronchioles to allow more oxygen into the blood,
(2) increased heart rate,
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Table 1-3. Summary of Common Autonomic Responses
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Organ system

Sympathetic Response

Parasympathetic Response

Pupils

Lens (ciliary muscle)

Lacrimal glands
Cardiac

Pulmonary
Digestion

Pancreas
Adrenal medulla
Liver

Skin
Blood vessels

Bladder

Penis/clitoris

Dilation
Relaxes (enhances far vision)

No effect

Increases heart rate,
contractility

Increases bronchiole diameter

Decreases peristalsis, salivation,
constriction of sphincters

Inhibits secretion

Promotes release of
epinephrine, norepinephrine;
diffuse effects

Glycogenolysis, and
gluconeogensis

Sweating, piloerection

Alpha receptors: constriction?®?
Beta receptors — dilation

Relaxes bladder, contracts
sphincters

Orgasm, ejaculation (in male)

Constriction

Contracts (enhances near
vision)

Promotes tearing

Decreases heart rate,
contractility

Constricts bronchioles

Increases peristalsis, salivation,
relaxation of sphincters

Promotes secretion

No effect

No effect

No significant effect
Mostly little if any effect®

Contracts bladder, relaxes
sphincters
Erection (dilates genital vessels)

? Predominate sympathetic response appears to be vascular constriction, but may have mixed effects. This is
particularly true in heart and skeletal muscles where vasodilation may occur in response to threat. However,
normally arterioles of both heart and skeletal muscles may respond primarily to nonautonomic factors, such as
metabolic rate and availability of oxygen.

b Sympathetic response is to constrict blood vessels of the skin (eg, in response to threat, cold). Vasodilation of
blood vessels in the skin in response to heat may be influenced by local factors, in addition to simply a reduced
sympathetic output. For example, as will be seen in Chapter 4, Horner’s syndrome, a disruption of sympathetic
pathways, results in facial flushing.

¢ The one notable exception being the parasympathetic response in the genitals (see below).

(3) dilation of the arteries to heart and peripheral muscles and simultaneous constriction

of the vessels to skin,

(4) secretion of glycogen by the liver

(5) release of additional red blood cells by the spleen,

(6) slowing of peristalsis,

(7) dilation of the pupils,

(8) increased sweating, and

(9) piloerection (probably a throwback to some of our hairier ancestors for whom this
had more practical implications).”

In general, the parasympathetic division has the opposite effect on these end organs,
(eg, it constricts the bronchioles and decreases heart rate, increases peristalsis, and constricts
the pupils). Unlike the voluntary motor system that was discussed earlier, the efferent fibers
of the ANS do not synapse directly on their target organs after leaving the central nervous
system, but rather undergo one additional synapse in ganglia located outside the CNS (see
Table 1-3).

In addition to the specific functional differences mentioned above, the two systems have
some other very basic anatomical differences. The fibers of the parasympathetic system
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Figure 1-10. Parasympathetic and sympathetic innervation of selected organ systems. Other major
target organs not illustrated are the skin (e.g., sweat glands and piloerection) and blood vessels. Both
tend to be responsive primarily to sympathetic innervation, although acetylcholine is used by the
postganglionic sympathetic neurons innervating the sweat glands. Note: preganglionic sympathetic
fibers innervate the adrenal medulla directly. Legend: ICC — intermediolateral cell column (in lateral
horn).

leave the CNS at the level of the brainstem (via cranial nerves III, VII, IX, and X) and the
sacral segments of the cord (S-2 to S-4). The sympathetic fibers, on the other hand, leave the
CNS via the lateral horn nuclei of the spinal cord (in the intermediolateral cell column) from
T-1 to L-3. Whereas the synaptic connections (ganglia) for the sympathetic system generally
lie just outside the vertebral column, the ganglia or synaptic connections for the parasym-
pathetic pathways lie in close approximation to their respective end organs (Figure 1-10).
Finally, whereas the preganglionic fibers for both the sympathetic and parasympathetic, as
well as the postganglionic fibers for the parasympathetic system, are cholinergic (release
acetylcholine), the postganglionic fibers of the sympathetic system are adrenergic (release
norepinephrine). Just for the record, one exception is the sympathetic innervation of the
sweat glands, which are cholinergic.

While many of the visceral organs are able to carry out their basic functions when
deprived of ANS stimulation, under such conditions they are unable to adapt to major physi-
ological demands, ie, increased output under stress. One relatively well-known neurological
condition that demonstrates disruption of the ANS is Horner’s syndrome. It may result
from injury anywhere along the pathway supplying, or supplied by, the superior cervical
ganglion of the sympathetic ANS. Symptoms include a restricted (miotic) pupil, as a result
of the unopposed action of the parasympathetic system; partial ptosis that can be overcome
volitionally via the third cranial nerve which also innervates striated muscles of the eyelid;
anhidrosis (lack of sweating); and vasodilatation on the affected side of the face (the skin
feels drier, redder, and warmer). On rare occasions, both the parasympathetic and sympa-
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thetic systems may be selectively affected, producing what has been termed dysautonomic
polyneuropathy. As might be expected, this condition is characterized by multiple signs of
autonomic dysregulation, including orthostatic hypotension, gastrointestinal disturbances,
sexual dysfunction, problems regulating body temperature, decreased salivation, and visual
difficulties (Young et al., 1975). More common, however, is partial autonomic dysregulation
(eg, orthostatic hypotension, sexual dysfunction) following more circumscribed lesions to
the spinal cord or peripheral nerves, frequently accompanied by other signs of sensorimotor
involvement.

Much of the time the ANS responds to the homeostatic needs of the organism, more or less
independently of the person’s subjective or conscious awareness. Thus, for example, the heart
may pump a bit faster, the bronchioles may dilate slightly, respiratory rate may increase,
and the peripheral blood vessels also may dilate and sweating is increased as one walks up
an incline on a warm day. This is the body’s adaptation to changes in the physical demands
being placed on it. However, the ANS also is very responsive to cortical and subcortical
cognitive and emotional experiences. We know, for example, that one’s eyes tend to dilate if
one is viewing a sufficiently pleasant or appealing picture. A more dramatic, but nonetheless
common example is the increased state of autonomic (sympathetic) arousal one experiences
in states of anxiety, fear, or threat. The eliciting stimulus is typically first experienced in
the cortex, emotionally colored by the limbic system, and then the ANS response is likely
triggered by the hypothalamus. Such response patterns are meant to be adaptive for the
organism. However, as we are well aware, such responses often become triggered when
the circumstances do not merit it, through faulty learning or negative conditioning. If such
responses become chronic and excessive we typically label them in psychiatric terms, such
as panic disorder, free-floating anxiety, or irritable bowel syndrome. On the other hand,
cognitively learned techniques, such as relaxation procedures or meditation, can be used
to enhance parasympathetic responses in situations that might normally tend to elicit less
desirable and unnecessary sympathetic discharges. Thus, at least to some extent, many
aspects of ANS function can be brought under some degree of cortical control.

Endnotes

1. The first spinal (cervical) nerve exits above the first cervical vertebra, the second
cervical nerve above the second, and so forth. However, as there are only seven cervical
vertebrae, the eighth cervical nerve exits between the seventh cervical vertebra and
the first thoracic vertebra. From here on, each spinal nerve exits below its respective
vertebra.

2. The majority of information carried by the major ascending or descending systems that
cross the midline of the cord apparently does so via the anterior white commissure,
which lies ventral to the central canal.

3. Greater detail regarding ascending and descending pathways within the internal
capsule is provided in Chapter 8.

4. Of the approximately 20 million fibers that make up the midbrain portion of the cerebral
peduncles, only about 5% remain to form the pyramids after exiting from the pons. The
remaining 95% of these corticofugal fibers synapse in the brainstem (eg, red nucleus,
motor cranial nerves; reticular formation; and pontine nuclei, the latter which in turn
project to the cerebellum).

5. The other major cortical influence on eye movement derives from area 8 (the frontal eye
fields) which are thought to be primarily responsible for directing voluntary movements
via interconnections of various mesencephalic and pontine nuclei.



22 Chapter 1

6. If the object is already close to us and moving closer, this requires the eyes to both move
medially (convergence), as opposed to moving across the visual field, which requires
the eyes to move together either vertically or horizontally (conjugate eye movements).
Both would appear to require the integrity of the corticotectal pathways.

7. Under stress, sympathetic innervation of the medulla of the adrenal gland stimulates
an increased secretion of epinephrine and norepinephrine, which are then released into
the bloodstream. Their effect on target organs throughout the body is similar to direct
sympathetic stimulation, only more prolonged.

REFERENCES AND SUGGESTED READINGS

Barr, M.L. & Kiernan, J.A. (1993) The Human Nervous System. Philadelphia: J.B. Lippincott Co.,
pp- 67-87; 349-376.

Brazis, P., Masdeu, J., & Biller, ]J. (1990) Localization in Clinical Neurology. Boston: Little, Brown & Co.,
pp- 70-92.

Carpenter, M.B. & Sutin, ]. (1983) Human Neuroanatomy. Baltimore: Williams & Wilkins, pp. 265-314.

DeMeyer, W. (1980) Technique of the Neurologic Examination: A programmed text. New York.:
McGraw-Hill, pp. 179-241.

Gilman, S. & Newman, SW. (1992) Essentials of Clinical Neuroanatomy and Neurophysiology.
Philadelphia: F.A. Davis Co., pp 29-51; 75-95.

Martin, J.H. (1996) Neuroanatomy: Text and Atlas. Stanford, CT: Appleton and Lange, pp. 249-289.

Mihialoff, G.A. & Haines, D.E. (1997) Motor system I and II. In Haines, D.E. (Ed.) Fundamental
neuroscience. New York: Churchill Livingstone, pp. 335-362.

Nolte, J. (1993) The Human Brain. St. Louis: Mosby-Year Book, Inc., pp. 119-153.

Weisberg, L., Strub, R., & Garcia, C. (1989) Essentials of Clinical Neurology. Rockville, MD: Aspen
Publishing.

Wiebers, D.O., Dale, A.].D., Kokmen, E., & Swanson, J.W. (Eds) (1998) Mayo clinic examinations in
Neurology. St. Louis: Mosby, pp. 151-253 (muscles and reflexes); 275-285 (ANS).

Young, R.R., Asbury, A.K., Corbett, ].L., & Adams, R.D. (1975) Pure pandysautonomia with recovery:
Description and discussion of diagnostic criteria. Brain, 98, 613-636.



2 THE SOMATOSENSORY SYSTEMS

Chapter OVEIVIEW ...t
INEFOAUCHON. e
Ascending Pathways ........cccooiiiiiiiii e
Anterolateral System ...
Pain ..o
Temperature Sense
Simple Touch (PTeSSUIE) .......coviiiiiiiiiiiiiiiici e 31
Dermatomes ... s 31
Lemniscal System ..........cccccocviiiiniciiiciicccicnen .32
Proprioception, Stereognosis, Vibratory Sense ... .33
Facial Tactile Discrimination and Proprioception ..... ....33
Spinocerebellar CONNECHIONS ........c.ccciiiiiiiiiiiiiii e 34
Testing for Somatosensory DefiCits ... 37
Testing for Pain
Testing for PropriocePtion ... 37
Testing for StETEOZNOSIS .......ccvviiuiiiiiiciiici e 37
Testing for Vibration .......... .37
Testing for TEMPErature ... ...38
Lesions and Diseases Affecting the Ascending and Descending Tracts ...... ...38
Lesions Affecting the Posterior Limb of the Internal Capsule ..........cccoovveiriiviinniiiininnn. 38
Lesions Affecting the Corticospinal Tract ..o 43
Subacute Combined Degeneration (Posterolateral, Dorsal Column Syndrome) ... .43

Anterior Horn Cell Disease (e.g., Poliomyelitis) .........cccccooveviiiiireiiiiieiicicce, .43
Combined Anterior Horn and Corticospinal Tract Disease (ALS) ... .44
Lesion of the Central Gray Matter (Syringomyelia) ........cccccocoevviiiiiiinniceccecc 44
Posterior Colummn DiSEASe ..........cccoviiiiiiiiiiiiiiiiiiice e
Thrombosis of the Anterior Spinal Artery
Hemisection of the Cord ..o
Peripheral LeSiONS ..ot e
Long-Tract Findings in Supraspinal Lesions ..... ....46
ENndnotes ..o ....46
References and Suggested Readings .........cccocovoieieiiiieiiiiiiiiiciecccc s 46
CHAPTER OVERVIEW

The spinal cord encompasses three major ascending sensory pathways that provide ongoing
feedback from essentially all of our body, with the exception of our face and parts of our
head. Much, although not all, of this sensory input is consciously perceived and provides us
with critical information not only about our immediate environment, but about the state and
integrity of our bodies. This information is provided by two separate, but complementary
systems; the anterolateral or spinothalamic, and what has been termed the posterior column
or lemniscal system. The spinothalamic system allows us to perceive pain and temperature,
as well as pressure or crude touch. In addition to giving us potentially useful information
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about these aspects of our environment, this system also provides a protective function by
serving as the afferent limb for withdrawal reflexes in the presence of potentially harmful
stimuli. The lemniscal system, on the other hand, allows us to make fine tactile discrimina-
tions (stereognosis), to be aware of the position and movement of our limbs in space, and is
probably our primary means of detecting vibrations (other than sound). In addition to these
“conscious” perceptions, other ascending pathways provide constant sensory feedback to
the cerebellum that apparently bypasses conscious awareness. Such information is critical
in maintaining posture and balance, especially while engaging in whole-body activities.

By the conclusion of this chapter the reader should be able to identify the major ascending
pathways, both in terms of their general localization within the cord and general functional
correlates. In addition, one should be able to describe the basic elements of a somatosensory
examination, as well as the nature and clinical significance of abnormal somatosensory
findings. Finally, having reviewed the basic anatomical structure of the spinal cord, as well
as its major ascending and descending pathways, the reader should be able to identify and
appreciate the anatomical basis for some of the more common spinal and peripheral nerve
syndromes described in the chapter.

INTRODUCTION

In order to function effectively one needs constant sensory feedback from the external
environment, as well as information about conditions that directly impact on one’s body.
Additionally, it is essential that one maintain awareness of the body in space (e.g., the
position and/or movement of one’s limbs through the time-space continuum). One also
must modulate internal states or homeostatic mechanisms. These functions are accomplished
through multiple afferent or sensory feedback systems, some of which operate at a conscious
level, others at an unconscious level.

Some stimuli remain essentially detached from us. That is, we become aware of them only
indirectly through what are referred to as telereceptors. These include the senses of hearing
and vision. Olfaction may be considered a telereceptor as through this sense one can be
aware of the presence of a sweet olive tree or a garbage dump from a sizable distance away.
On the other hand, odor is perceived when airborne molecules of the object or substance
come into direct contact with our nasal mucosa—not always a particularly comforting or
pleasant thought.

Other external stimuli are perceived only when they come into direct contact with the
body. This would include most tactile sensations such as touch, pressure, temperature,
external painful stimuli, and vibration. However, under certain conditions, low-frequency,
high-amplitude vibrations may be perceived at considerable distance from their source via
pressure waves. Finally, there are those sensations that derive not from external sources
or forces but rather from internal conditions or states. In contrast to the first two classes
of stimuli for which one is either generally aware or potentially aware, stimuli that arise
from within the body may or may not ever reach conscious awareness. In general, this
probably has less to do with the nature of the stimulus than with the pathways that carry
such information. Thus, awareness of the position of one’s limbs may reach conscious
awareness when such signals are conveyed through the dorsal columns of the cord through
the thalamus and to the cortex. Signals from the same or similar peripheral receptors that
synapse locally in the cord or travel through the spinocerebellar tracts never reach conscious
levels, butstill have a meaningful impact on certain aspects of motor coordination, maintaining
muscle tone, and providing the afferent loops necessary for postural and other reflexes.
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The special senses mediated by the cranial nerves will be discussed in Chapter 5. These
include vision, hearing, taste, and olfaction, and what might be considered a sixth sense:
awareness of one’s orientation in or movement through space (vestibular). In the current
chapter, the emphasis will be on general somatic perceptions or the somatosensory system.
This includes the perception of simple touch, discriminative touch (stereognosis), pain,
temperature, proprioception (awareness of the position of the limbs, head, or trunk), kines-
thesia (awareness of movement), and vibration. While this chapter will focus primarily on
those tracts that ascend in the cord, it will be noted that comparable mechanisms serve these
same types of stimuli applied to the head or face. More detail about the neural pathways
for the latter will be presented in Chapter 5 (The Cranial Nerves). Finally, in Chapters 9
(The Cerebal Cortex) and 10 (The Cerebral Vascular System), there will be a discussion of
some of the more unique types of disturbances of somatic awareness that are peculiar to
cortical lesions, namely, anosognosia (lack of awareness of sensorimotor deficits), Anton’s
syndrome (lack of awareness of blindness), finger agnosia (a specific type of autotopagnosia
resulting in difficulty discriminating parts of one’s body), and unilateral neglect (inattention
to one half of the body or hemispace).

ASCENDING PATHWAYS

The ascending or afferent somatosensory pathways within the spinal cord, with the exception
of those that primarily mediate position sense and stereognosis (the dorsal columns), are
intermingled with descending motor pathways in the lateral and ventral funiculi (see
Figure 1-2, Chapter 1).

The ascending pathways can be divided into three major, though not always totally
distinct, systems:

1. The anterolateral system, which tends to be more primitive and polysynaptic and
is primarily responsible for the sensations of pain, temperature, and crude (i.e., less
well defined) or simple touch.

2. The lemniscal system, which is represented by the dorsal column pathways or
dorsal funiculus, has fewer synaptic connections than the anterolateral pathways and
conveys conscious information about position sense, kinesthesia, vibration, and the
finer aspects of tactual discrimination.

3. The spinocerebellar system, which unlike the other two systems, does not project
to the thalamus, and hence does not reach conscious awareness. The latter system,
however, may carry much of the same type of information as the other two pathways,
particularly position sense and kinesthesia, which are essential for coordinated motor
activity.

These systems can be further divided into those areas that are supplied by the cranial nerves
versus those innervated via the dorsal spinal roots (see Table 2-1). Again, the former will
be covered in more detail in Chapter 5.

Before discussing each of these systems in greater detail, it might be useful to review
features that they all have in common. Most of the fibers contained in these systems arise
from specialized receptors or nerve endings within the skin, muscles, or tendons. Those that
supply the trunk and limbs travel centrally in the peripheral nerves, along with the motor or
efferent fibers. Just outside the cord, they separate from the motor fibers and enter the cord
as the dorsal nerve roots. The cell bodies for these latter fibers reside outside the cord in
the dorsal root ganglia. All dorsal root fibers synapse after entering the cord. Most synapse
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Table 2-1. Major Somatosensory Tracts

Tracts Origin Termination Function
Spinothalamic Free nerve endings; Spinal cord, posterior Mediates perception

(anterolateral
system)

specialized skin
receptors

Dorsal columns Specialized skin

(lemniscal receptors;
system) muscle and joint
receptors
Spinocerebellar Similar to the above

(dorsal, ventral,
rostral, and
cuneocerebellar)

Ventral (crossed) Similar to the

and dorsal above, but in an
(uncrossed)® area of the face
trigeminotha-

lamic

horn; secondary
fibers to VPL?
nuclei; tertiary
fibers to cortex

Nuclei cuneatus
and gracilis;
secondary fibers
to VPL; tertiary
fibers to cortex

Cerebellum,
primarily in the
vermal region

Trigeminal ganglion;
secondary fibers
to VPMS; tertiary
to cortex

of pain,
temperature,
pressure or simple
touch; spinal
reflexes
Proprioception,
kinesthetic
feedback, vibration,
fine tactile
discrimination;
spinal reflexes
Coordination, balance
via somatosensory
and kinesthetic
feedback to
cerebellum
Provides feedback
comparable
to posterior
columns and
spinothalamic
tracts, but from the
facial area

2 Ventral posterior lateral nuclei of the thalamus.

b Appears to carry information from the oral cavity.

¢ Ventral posterior medial nuclei of the thalamus.
4 See Chapters 4 and 5 for more detail.

locally, that is, at or within a few segments from where they entered the cord; however,
some of the fibers of the posterior columns ascend to the upper cord before synapsing. These
synapses within the cord would appear to serve multiple purposes. As noted in Chapter 1,
some of the afferent neurons synapse either directly or indirectly (via interneurons) on alpha
or gamma neurons and serve to maintain muscle tone, mediate spinal reflexes, and provide
the potential for the modulation of, or modulation by, descending or efferent fibers. Thus
both sensory input and motor output can be influenced at the spinal level. This branching
and interconnection of the afferent fibers also allow for the summation of sensory input
from more than one nerve rootlet. The commonly observed phenomenon of attempting to
relieve sharp pain by rubbing the affected area seems to be accomplished in large part by
the interaction of the two types of stimuli in the substantia gelatinosa.

Anterolateral System

The anterolateral system is represented primarily by the lateral and ventral spinothalamic
tracts (Figure 2-1). While these two tracts were once described as carrying different and
distinct types of sensory information, the current thinking is that the two have extensive
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Somatosensory
Cortex

VPL (face area)

VPM

Anterolateral system
(ALS)

Medial Lemniscus
(ML)

Spinal nerve
of V

(ALS)

Lamina Il - VI

Decussation via
ventral white

commissure
Dorsal roots

Figure 2-1. Fibers of the anterolateral (spinothalamic) system, which are important in pain and
temperature perception, synapse in the dorsal horn and then cross the midline within a few segments
of where they enter the cord to ascend in the lateral and ventral funiculi. Traveling in the ventrolateral
and later in the dorsolateral portions of the brainstem, these second-order fibers terminate in the
ventral posterior lateral (VPL) nuclei of the thalamus. From there, third-order neurons proceed to
the cortex. Abbreviations: VPM, ventral posterior medial nucleus (thalamus); VPL, ventral posterior
lateral nucleus; VIT, ventral trigeminothalamic tract.

functional overlap, and hence should be considered as a single system. It should be noted that
the anterolateral system is most closely associated with, and probably most responsible for,
the sensations of pain, temperature, and light touch, while the posterior columns (lemniscal
system) are more closely associated with position sense and stereognosis. Some overlapping
of functions is found within these two systems as well. In addition, some information
shared by both of these systems is conveyed to the thalamus by the lateral cervical system
(see below). One net effect of all this redundancy within the spinal cord is that unilateral
lesions affecting a single tract or system unlikely will result in a total loss of the sense of
touch. However, the finer aspects of tactile discrimination indeed will be generally severely
compromised following lesions to the posterior columns. While loss of pain on one side
of the body caudal to a lesion in the cord typically results from unilateral destruction of
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the anterolateral pathways (and hence, occasionally surgically produced to treat severe and
otherwise intractable pain), the effect may not be permanent, again suggesting the possibility
of alternate pain pathways.

Pain

The pathways for pain and temperature are difficult to separate, and hence, are usually
considered together when discussed anatomically. The sensations of itching and tickling
also are thought to be mediated by this system.

Unlike some of the other somatic sensations, there apparently are no specialized “pain
receptors,” although some may respond chemically to specific substances released during
injury to tissues. The sensation of pain probably is initiated at the periphery by small-
diameter myelinated (A-delta) and unmyelinated (C) fibers. Each of these appear to be
responsible for different aspects or types of pain: the former or the A-delta fibers being
responsible for the perception of “fast,” “sharp,” well-localized pain, while the C fibers
carry the “slow,” “dull,” aching or burning chronic type of pain that tends to be less well
localized.

After entering the dorsal cord, these fibers might branch into short ascending and
descending axonal processes and might travel for one or more segments in posterolateral
portion of the lateral funiculus (Lissauer’s tract) before synapsing on interneurons in the
posterior horn. While the neurons in lamina II, the substantia gelatinosa, are thought to
play a significant role in the spinal regulation of pain perception, synaptic connections for
the incoming pain fibers are established in lamina I through V of the spinal cord. While
some of these incoming fibers make direct connections with the cells of origin for the
anterolateral spinothalamic tracts, most probably make polysynaptic connections, including
connections with interneurons in lamina VI through VIII, before ascending. Once these final
synaptic connections have been made, the fibers then cross the midline in the ventral white
commissure, which is located just anterior to the spinal canal in the central gray area of the
cord. Once on the opposite side of the cord, these fibers ascend as part of the anterolateral
spinothalamic tracts.

It again should be noted that because the initial peripheral nerves branched into both
ascending and descending fibers as they entered the cord, any group of fibers might
represent several cord segments entering the spinothalamic tracts. As a result of this
arrangement, if a lesion occurs in the cord affecting the anterolateral tracts, the patient
will demonstrate a loss or diminution of pain sensation on the opposite side of the body,
beginning one or two segments below the level of the lesion. Conversely, irritation of a
nerve root will result in pain (ipsilateral to the source of irritation) in the area served by the
distribution of that nerve.

In addition to the spinothalamic tracts, the pathways just discussed also give rise to
a large proportion of fibers that do not reach the thalamus, at least not directly. Rather,
they synapse in the reticular system located in the brainstem, and hence, give rise to the
spinoreticular tracts that travel in association with the anterolateral system. The possible
function of the spinoreticular tracts will be discussed shortly.

As mentioned earlier, two general types of pain have been identified. The first is charac-
terized by a sharp, acute, pricking, and generally well-localized type of pain. The second
type has been described as pain that is slower in onset, more aching or burning in character,
less well localized, and generally more persistent. It also was noted that the former seemed to
be mediated primarily by the larger, myelinated A-delta fibers (fast pain), whereas smaller,
unmyelinated C fibers were largely responsible for the latter or “slow pain.” However, it also
appears that these two types of pain may be conveyed centrally or rostrally in somewhat
separate and distinct pathways. “Fast pain” from the contralateral hemibody appears to be
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related to those spinothalamic fibers originating primarily in lamina I and V and projecting
to the ventral posterolateral (VPL) nucleus of the thalamus. Comparable fibers from the
contralateral face mediated by the trigeminothalamic pathway project to the ventral postero-
medial (VPM) nucleus. These thalamic nuclei, to which the posterior columns (medial
lemniscus) and related trigeminothalamic pathways also project, are topographically well
organized and project in this same topographically organized fashion to the sensorimotor
cortex (Brodmann’s areas 3, 1, and 2). Because of the rather direct, point-to-point repre-
sentation that is retained from the periphery to the cortex, this system is capable of finer
discriminations of pain (or other tactile) information. Because such finer cortical discrimi-
nations represent a more recent phylogenetic development, these pain pathways have been
termed the neospinothalamic tracts.

On the other hand, those fibers that carry information related to chronic, “slow,” dull
pain seem to originate more in lamina VI through VIII. These slow or dull pain pathways
project primarily to the intralaminar nuclei of the thalamus, which in turn project to the
cortex in a much more diffuse manner. These latter projections then do not have the same
precise topographical organization as VPL or VPM and receive considerable input from
the ascending reticular system. In fact, it is thought that these intralaminar nuclei probably
represent the primary thalamic projection area for the spinoreticular fibers discussed above.
Because they would appear to represent a more primitive system, those spinothalamic fibers
that project to the intralaminar nuclei are known as the paleospinothalamic tracts. Fibers
within this system (perhaps neospinothalamic fibers as well) also project to the posterior
nuclei of the thalamus. Both the intralaminar and posterior nuclei of the thalamus project
heavily to the secondary somatosensory cortex that lies in the area of the parietal operculum
(an area where the inferior parietal cortex enfolds into the lateral fissure). In fact, though
relatively rare, loss of affective response to painful stimuli or pain asymbolia has been
associated most frequently with lesions in the left parietal opercular area. Thus, pain may be
“perceived” in either the primary and/or secondary somatosensory cortices. There has been
some suggestion that pain also may be “perceived” in some manner even in the thalamus,
although it would seem unlikely that any true discriminative perception of pain could take
place at this level.

In summary, the neospinothalamic tracts, which are phylogenetically more recently
developed, project to those thalamic nuclei (VPL and VPM) that are topographically
organized and which, in turn, project to the sensorimotor cortex in the same organized
fashion. Because of this point-to-point representation, this system is better able to
discriminate and localize painful stimuli. The paleospinothalamic system, along with the
spinoreticular tracts, project in a more polysynaptic, diffuse manner to the intralaminar
nuclei (and posterior nuclear complex). It is this latter system that seems to be responsible
for the less well-defined, more diffusely localized chronic type of pain. It also is thought
that this latter system may likely be the one more responsible for an individual’s affective
response to pain because of its connections with the limbic system.

Before leaving the discussion of pain pathways, several additional phenomena should
be reviewed. The first is the notion of referred pain. In general, two types of referred
pain might be identified, although only the first is classically defined as referred pain. An
example of the former is where afferent feedback from some internal organs are perceived
as painful in the distribution more or less corresponding to the segmental portion through
which these fibers enter the cord. A classic example is pain radiating down the left arm in
cases of myocardial infarction. The other situation in which pain might be considered as
“referred” is found, for example, in dorsal root irritation. While the problem or mechanical
irritant may be located in the lower lumbar region of the spinal vertebrae, the pain may be
“perceived” as radiating down the leg.
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A thalamic pain syndrome can result from a destructive lesion affecting the posterior
thalamus. Such a lesion may initially produce a loss or decrease in sensation on the
contralateral side of the body.

While these deficits may persist, after a time the patient may begin to experience signif-
icant and occasionally quite distressing pain on the side contralateral to the lesion. Such
pain generally takes on more of the characteristics of the kind of pain mediated by the
paleospinothalamic system (i.e., poorly localized, aching or burning type of pain). It often
can be set off by minimal stimuli and will tend to persist and/or expand well beyond the
time and space parameters of the eliciting stimulus.

Certain surgical lesions in the brain, including frontal lobotomies, frontal leukotomies,
cingulotomies, thalamotomies (especially when the lesions involved some of the intralaminar
or dorsomedial nuclei), and even surgical destruction of the pituitary gland, are among the
sites found capable of dramatically altering one’s subjective impression of, or response to,
otherwise intractable pain. The problem with most of these lesions is that they also can
produce other disabling behavioral problems. It is thought that perhaps the critical element
in most, if not all, of these surgeries is the disconnection of critical limbic pathways (it has
been hypothesized that the effectiveness of pituitary lesions is due to secondary lesions
produced in the hypothalamus). In many of these “disconnection” cases, the patient may
still report “feeling the pain,” but being affectively “disconnected” from it. Other surgical
treatments for pain include implanting devices to produce stimulation of large-diameter
fibers, which in turn suppress or inhibit the firing of small-diameter C fibers (transcutaneous
stimulation) or stimulation of the periaqueductal gray matter of the midbrain to stimulate
the release of endorphins. Surgery also is used to disrupt the pain pathways by sectioning
single nerves, the dorsal roots (rhizotomy), the lateral spinothalamic tract (cordotomy), or
the posterior and intralaminar nuclei of the thalamus. Unfortunately, many of the surgical
treatments may produce only temporary relief from pain.

More conservatively, treatment for pain may simply involve a variety of procedures
including drugs that change the sensitivity of the peripheral nerve endings or affect the
central processing of pain.

Temperature Sense

The information that allows the brain to perceive and distinguish the temperature of objects,
liquids, or air as they come into contact with the skin also is carried by the anterolateral
system. Similar to pain, it appears that A-delta and C fibers are responsible for conveying
this information from the periphery to the spinal cord. No specific nerve endings have been
identified as responding to temperature. It appears likely that, again similar to pain, these
sensations are initiated through free nerve endings in the skin. The C fibers may mediate
both extremes of hot or cold sensations that are perceived as “painful.” The spinotha-
lamic pathways for the perception of temperature are virtually indistinguishable from those
mediating pain. Hence, loss of pain and temperature generally occur at the same time and
in the same distribution.

Pain and temperature sensations in the face are mediated by the trigeminal (V) cranial
nerve, specifically through the spinal trigeminal nucleus (see Chapter 5 for a more detailed
description). Before entering this nucleus, however, the fibers coming into the pons travel
caudally as the spinal tract of V prior to synapsing in the spinal trigeminal nucleus. The caudal
portion of this nucleus is probably the relay center for most of the face, with the exception
of dental pain, which is mediated through the interpolar nucleus. From these nuclei, crossed
fibers ascend via the ventral trigeminal tract to terminate in the ventral posteromedial (VPM)
nucleus of the thalamus. Pain sensations probably also reach the thalamus indirectly via the
reticular system and are responsible for the duller, aching, chronic pain sensations of the face.
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Simple Touch (Pressure)

A number of different types of cutaneous end organs have been identified that seem to play
a role in the perception of touch. These are Meissner’s and Pacinian corpuscles; Merkel,
peritichial, and Ruffini nerve endings; as well as free nerve endings. It is not clear whether
the sensory end organs that mediate the sensations of touch and pressure that travel in the
anterolateral system (spinothalamic tracts) are any different in type or distribution than the
ones that subserve the lemniscal (dorsal column) system, to be discussed next.

There are, however, at least two major distinctions between the two systems other than
the tracts themselves:

1. In the anterolateral system, the fibers cross the midline at or near their level of entry
into the cord, while those in the lemniscal system cross at the level of the medulla.

2. While both the anterolateral system and the lemniscal system are capable of mediating
the sense of touch and pressure on the skin, the anterolateral system does not appear
capable of fine tactile sensory discriminations, a capacity that characterizes the dorsal
column or lemniscal system.

Actually, the sensory fibers that mediate touch (and probably vibration and proprioception
as well) divide into three distinct ascending pathways or systems. Some ascend in the dorsal
columns (lemniscal system), while others ascend ipsilaterally in the lateral cervical tract,
synapsing in the lateral cervical nucleus in the upper cord. These fibers then cross the midline
of the cord and ascend with the contralateral fibers of the anterolateral spinothalamic tracts.
Finally, those fibers traveling in the anterolateral spinothalamic tracts follow pathways
similar to those described for pain and temperature fibers. As is true of the latter nerve
fibers, those conveying touch via this system typically ascend and descend several segments
in the cord before crossing and ascending to the ventral posterolateral (VPL) nucleus of
the thalamus. After synapsing there, these fibers, along with other somatosensory inputs,
project via the posterior limb of the internal capsule to the postcentral gyrus to relay
information concerning crude touch and pressure. It should be noted that while the major
cortical projection site for the VPL and VPM nuclei is the primary somatosensory cortex
(Brodmann’s areas 3, 1, and 2), these nuclei probably project more broadly. Other cortical
projections likely include the secondary somatosensory cortex in the parietal operculum
and perhaps to the precentral sensorimotor cortices. As with the pathways for pain and
temperature that travel in the lateral spinothalamic tract, collaterals for touch and pressure
probably also go to the reticular formation and to the intralaminar nuclei of the thalamus.
The intralaminar nuclei, in turn, project to a variety of structures, including other thalamic
nuclei, the basal ganglia, and the limbic system and seem to play a role in general arousal
or alertness.

As previously noted, because of the diversity of these pathways, including fibers that
cross shortly after entering the cord (S-T tracts) and those that ascend to the medullary
junction before crossing (lateral cervical tract and posterior columns), the more elementary
sensations of touch are typically preserved following unilateral trauma to the cord. However,
such a lesion likely would disrupt fine tactile discrimination ipsilaterally and pain and
temperature perception contralaterally. The apparent presence of small-diameter afferent
fibers in the ventral roots may offer one basis for the persistence of pain that can occur
following sectioning of the dorsal roots. All tactile sensation below the level of the lesion,
of course, would be lost following a complete transection of the cord.

Dermatomes

As noted in Chapter 1, the area of the skin represented by the pairs of dorsal roots at
each spinal level (i.e., the vertebral spaces at which the nerves enter or exit) is referred
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Figure 2-2. Approximate distribution of the segments of the skin represented by the various dorsal
roots of the spinal cord. Considerable overlapping of adjacent segments is generally the case.

to as a dermatome. Figure 2-2 illustrates the distribution of the dermatomes for the
spinal nerves. It should be kept in mind that the divisions shown in the illustrations
are approximations and variations may be noted among various authors. Also, from a
clinical standpoint, the divisions are not nearly as sharp or clear as might be implied by
the diagram. There is considerable overlap between adjacent spinal segments. As a result,
there may be little, if any, detectable sensory loss unless several adjacent dorsal roots are
affected.

Lemniscal System

So far we have primarily focused on the anterolateral system (ventral and lateral S-
T tracts), which primarily carries information regarding pain, temperature, and simple
touch. In this section, the focus will be on the other major ascending system respon-
sible for conscious perception of stimuli affecting the arms, legs and trunk, the lemniscal
system.

The term “lemniscus” means a “ribbon” or a “band” and generically is a name that
is applied to several pathways within the brainstem. The “lateral lemniscus” carries
auditory fibers (see Chapter 5) and the “spinal lemniscus” results from the joining of the
spinothalamic and spinotectal tracts in the medulla. The medial lemniscus, from which the
lemniscal system derives its name, represents the ascending fibers of the posterior (dorsal)
columns after they synapse in the nuclei cuneatus and gracilis above the spinal-medullary
junction. The dorsal columns or lemniscal system represent the primary (though probably
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not exclusive) pathway for the perception of proprioception (position sense), kinesthesia
(awareness of speed and direction of limb movement), stereognosis (fine tactual discrimi-
nation of contour, relief, texture, size, localization, etc.), and vibration sense.

Proprioception, Stereognosis, Vibratory Sense

The senses of proprioception and kinesthesia are initiated at the periphery by specialized
nerve fibers. These include primary or annulospiral endings and secondary or flower-spray
endings that attach to the intrafusal muscle fibers or muscles spindles, Golgi tendon organs
(found where the tendon joins with the muscle), and both free and capsular (e.g., Golgi,
Ruffini, and Pacinian) nerve endings in the ligaments and joints. Feedback for stereognosis
is derived from the same types of specialized nerve ending in the skin (e.g., Pacinian
corpuscles, Merkel’s disks, Meissner’s corpuscles, nerve plexus around hair follicles, and
free nerve endings) that are found in the fibers which eventually ascend in the anterolateral
system. Vibration probably should not be identified as a separate or special sense, but
more likely represents a special condition (e.g., temporal summation) of touch. Pacinian
corpuscles, because of their rapid adaptation, may play an important role in the perception of
vibration.

Fibers from receptors mediating proprioception, kinesthesia, stereognosis, and vibratory
sense enter directly into the dorsal columns and ascend ipsilaterally, without synapsing, to
the lower medulla (Figure 2-3). The fibers from the leg ascend in the more medial portion
of the dorsal columns in the fasciculus gracilis, while those fibers from the upper extremity
ascend in the more lateral fasciculus cuneatus. Thus, the nerve fibers for the arm might be
viewed as entering the cord after the fibers from the leg already have been laid down. These
two tracts—the fasciculus gracilis and fasciculus cuneatus—terminate in the nucleus gracilis
and nucleus cuneatus which are located in the lower medulla. After synapsing in these
nuclei, the fibers then cross (decussate) and ascend as the medial lemniscus and terminate in
the ventral posterolateral nucleus (VPL) of the thalamus. Again, comparable projections from
the cranial nerves (e.g., the trigeminothalamic tract) terminate in the ventral posteromedial
nucleus (VPM). From there, topographically organized projections are sent to the postcentral
gyrus (BA 3, 1, 2). There probably is considerable overlap in the cortical projections of
both the anterolateral and the lemniscal systems. Nevertheless, the lemniscal system'’s
more direct and discrete topographically organized projections to the somatosensory cortex
(as opposed to the more polysynaptic, diffused connections which are more characteristic
of the anterolateral system) are what permit us to make fine tactile discriminations.

Facial Tactile Discrimination and Proprioception

Discrimination of tactile stimuli and proprioceptive feedback from the face is mediated
by cranial nerve V. The “main sensory nucleus” of the trigeminal nucleus is the likely
point of relay for this type of somatosensory information. Two tracts ascend from this
nucleus. One decussates to join the medial lemniscus and terminates in the VPM nucleus
of the thalamus; the other, an uncrossed tract, ascends as the dorsal trigeminal tract and
terminates in a separate part of the VPM nucleus (Figure 2-3). The role of the latter is not
clear, but it may relate to intraoral sensations. Proprioception for the muscles of mastication
is somewhat unique. Their unipolar nerve cells are located in the mesencephalic nucleus,
which is located in the upper pons and lower midbrain, rather than in a ganglion outside
the CNS.
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Somatosensory
Cortex

VPL (face area)

VPM

Medial Lemniscus

Main (chief} (ML)

sensory nucleus
of V

Nucleus Gracilis

Nucleus Cuneatus

Internal arcuate fibers
ML
Posterior celumns

(fasciculus cuneatus,
fasciculus gracilis)

Dorsal roots

Figure 2-3. Fibers making up the lemniscal (dorsal column) system, critical for proprioception and
fine tactual discrimination, enter ipsilateral dorsal funiculus without synapsing until they reach the
nucleus cuneatus and nucleus gracilis in the lower medulla. Second-order neurons then cross the
midline and ascend as the medical lemniscus to the VPL nuclei of the thalamus, there giving rise to
third-order thalamocortical fibers.

Spinocerebellar Connections

Asdiscussed in Chapter 1, there are many reflexes that are mediated at the spinal level. Perhaps
among the most important are those that respond to noxious stimuli and those that respond
to sudden changes in the antigravity muscles (necessary to maintain an upright balance).
These reflexes are executed, or at least can be executed, at the spinal level. In some
instances, they may rely on a simple or monosynaptic connection between an intrafusal
(proprioceptive) afferent fiber and an alpha motor neuron in the anterior horn feeding
the same extrafusal muscle. At other times, although still remaining within the cord, the
reflex involves several cord segments, several muscle groups, and multiple interneurons.
However, for the more elaborate demands of most coordinated movements, higher-order
connections must be established. Of central importance to this process are the cerebellum
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Figure 2-4. Comparable somatosensory systems mediating pain, temperature, proprioception, and
fine tactual discrimination in the face are shown in this figure. Unlike the spinal pathways that synapse
in the VPL, trigeminal pathways synapse in the ventral posterior medial (VPM) nuclei of the thalamus.
See Chapter 5 for more detailed discussion of these pathways.

and its subsequent connections to the cortex, vestibular system, and other sensorimotor
systems. Apparently there are no direct, descending connections between the cerebellum
and the spinal cord. Obviously (or so it seems), what appears to be most critically needed
by the cerebellum is information regarding the position of the body (both trunk and limbs)
at any point in time, as well as the direction, degree, and speed of movement that is
occurring. However, other types of sensory information also may be important or useful to
coordinate higher-order reflex or voluntary movement. As a result of these needs, there are
extensive connections between incoming somatosensory information and the cerebellum.
The following is a review of these connections.

There are four major pathways by which information entering the spinal cord gets to the
cerebellum. These will be discussed in greater detail in Chapter 3. For now it is important
to remember that two of these pathways convey information from the lower extremities
and two convey information from the upper extremities. Another point to remember is that
virtually all information that goes to the cerebellum from the spinal cord remains ipsilateral,
even when there is crossing of the midline by the spinocerebellar fibers (see below for the
simple explanation). There are three pathways into the cerebellum: the superior, middle,
and inferior cerebellar peduncles. The largest of these, the middle cerebellar peduncle, is the
route by which the cortex gets information into the cerebellum. Of the pathways by which
spinal information gets into the cerebellum, the majority enters via the inferior peduncle.
Only one, the ventral spinocerebellar tract, clearly enters via the superior peduncle. The
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superior cerebellar peduncle, as we shall see, is also the major conduit for information leaving
the cerebellum. Fibers mediating proprioception, touch, pressure, pain, and local reflex
activity concerning the leg and lower torso synapse in the base of the posterior horn and then
give rise to fibers that cross over to the opposite side of the cord. These then ascend to the
cerebellum via the ventral spinocerebellar tract (crossed) in the lateral funiculus (Figure 2-5).
However, before entering the cerebellum through the superior cerebellar peduncle (the only
spinal tract that does), most of these fibers cross the midline again (i.e., double cross), so the
input is still ipsilateral.

The nucleus dorsalis of Clarke located in the base of the dorsal horn (T-1 through L-2 or
L-3) receives projections from the muscle spindles, Golgi tendon organs, and joint receptors.
From there these fibers ascend, without crossing, to the cerebellum as the dorsal spinocere-
bellar tract, entering through the inferior cerebellar peduncle. This tract, which also contains
information from the trunk and lower extremity, appears to be more specific in its input
than the ventral spinocerebellar tract. It is primarily concerned with information regarding
muscle tone, posture, and proprioceptive feedback. It enters the cerebellum through the
inferior cerebellar peduncle.

VSCTin
superior

A cereoellar
Cerebellum SO
b
Inferior ‘ -“-. Ipsilateral cervical posterior

column system fibers forming

cerebellar peduncles
P cuneocerebellar tract

Loteral cuneate n. __|psilateral fipers from postericr
column systerm forming Dorsal

Lower medulla spinocercbellar tract

Ipsilateral anferolateral fioers
from cervial cord forming Rostral
spinocerebellar fract

Thoracic cord il

\ Crossed fibers from anterolateral
R systern forming contralateral
Ventral spinocerebellar tract

Figure 2-5. Spinocerebellar fibers shown here represent the third major group of ascending fibers in
the spinal cord. Within the spinal cord itself, these consist of the dorsal and ventral spinocerebellar
tract located in the lateral funiculus. Note: Spinal input to the cerebellum is primarily ipsilateral,
despite the double crossing of the VSCT.
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Comparable information regarding muscle tone and proprioceptive feedback from the
upper extremities travels up the fasciculus cuneatus to synapse in the lateral or accessory
cuneate nucleus (the upper extremity counterpart of the nucleus dorsalis). After synapsing
in the accessory cuneate nucleus, the postsynaptic fibers become the cuneocerebellar
tract. These fibers then ascend ipsilaterally and, like the dorsal spinocerebellar tract, enter
the vermis of the cerebellum via the inferior cerebellar peduncle. The upper extremity
counterpart of the ventral spinocerebellar tract is the rostral spinocerebellar tract, which
originates in the nucleus centralis basalis of the cervical cord and proceeds ipsilaterally to
the cerebellum.

TESTING FOR SOMATOSENSORY DEFICITS

Testing for Pain

Have the patient discriminate between the point (“sharp”) and head (“dull”) of a pin. You
have to be careful to avoid simply tapping into the sense of touch. One should avoid
using the same pin with different patients, as there is evidence that certain viruses can be
transmitted in this fashion.

Testing for Proprioception

Have the patient attempt to localize his or her limb in space following passive movement
by the examiner (with patients eyes closed) or indicate the state of flexion or extension
of one’s limb. However, perhaps the easiest and certainly one of the most sensitive and
specific tests of proprioception is to passively extend or flex a digit (e.g., the great toe or a
finger) while asking the patient to indicate the direction in which it is being moved. One
also may check the integrity of the posterior columns by asking the patient to stand erect
with the feet together. If the patient shows considerably more difficulty maintaining balance
with the eyes closed than opened, this suggests posterior column compromise (Romberg’s
sign). If comparable difficulties are noted regardless of whether the eyes are open or closed,
cerebellar disease should be suspected.

Testing for Stereognosis

Here we might ask the patient to differentiate shapes, textures, or similarly configured small
objects (e.g., a paper clip versus a safety pin) by touch. The patient also may be asked to
identify numbers written on the fingertip or palm of the hand (graphesthesia), to make
two-point discriminations, or to localize stimuli applied to various parts of the face, limbs,
or torso.

Testing for Vibration

This procedure basically calls for the application of a tuning fork (256 cps) to bony promi-
nences of the distal upper and lower extremities. The examiner must perform trials with
and without the tuning fork vibrating to assure reliability and comprehension of the test.
The patient is instructed to indicate whether the tuning fork is vibrating when touching
the limbs, and if it is when the vibration appears to stop. A vibratory sensory level can be
determined by starting distally and working one’s way proximately up the limb. The latter
procedure would be important if a neurologist expects a peripheral neuropathy.
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Testing for Temperature

The patient is asked to discriminate between objects of different temperatures. The examiner
should ensure that the temperatures are readily discriminable, but neither is extreme. Test
tubes filled with warm and cool water make reasonable testing devices.

In all cases, the examiner always should compare performances on the right versus the
left side of the body. One should be alert to the possibility of cortical neglect as well as old
central or peripheral injuries or disease processes that might have an effect on peripheral
processes, such as peripheral neuropathy secondary to diabetes or chronic alcohol abuse.

LESIONS AND DISEASES AFFECTING THE ASCENDING AND
DESCENDING TRACTS

Lesions Affecting the Posterior Limb of the Internal Capsule

Lesions restricted to the anterior portion of the posterior limb of the internal capsule normally
result in a contralateral hemiparesis or hemiplegia (see Figure 2-6a). The distribution of
weakness is distinct and characteristic of lesions of the corticospinal pathway. In the upper
extremity, weakness is most pronounced in the distal extensor muscles, while in the lower
extremity it is the proximal flexor muscles that are most affected. Increased deep-tendon
reflexes are present on the affected side, along with pathological reflexes, such a Babinski or
Hoffmann'’s sign. Although hypotonia may be present initially, this eventually is followed
by an increase in muscle tone along with other indications of hyperreflexia on that side,

Pain/Temp

Prop/Disc Lesion Posterior limb (and genu)

of internal capsule

——

Signs Contralateral hemiparesis
Babinski/Hoffman
Hyperreflexia

Spasticity

Dysarthria

Figure 2-6. Lesions affecting sensory—motor systems. Legend: UMN, upper motor neuron deficits;
LMN, lower motor neuron deficits; Pain/Temp, changes in pain and temperature; Prop/Disc, changes
in proprioception, fine tactile discrimination (and vibration).
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which might include clonus and clasp-knife spasticity. If the lesion extends toward the genu
of the internal capsule, an upper motor neuron VIIth cranial nerve deficit may be present
involving the contralateral face. In upper motor neuron lesions of the VIIth nerve, only the
muscles of expression in the lower face are affected (see Chapter 5).

The most common cause of such lesions are lacunar infarcts secondary to hypertension
(see Chapter 10) which can be relatively small in size, and hence restricted in their sphere of
influence. However, since the motor pathways converge in the internal capsule, even a small
lesion can have profound and broad-reaching effects topographically. As can be seen in
Figure 7-5, the thalamocortical projections from the ventral posterior nuclei of the thalamus
that carry somatosensory information to the cortex are in close proximity to the descending
motor pathways (generally slightly posterior to the latter, with the visual projections being
even more posterior in the internal capsule). Thus, if the lacunar lesion extends slightly more
posteriorly, somatosensory symptoms also may be seen. Simple touch or pain usually is not
affected by such lesions, but rather the more higher-order perceptual judgments normally
carried out by the postcentral cortices (3, 1, 2) such as stereognosis, two-point, weight, or
texture discriminations. If there is an even more extensive disruption involving the posterior
limb of the internal capsule (e.g., as a result of an intracranial hemorrhage), one might see
unilateral motor, somatosensory, and visual disturbances from a single lesion, although this
would be a relatively rare phenomenon.

Lesions Affecting the Corticospinal Tract

Lesions that are isolated to the C-S tract and do not involve other descending tracts are
relatively rare, but may occur, for example, with focal vascular disease (strokes) in the
brainstem. Lesions of the corticospinal tracts in the brainstem produce the same type of
deficit described above, except the face will not be involved if the insult is below level of
the nucleus of the VIIth cranial nerve (Figure 2-6b). If the brainstem lesion is above the
level of the decussation, cranial nerve signs may accompany it on the side opposite the
hemiplegia. However, if the damage is restricted solely to the C-S tract at the medullary
level, the hemiplegia and associated reflex changes are often mild and may be limited to
a pronator drift and decreased fine motor skills. The presence of other descending tracts
at this point (e.g., reticulospinal, vestibulospinal, and rubrospinal) likely provides sufficient
muscular innervation to prevent a more dramatic loss of function.

Subacute Combined Degeneration (Posterolateral, Dorsal Column Syndrome)

Occurring in association with pernicious anemia (vitamin B-12 deficiency), this syndrome
tends to selectively affect the posterior columns and the lateral corticospinal tracts in the
cord (Figure 2-6¢). Because of the involvement of the corticospinal tracts, upper motor
neuron signs are present (weakness, spasticity, and positive Babinski). Reflexes, however,
may be diminished due to peripheral nerve involvement. Because the posterior columns are
affected, there will be impairments of proprioception, stereognosis, and vibration sense
and a positive Romberg (loss of balance with the feet together and eyes closed). As a result
of the peripheral neuropathy, paresthesias as well as some loss of pain and temperature
may be present. The disease typically presents with a slow, insidious onset with bilateral
signs or symptoms and the legs are often affected before the upper extremities. In addition,
if due to a B-12 deficiency, this syndrome may be accompanied by memory loss. Early
identification and treatment are essential to prevent further progression of symptoms.

Anterior Horn Cell Disease (e.g., Poliomyelitis)

Since the disease process is typically isolated to the region of the anterior horn cells (lower
motor neurons), the presenting clinical picture is one of flaccid paralysis, absent reflexes,
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fasciculations, and muscle atrophy (Figure 2-6d). As the posterior roots are unaffected,
sensations remain essentially intact.

Combined Anterior Horn and Corticospinal Tract Disease (ALS)

In amyotrophic lateral sclerosis (ALS), there is a combined degeneration of the pyramidal
tracts and the motor cells in the cranial nerve nuclei and in the ventral horns of the cord
resulting in a combination of upper (UMN) and lower motor neuron (LMN) symptoms
(Figure 2-6e). The LMN involvement produces weakness and atrophy in some muscle
groups and the UMN lesion result in spasticity and hyperreflexia in others. The cranial
nerves (motor) often are affected. Fasciculations are commonly present. As this disease
process is limited to the motor system, no sensory loss is experienced.

Lesion of the Central Gray Matter (Syringomyelia)

In syringomyelia, there is an expanding cavity that forms in the central gray area of the
cord, usually in the area of the cervical or lumbar enlargement. The lesion primarily affects
the fibers that make up the lateral spinothalamic tract as they cross the midline of the cord.
Because they affect the crossing fibers from both sides, there is a bilateral loss of pain and
temperature sensation at the level of the lesion, that is, typically in both upper extremities,
often described as a cape-like sensory loss (Figure 2-6f). Since the fibers that enter the cord
below this defect and the lateral spinal tracts made up of those fibers are unaffected, pain
and temperature in the lower extremities are unaffected. Also, since the lemniscal tracts do
not decussate until the midbrain, proprioception, touch, and vibratory sense are intact in
both the upper and lower extremities. Signs of upper motor neuron disease, however, may
be evident in the lower extremities as a result of pressure being exerted on the corticospinal
tracts by the expanding cavity. Also, as the lesion expands, it also may affect the anterior
horn cells, leading to motor changes in the upper extremities. These lesions are most often
congenital or associated with trauma.

Posterior Column Disease

Tabes dorsalis is a lesion associated with tertiary neurosyphilis and is anatomically limited
to the posterior columns and dorsal roots of the spinal cord. Therefore, early on there
may be paresthesias and sharp pains, particularly in the lower extremities (Figure 2-6g).
As the disease progresses, there is a loss of sensation and loss of reflexes as a result of
an interruption of the reflex arc. There is also a loss of position and vibratory sense and
a positive Romberg due to the loss of proprioceptive feedback due to involvement of the
posterior columns. While not directly involving the lower motor neurons, the lack of sensory
feedback may produce hypotonia with little or no loss of voluntary movement or strength
and no major atrophic changes or fasciculations. Gait will be affected as the patient has to
visually monitor what he is doing. The gait is wide-based and clinically resembles the ataxic
gait seen in midline vermal cerebellar lesions. Because the mechanism is different, the gait
due to posterior column disease is called a sensory ataxia.

Thrombosis of the Anterior Spinal Artery

The anterior spinal artery supplies blood to the anterior and much of the middle sections of
the cord. Atrophy, flaccid paralysis, and fasciculations (lower motor neuron syndrome) are
present at the level of the lesion due to the damage to the anterior horn cells (Figure 2-6h).
Spastic paralysis below the lesion (paraplegia) can result from destruction of the corticospinal
tract. Loss of pain and temperature bilaterally below the lesion results from damage to the
spinothalamic tracts. Because of anastomoses with radicular arteries along the course of the
spinal cord, the area of infarction is often limited.
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Hemisection of the Cord

A lesion that more or less locally affects one lateral half of the cord produces what is
commonly referred to as a Brown-Séquard syndrome (Figure 2-6i). This condition usually
results from a traumatic lesion, such as stab or bullet wound. Upper motor neuron signs (e.g.,
spastic paralysis, hyperreflexia, clonus, loss of superficial reflexes, and a positive Babinski)
will be present on the side of the lesion due to disruption of the corticospinal tracts. Ipsilateral
loss of position and vibratory sense and tactile discrimination (astereognosis) below the
level of the lesion are observed as a result of sectioning of the dorsal column. Loss of pain
and temperature on the opposite side of the lesion beginning about one or two dermatomes
below the lesion are present, resulting from damage to the anterolateral spinothalamic
tracts.

Peripheral Lesions

The dorsal and ventral roots, along with the combined portions of the peripheral nerves,
are subject to a vast array of pathology, including trauma or mechanical injury; metabolic
deficiencies; toxins, autoimmune, and infectious processes; and genetic and other disorders.
Depending on the particular pathology, the symptoms may be primarily motor or sensory
or a combination of the two. In addition, the effects may be unilateral and limited to or
restricted to a single limb or a few dermatomes, or may be bilateral or relatively diffuse.
Further confusing the picture is the fact that some disease processes directly affect the
muscles rather than the nerves while producing similar symptoms. On the other hand, one
disease process, myasthenia gravis, affects not so much the muscle or the nerve, but rather
the synaptic junction between the two.! In addition to the history and clinical examination,
nerve conduction studies, electromyography, and serum analysis are often quite helpful in
making these differential diagnoses.

The array of peripheral neuropathies is quite extensive and the interested reader is
referred to clinical neurology texts for a more complete listing and description of these
disorders (e.g., Adams, Victor, & Ropper, 1997). There are, however, certain clinical correlates
that tend to be more characteristic of peripheral nerve lesions. Because except for the nerve
roots, the peripheral nerves carry both motor and sensory information, muscle weakness
frequently is accompanied by sensory changes (e.g., diminished proprioception, vibration,
stereognosis, and/or the presence of paresthesias, pain, or a burning sensation).? Frequently,
although not invariably, peripheral neuropathies may tend to manifest themselves distally
more than proximally and may result in a “glove and stocking” type distribution affecting
several or all extremities. Because they represent lower motor neuron lesions, diminished
reflexes are often prominent (see Chapter 1 for review of lower-motor neuron lesions).
Muscle atrophy, a common correlate of peripheral nerve damage, may not be seen in
the more acute stages of the disorder. Among the more common causes of peripheral
polyneuropathy in the general population are those resulting from chronic alcohol abuse
and diabetes, whereas trauma and disk herniation are among the more frequent sources of
more focal neuropathies.

One particularly dramatic and potentially fatal form of peripheral neuropathy is “acute
post-infectious polyneuropathy,” also known as Guillain-Barré syndrome. Typically devel-
oping a week or more after a viral infection (or vaccination), this syndrome primarily attacks
the peripheral nerves. Both motor (progressive weakness or paralysis, decreased tone, and
markedly diminished or absent deep tendon reflexes) and sensory (paresthesias, pain, and
diminished proprioception, stereognosis, and vibration) symptoms are present, although
the motor are generally more severe. The symptoms are usually symmetrical and frequently
start in the legs, progressing to the upper extremities and cranial nerves, often sparing the
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eye muscles. As the respiratory muscles are commonly involved, this may prove to be a
rapidly fatal condition. However, if properly ventilated during the acute stage complete
recovery is common.

Long-Tract Findings in Supraspinal Lesions

The various descending motor pathways in the spinal cord have their origins in the cerebral
cortex, as well as in the brainstem. Similarly, the ascending fibers mediating conscious
somatosensory perception continue either uninterrupted (spinal thalamic tracts) or following
synaptic connections in the medulla (posterior columns) as discreet fiber tracts throughout
the length of the brainstem before synapsing in the thalamus. As a result, brainstem lesions
can result in symptoms not unlike those accompanying cord lesions. While such lesions will
be reviewed in greater detail in Chapter 4, for the present it should be noted that spinal cord
and brainstem lesions often might be differentiated clinically. Part of this is due to where
the various fiber tracts cross the midline. For example, focal lesions of the cord are more
likely to be associated with ipsilateral disturbances of proprioception and stereognosis and
upper motor neuron signs below the level of the lesion. By contrast, in the brainstem, focal
lesions affecting the pyramidal tract also may result in changes in pain and temperature
(as well as proprioception and stereognosis) on the same side as the motor deficits. Even
more critically, the brainstem is the site of most of the cranial nerves and their respective
nuclei. Hence, brainstem lesions that affect the major ascending or descending pathways
often also result in cranial nerve findings involving the head or face, which, of course, are
not expected in lesions of the cord.?

Endnotes

1. Unlike peripheral neuropathy, which frequently first manifests itself in the extremities,
myasthenia gravis tends to initially affect the muscles of the face and head, particularly
the eyelids (levator palpebrae) and extraocular muscles, and tends to improve following
rest.

2. Multiple sclerosis may similarly present with focal muscle weakness and sensory
changes. However, in multiple sclerosis the locus of the motor and sensory changes
may be dissociable and the symptoms tend to vary more over time and (body) space
than with peripheral neuropathies.

3. One notable exception is Horner’s syndrome (constricted pupil, partial ptosis, and
ipsilateral anhidrosis) which, as noted in Chapter 1, can result from lesions of the lower
cervical or upper thoracic cord, disrupting sympathetic innervation of the eye and face.
As will be discussed in Chapters 4 and 5, further complicating the situation is the fact
that this latter syndrome also may accompany lesions of the brainstem that interrupt
descending sympathetic fibers from the hypothalamus.

REFERENCES AND SUGGESTED READINGS

Adams, R.D., Victor, M., & Ropper, A.H. (1997) Principles of Neurology (Part 5. Diseases of_Spinal
Cord, Peripheral Nerve, and Muscle). New York: McGraw-Hill.

Barr, M.L. & Kiernan, J.A. (1993) The Human Nervous System. Philadelphia: J.B. Lippincott Co.,
pp- 293-312.

Brazis, P., Masdeu, J. & Biller, J. (1990) Localization in Clinical Neurology. Boston: Little, Brown & Co.,
pp- 70-92.



The Somatosensory Systems 47

Carpenter, M.B. & Sutin, J. (1983) Human Neuroanatomy. Baltimore: Williams & Wilkins, pp. 265-314.

Davidoff, R.A. (1989) The dorsal columns. Neurology, 39, 1377-1385.

DeMeyer, W. (1980) Technique of the Neurologic Examination: A programmed text. New York:
McGraw-Hill, pp. 298-328.

Gilman S. & Newman, S.W. (1992) Essentials of Clinical Neuroanatomy and Neurophysiology.
Philadelphia: F.A. Davis Co., pp. 55-74; 84-95.

Haines, D.E. (Ed.) Fundamental neuroscience. New York: Churchill Livingstone, pp. 219-263
(Somatosensory System I and II; Viscerosensory Pathways).

Martin, J.H. (1996) Neuroanatomy: Text and Atlas. Stamford, CT: Appleton and Lange, pp. 125-159.

Melzack, R. & Wall, P.D. (1965) Pain mechanisms: A new theory. Science, 150, 971-979.

Nathan, P.W., Smith, M.C., & Cook, A.-W. (1986) Sensory effects in man of lesions of the posterior
colums and of some other afferent pathways. Brain, 109, 1003-1041.

Wiebers, D.O., Dale, A.].D., Kokmen, E., & Swanson, ].W. (Eds.) (1998) Mayo Clinic Examinations in
Neurology. St. Louis: Mosby, pp. 255-268.

Willis, W.D. & Coggeshall, R.E. (1991) Sensory Mechanisms of the Spinal Cord. 2nd edition. New York:
Plenum Press.



3

THE CEREBELLUM

Although relatively small in total volume compared to the cerebral cortex, one clue as to
the behavioral significance of the cerebellum is the fact that it contains about the same
number of neurons as the rest of the brain. Input to the cerebellum is extensive. As noted
in the previous chapter, it obtains constant feedback from the periphery with regard to the
relative position and state of activity of our limbs and muscles. In addition, it also receives
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extensive input from all four lobes of the cerebral cortex via the pontine nuclei, as well as
directly or indirectly from various other brainstem nuclei, particularly the inferior olivary
and vestibular nuclei. Its primary output is back to the sensorimotor and executive regions of
the cerebral cortex via the thalamus and to the vestibular nuclei in the brainstem. Thus, the
cerebellum not only has access to our plans or intentions, but also to the attitude, position,
and ongoing state of activity of our physical body, as well as the eventual relative success
or failure of our responses.

Although the cerebellum is intimately linked to both sensory and motor systems, we are
generally not consciously aware of its activity. It is only when disease or injury compro-
mises the normal functioning of the cerebellum that we become well aware of its critical
contribution to our daily activities. When the central core of the cerebellum is affected,
we may detect problems in maintaining postural equilibrium or balance when engaging in
whole-body activities. By contrast, if the cerebellar hemispheres are damaged, one might be
expected to experience difficulty in smoothly and accurately carrying out discreet voluntary
movements. As is true of many other brain systems, some aspects of cerebellar functioning
remain controversial. While its role in the execution of motor skills has been recognized for
nearly a century, more recent evidence points to its contributions to learning and condi-
tioning, timing, as well to possibly a broad range of cognitive, autonomic, and even affective
behaviors.

By the end of this chapter, the reader should be able to discuss the major afferent and
efferent cerebellar pathways and their likely behavioral significance. One should also be
able to identify and define the more common signs and symptoms of cerebellar disease and
begin to differentiate them from similar symptoms resulting from lesions in other parts of
the CNS. Finally, the reader should be able to describe a number of basic clinical procedures
for assessing the integrity of cerebellar functioning.

INTRODUCTION

Although the total volume of the cerebellum or “little brain” is considerably less than
that of the cerebral hemispheres in man, it is more convoluted than the cerebral cortex.
Consequently, its cortical surface area is much closer to that of the telencephalon or cerebral
cortex than suggested by its volume alone. The cerebellum can be identified, albeit in a
much more simplified form, in fishes and sharks. It shows much greater development in
reptiles, especially in species such as the alligator. It is in birds, however, that we first find
evidence of substantial development, not only in relative size, but also in the evolution of
sulci or fissures and gyri (called “folia” in the cerebellum).

This avian expansion may provide a good introduction for trying to understand
something about the functional role of the cerebellum. In the early nineteenth century in an
attempt to challenge the strict localization theories of Gall and Spurzheim (see Chapter 9),
Pierre Flourens systematically studied the effects of extirpations of various brain structures.
He noticed that if the cerebellum of the pigeon were removed, the bird lost the capacity
for coordinated movement. However, he incorrectly concluded that the cerebellum must be
responsible for all motor activity. It was not until World War I and the multitude of focal
brain lesions resulting from gunshot wounds that Gordon Holmes, a British neurologist,
was able to articulate the basic parameters of what is now our current understanding of
cerebellar function. In general, we know that although the cerebellum is believed to receive
significant input from wide areas of the cerebral cortex, including sensory association areas,
its major role appears to be in the maintenance of balance and equilibrium and in the coordi-
nation of complex motor activity. The latter includes the fine tuning of discrete, directed
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voluntary activities, such as throwing a ball; semiautomatic activities, such as walking; as
well as a host of subconscious or reflex motor responses.

What does all this have to do with birds? Although an anthropomorphic account, Richard
Bach'’s Jonathan Livingston Seagull provides a beautiful backdrop for trying to conceptualize
the role of the cerebellum in motor activity. As much from our own observations, as from
Bach’s elaborate descriptions of the intricacies of flight, it becomes easy to appreciate the
level of coordination that is required for such activity. It is not merely a matter of a bird
flapping its wings, but the attitude of the head, the body, and, most assuredly, the tail all
become as one in achieving aerial stability. When watching mallards glide in over a pond,
cupping their wings at the last moment to settle gently on the water, one cannot help but
being struck by the graceful symmetry of these movements. If we take this picture but one
step further and visualize the hawk or the eagle diving to catch another bird in midair or
a fish from the sea, it is like contrasting a man simply walking down the street to having
watched Michael Jordan’s acrobatics on the basketball court. It is of no coincidence that,
evolutionarily speaking, birds required a highly developed cerebellum to accomplish such
feats.

To continue with this analogy, what else might we learn from Jonathan Livingston
Seagull? When we pick up his story, he has already learned the basics of flight. He can
do pretty much what every other seagull can do in the air and he seems to do it without
even thinking about it. He may “think” to himself, “I want to go search the shoals for
food.” However, unless something untoward occurs, the flight itself may be a largely
subconscious, automatic activity. His attention may be directed to locating fish near the
surface or competing with the other gulls. In a similar vein, we rarely focus on the act
of walking itself or maintaining our balance while doing so (unless we are traversing
extremely uneven terrain or attempting to compensate for an acute injury that might
impact on those basic skills). However, when Jonathan attempts to push himself to the
limits of flight, particularly mastering the power dive, he eventually becomes conscious of
the effects produced by the subtle adjustment of even a single wing feather. Meanwhile,
during this learning phase, other fundamentals of flight continue to operate almost reflex-
ively. Soon too this newly learned skill of reducing the aerodynamic drag on the wings
during high-speed flight will become automatic as he attempts to conquer high-velocity
rolls.

The foregoing description may reveal another important aspect of cerebellar function: the
cerebellum learns', thus freeing the cerebral cortex for new learning, programming, problem
solving, and other higher-level cognitive and motor activities. Observe the child. Initially,
the main struggle is simply to maintain one’s balance, first when sitting, then while standing.
Gradually, as this skill is being mastered, then walking becomes the focus of attention. Next,
the child learns to run. Eventually, he or she, while running, may learn to simultaneously
avoid a defender and make a behind the back pass to a teammate on the basketball court.
Ponder what it would be like if, while attempting to complete such a pass or shoot a goal,
one had to concentrate, as does a toddler, on maintaining their balance while putting one
foot in front of the other. Thus, at each stage the cerebellum seems to learn and eventually
build on patterns of rehearsed or practiced motor activities, providing a background against
which conscious, volitional activities, especially new skills, can be executed. Ramnani (2006)
offers a theoretical model that would appear to lend substantial support to these common
observations (see endnote 4).

Some of the above phenomena may be readily demonstrated by a couple of examples.
If you have ever had the misfortune to seriously injure a leg or a foot and were required
to use crutches to walk, you rapidly became aware that you no longer could take vertical
equilibrium for granted. As you first began to use the crutches, your first thoughts were
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probably not so much to ambulate, but rather not to fall. While your cerebellum was still
working (in fact, probably working overtime), you became very conscious of your volitional
(cerebral) motor activities, so much so that you did not wish or could not tolerate other
distractions. You literally might have had trouble walking and chewing gum at the same
time. However, after your body adjusted to these new demands, balance and even walking
became more automatic.

We also can look at what happens when the normal function of the cerebellum is
disrupted. To get some firsthand experience what this is like, you can conduct either of
two experiments: one would require a fifth of liquor, the other a baseball bat. In order to
be socially responsible, we will not go into further details about the former (though it is
likely that a number of you first conducted that experiment on your own, usually as part
of the extracurricular activities in high school or college). However, you can always try the
latter, which is a common fan-participation gimmick in minor league ballparks. Simply take
a baseball bat, place the barrel end of the bat on the ground (preferably in a large, open,
soft, grassy area) and bend over and place your forehead on the other end. Now, while
staying in that position, proceed to walk in circles around the bat about eight to ten times.
Now drop the bat and try to walk, or simply stand up. The excessive vestibular stimu-
lation has produced a functional disruption of some of the more primitive portions of your
cerebellum. Although your cerebral cortex and peripheral muscles are still perfectly intact,
temporarily at least, they have become relatively ineffectual without a functionally intact
cerebellum.

A patient, described by Holmes (1939) as having a lesion confined to the right cerebellar
hemisphere, provided an interesting account of the effects of such a lesion. Keeping in mind
that the cerebellar hemispheres, unlike the cerebral hemispheres, exercise ipsilateral control
over the extremities, the patient indicated that his left arm carried out activities in a normal
“subconscious” manner, whereas “I have to think out each movement of the right arm”
[quoted in Nolte (1993), p. 358].

The preceding was to provide a more general framework for thinking about the potential
role of the cerebellum, although one should keep in mind that other systems, particularly
the basal ganglia, also likely play a major role in mediating automatic or overlearned motor
activities. Later in this chapter, we will return to a more detailed description of the probable
functions served by the cerebellum and a more complete description of the effects of specific
cerebellar lesions. Before proceeding further, however, it may be helpful to review the basic
anatomy of the cerebellum, its functional and anatomical divisions, and its basic afferent
and efferent connections.

GROSS ANATOMY

The cerebellum lies directly under the posterior temporal and occipital lobes in what
is termed the posterior fossa of the cranium. It is separated from the cerebral cortex
by the tentorium, that portion of the dura mater that covers its superior surface. The
cerebellum attaches to the brainstem anteriorly at the level of the pons via three large fiber
pathways called the cerebellar peduncles (Figure 3-1). These are the inferior (restiform
body), the middle (brachium pontis), and the superior (brachium conjunctivum) cerebellar
peduncles. When looking at the cerebellum in situ, what is first observed are its two
large hemispheric masses marked by transverse or horizontal arrangements of fissures
and ridges (folia) (Figure 3-2a). These structures constitute the cerebellar hemispheres.
Approximately one third of the way from the brainstem on the dorsal surface of cerebellum
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Figure 3-1. Cerebellar peduncles as seen from their points of connection to the posterior (dorsal)
surface of the brainstem. Abbreviations: ICP, inferior cerebellar peduncle; MCP, middle cerebellar
peduncle; SCP, superior cerebellar peduncle. (Brain images from Interactive Brain Atlas, courtesy of
University of Washington).

is a deep fissure (the primary fissure), which separates the cerebellum into the anterior
lobe (in front of the primary fissure) and posterior lobe (just about everything behind
the primary fissure). Just as the cerebral cortex has undergone tremendous phylogenetic
expansion, particularly in the higher apes and man, so has the cerebellum, particularly
the posterior lobes of the cerebellar hemispheres. Thus perhaps as one might expect, the
projections to the posterior lobe come primarily from the cerebral cortex. Between the two
hemispheres lies a central portion, running along the entire anterior-posterior axis, which
is called the vermis (Figure 3-2b), although it is not readily visible from an external view.
On the ventral surface of the cerebellum, near the junction of the cerebellum and the
brainstem, lie two small eminencies known as the flocculi. Bridging the gap between these
two flocculi (normally hidden from view) is the nodulus. These structures taken together
constitute the flocculonodular lobe, which, phylogenetically, is the oldest portion of the
cerebellum.

Another way of structurally dividing the cerebellum, with which the reader should at
least be aware, is by lobules. These lobules are essentially defined by other prominent
fissures along the surface of the cerebellum and cut across the vermis and both hemispheres.
Individual lobules are identified both by semantic and numerical (Roman) designations.
Lobules I through V make up the anterior lobe, VI though IX constitute the posterior lobe,
with the flocculonodular lobe being designated as X.

While it might be useful to be aware of these structural divisions, for clinical purposes
other functional divisions are now more commonly used. These are the vestibulocerebellum,
spinocerebellum, and cerebrocerebellum (or pontocerebellum). These will be discussed in
greater detail later on.
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Figure 3-2. (a) Axial MRI through medulla of brainstem showing cerebellar hemispheres and vermis.
(b) Midsagittal view of cerebellum and brainstem. Abbreviations: M, medulla; IV, fourth ventricle;
V, vermis.

CONNECTIONS

All input to (as well as all output from) the cerebellum is by way of the three cerebellar
peduncles. In fact, the arrangement is relatively simple. With one notable exception in each
case, most afferents into the cerebellum are via the inferior and middle cerebellar peduncles
and all output from the cerebellum is via the superior cerebellar peduncle. There are three
basic areas from which the cerebellum receives input: the spinal cord (see Figure 2-4),
the brainstem nuclei and the cerebral cortex. In terms of the input, again with one major
exception, for the most part, all input from the spinal cord and the brainstem nuclei enter
the cerebellum via the inferior cerebellar peduncle, whereas corticofugal fibers enter the
cerebellum through the middle cerebral peduncle. The major afferent connections to the
cerebellum are seen in Figure 3-3 and summarized in Table 3-1.2
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Figure 3-3. Cerebellar afferents: Cortical input (contralateral) via the middle cerebellar peduncle after
synapsing in the pontine nuclei. Spinal (somatosensory, ipsilateral) input via the inferior cerebellar
peduncle (ICP), by way of the dorsal spinocerebellar (lower extremities) and cuneocerebellar (upper
extremities) tracts. Feedback likely representing descending motor influences and proprioceptive or
kinesthetic activity appears to be carried by the rostral and ventral cerebellar tracts. The former (RCT)
carries information from the upper extremities and enters the cerebellum ipsilaterally via the ICP.
The latter (VCT) represents the lower extremities and enters through the superior cerebellar peduncle
(both crossed and doubly crossed input). Other major input from the level of the brainstem originates
in the vestibular nuclei and ganglion, the lateral reticular nuclei, and the inferior olivary nucleus.

Inferior Cerebellar Peduncles

Having provided this general schema, it may be useful to consider some of the major
cerebellar inputs in somewhat greater detail. As was noted in Chapter 2, there are a number
of pathways in the spinal cord that enter the cerebellum via the inferior cerebellar peduncle
(restiform body), conveying proprioceptive and other somatosensory information. As seen in
Figures 3-3 and 3—4, two of these pathways include the dorsal spinocerebellar tract (DSCT)
(originating in the dorsal nucleus of Clark) and the cuneocerebellar tract (CuCT) (originating
in the lateral cuneate nucleus of the medulla). Both of these pathways primarily convey
non-conscious proprioceptive/kinesthetic information as derived from muscle spindles and
tendons, with the DSCT carrying information from the lower and the CuCT from the upper
extremities. The rostral spinocerebellar tract (RSCT), the most obscure of the spinocerebellar
tracts, also primarily enters the cerebellum through the inferior cerebellar peduncle. Carrying
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Table 3-1. Cerebellar Afferents®

Chapter 3

Tract / Source Nature of Input Peduncle Termination
Dorsal spinocerebellar Proprioception and Inferior Vermal and
tract (DSCT) Dorsal cutaneous sensation (uncrossed) paravermal, (esp.

nucleus of Clarke
(DNCQC)

Ventral spinocerebellar
tract (VSCT) DNC, plus
interneurons

from legs / lower
trunk

Similar to DSCT,
includes reflex
information

Superior (doubly
crossed)

anterior lobe)

Same as DSCT

Cuneocerebellar tract Upper limb and trunk Inferior Same as DSCT
Accessory cuneate n. equivalent of DSCT (uncrossed)
Rostral spinocerebellar Equivalent of VSCT Inferior Same as DSCT
tract Similar to VSCT for arm, neck, (uncrossed)
and upper trunk
Trigeminocerebellar tract Equivalent of DSCT Inferior Same as DSCT
Chief sensory and for face (uncrossed)

spinal nuclei of V

Pontocerebellar tracts Voluntary motor, Middle (mostly All except
Cerebral cortex via multi-sensory, crossed) flocculonodular
pontine n. association, lobe, esp.

and limbic (?) to hemispheres

Vestibulocerebellar tracts Sensation of movement Juxtarestiform Flocculonodular
Primary: Vestibular and orientation body Primary: lobe and vermis
ganglion Secondary: Inf. in space uncrossed
and medial vestibular n. Secondary:

crossed

Reticulocerebellar tracts Integrated sensorimotor Inferior (mostly Vermal
Brainstem reticular n. input from cortex, uncrossed) and paravermal

cord and cerebellum? regions

Olivocerebellar (arcuate Integrated sensorimotor Inferior (crossed) All lobes

fibers) Inferior

and accessory olivary n.

input from red
nucleus, sup.
colliculi, cord,

and other midbrain n.

? This table reflects the most well-known or strongly suspected connections. This list is not meant to be compre-
hensive and it should be noted that most afferents give off collateral s to the deep cerebellar nuclei. Other
brainstem nuclei, such as the raphe nuclei and the locus ceruleus also appear to have cerebellar projections.

information from the upper extremities, the RSCT appears to serve a role comparable to
that which the ventral spinocerebellar tract (VSCT) serves for the lower extremities. Both
likely respond to non-conscious cutaneous feedback (e.g., pressure, touch, and pain) and
limb movements, as do the DSCT and CuCT. In addition, the RSCT and VSCT are thought
to respond to internal activity within the spinal cord itself via interneurons. Such activity
includes spinal reflexes and facilitatory and inhibitory influences both from descending
cortical and bulbar-spinal tracts, as well as from peripheral afferents. The ventral spinocere-
bellar tract is somewhat of an oddball in that of the four spinocerebellar tracts it is the only
one that crosses the midline after it enters the cord (see Figure 3-5). In addition, unlike the
other three, it enters the cerebellum through the superior cerebellar peduncle, where most
of its fibers once again cross the midline, resulting in mostly ipsilateral input.
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Figure 3-4. Dorsal spinocerebellar and cuneocerebellar tracts entering via the inferior cerebellar
peduncle. Cerebellar nuclei are represented at upper left. Abbreviations: DN, dorsal nucleus (of
Clarke); FC, fasciculus cuneatus; FG, fasciculus gracilis; LCN, lateral (accessory) cuneate nucleus; NC,
nucleus cuneatus; NG, nucleus gracilis; P, pyramids.

The trigeminocerebellar tract, originating in the principal sensory and spinal nucleus of
cranial nerve V and conveying proprioceptive and cutaneous information from the head
and face, also enters via the inferior peduncle. All these pathways remain ipsilateral. Other
inputs of note through the inferior cerebellar peduncle are from the inferior olivary and
accessory olivary nuclei, the vestibular nuclei, and reticular nuclei (see Figure 3-6). The
vestibulocerebellar fibers are worthy of note for a couple of reasons. First, as opposed to all
the other inputs mentioned thus far which tend to project to portions of both the anterior
and posterior lobes of the cerebellum, the fiber pathways from the vestibular nuclei project
principally to the flocculonodular lobe. Second, these fibers travel in the medial portion of
the inferior cerebellar peduncle (restiform body) known as the juxtarestiform body.

One of the exceptions noted above is that the juxtarestiform body of the inferior cerebellar
peduncle also contains efferents from the flocculonodular lobe (and related fastigial nuclei)
that feed back into the vestibular and reticular nuclei of the brainstem. As might be expected,
the vestibular system is largely responsible for maintaining balance and equilibrium. It is
believed that the descending vestibulospinal tract, which is obviously directly influenced by
the cerebellum, serves to facilitate extensor motor neurons and inhibit flexor motor neurons,
which in turn would have important antigravity functions.

The afferent fibers from the inferior olivary nucleus complex are also particularly
worthy of note. These are the only fibers entering the inferior cerebellar peduncles that are
completely crossed. Also, whereas all the other inferior cerebellar peduncle inputs mentioned
thus far tend to project to the more central or midline portions of the cerebellum, the fibers
from these nuclei tend to project to the entire contralateral hemisphere of the cerebellar
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Figure 3-5. Rostral and ventral spinocerebellar pathways. Abbreviations: DSCT, dorsal spinocere-
bellar tract; PT, pyramidal tract; SCP, superior cerebellar peduncle; VSCT, ventral spinocerebellar
tract.
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cortex. Finally, whereas all other afferents to the cerebellar cortex are in the form of mossy
fibers that synapse on the granular cells, the inferior olivary nucleus alone gives rise to the
climbing fibers that synapse exclusively on the Purkinje cells (see below).

Middle Cerebellar Peduncles

The middle cerebral peduncle (“brachium pontis”), by far the largest of the three cerebellar
peduncles, is the primary pathway by which the cerebral cortex influences the cerebellum.
In fact, the vast majority of the corticofugal fibers descending in the cerebral peduncles of
the midbrain end up in the cerebellum. These fibers synapse ipsilaterally in the pontine
nuclei in the base or anterior portion of the pons. These pontine nuclei then give rise
to a huge band of fibers that cross the midline (though a few may remain ipsilateral)
and enter the cerebellum as the middle cerebral peduncle (Figure 3-7). It is, in fact, this
band of crossed fibers that give the pons its distinctive appearance. The middle cerebellar
peduncle contains fibers that project to all portions of the cerebellum except the flocculon-
odular lobe and, along with the climbing fibers originating in the inferior olivary nucleus,
provide the major input into the cerebellar hemispheres. As might be expected, a major
source of these corticopontocerebellar fibers appears to be from the regions surrounding the
central sulcus (sensorimotor cortices). However, at least in humans, the prefrontal cortices
in particular, as well as possibly all other cortical association areas and limbic cortices also
contribute inputs (Ramnani et al., 2006; Schmahmann, 2001a). Thus it would appear that the
cerebellum not only receives information about ongoing motor activity and somatosensory

(a)

Fronto-parieto-
temporo-occipito-
pontine fibers

Mossy fibers
to cerebellar —__

hemispheres ~— Pontine nuclei

Collaterals to
cerebellar
nucleii

Crossed fibers
of Middle Cerebellar
Peduncle

Figure 3-7. (a) Cerebropontocerebellar pathways. Fibers from diverse areas of the cortex synapse
in the pontine nuclei. Secondary fibers then cross the midline and enter cerebellum (primarily the
cerebellar hemispheres) via the middle cerebellar peduncle. (b) Middle cerebellar peduncle as seen on
axial view of MRI. Abbreviations: BA, basilar artery; CH, cerebellar hemispheres; ICA, internal carotid
artery; MCP, middle cerebellar peduncle; V, vermis.
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(b)

Figure 3-7. (Continued)

feedback, but also has access to information about planned or contemplated motor activity
before it is actually initiated, as well as higher-order visual, auditory, and even affective
information.

Superior Cerebellar Peduncles

The superior cerebellar peduncle (“brachium conjunctivum”) is the major output channel
for the cerebellum. The one notable exception is the efferent connections from the floccu-
lonodular lobe and the fastigial nuclei to the vestibular and reticular systems, which exit
via the inferior cerebellar peduncle. The superior cerebellar peduncle, as previously noted,
contains one major afferent pathway, the anterior or ventral spinocerebellar tract (VSCT).
Recall that the VSCT conveys both peripheral and spinal cord information from the lower
extremities and is doubly crossed. Some authors suggest that the mesencephalic portion
of the trigeminal nerve also conveys proprioceptive information regarding the muscles of
mastication to the cerebellum via the superior cerebellar peduncle.

As will be discussed shortly, with the exception of some direct connections between the
flocculonodular lobe and the vestibular nuclei, all efferents from the cerebellum derive from
the cells of the cerebellar nuclei (fastigial, globose, emboliform, and dentate). While the
fastigial nucleus transmits fibers (essentially to the vestibular and lateral reticular nuclei) via
both the inferior and superior cerebellar peduncles, efferents from the other three groups of
nuclei all exit via the superior cerebellar peduncle. In addition to the sites just mentioned,
the major target areas for these cerebellar efferents are the contralateral inferior olivary
nuclei, red nuclei, and ventral lateral nuclei of the thalamus. The latter, in turn, project
to the primary motor and premotor cortices.> Again it might be noted that even though
these pathways are crossed, the descending influences with which they interact (e.g., the
corticospinal tracts) are themselves crossed, so the influence exerted by the cerebellum
remains ipsilateral. As might be expected, all of these nuclei are directly involved in various
motor pathways, thus allowing for the modulation of motor activity by the cerebellum at
different levels and stages of programming and execution.
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CEREBELLAR CORTEX

Not unlike the cerebrum, the cerebellum also has a cortex, underlying white matter
consisting of axonal fibers going to and from the cerebellar cortex, and deep nuclei. However,
as we shall see in Chapter 9, the cortex of the cerebellum differs in significant ways from the
cerebral cortex. Unlike the cerebral cortex, the cortex of the cerebellum consists of only three
layers (see Figure 3-8), is uniform throughout the cerebellum, and has distinctive and in
some ways a relatively straightforward organization. The following represents a simplified
picture of that organizational structure. The three layers of the cerebellar are (1) an outer,
molecular layer, (2) a middle, Purkinje layer, and (3) an inner, granular layer.

Molecular Layer

The outermost or molecular layer has the least cellular density of the three layers and
consists of two types of neurons, stellate cells and basket cells. However, while having
relatively few cells, the molecular layer contains numerous cell processes, the most notable
being the extensive dendritic trees (branches) of the Purkinje cells and the parallel fibers of
the granule cells (see below). Although the branches of the Purkinje cells are quite extensive
(see Figure 3-8), they branch out more or less in a single plane (at right angles to the folia in
which they are found). The parallel fibers, in turn, run at right angles to the dendritic trees
of the Purkinje cells upon which they have an excitatory influence. Because of their spatial
arrangement, a single parallel fiber may make connections with thousands of Purkinje cells.
The stellate cells have relatively short dendrites and make contact with the dendrites of a
small number of Purkinje cells. Basket cells have more extensive dendritic processes and
make contact (on the cell bodies) of a much large number of Purkinje cells. Both the stellate
and basket cells receive excitatory input from the parallel fibers and, in turn, exert inhibitory
influences on the Purkinje cells.

Purkinje Layer

The middle layer is relatively thin but consists of the densely packed cell bodies of the
Purkinje cells. These cell bodies are the largest in the cerebellum and, with their unique
dendritic trees, are probably the most distinctive cells in the entire central nervous system.
The axons of the Purkinje cells descend though the granular layer and synapse on the
deep cerebellar nuclei, upon which they have an inhibitory influence. Note that axons from
some of the Purkinje cells in the vermis and flocculonodular lobe proceed directly to the
vestibular nuclei in the brainstem. These two projections represent the only efferent connec-
tions (output) of the cerebellar cortex. Finally, the Purkinje layer contains fibers in transit to
the molecular layer (climbing and aminergic fibers, processes of the granule and Golgi cells,
and the dendrites of the basket cells terminating on the cell bodies of the Purkinje cells).

Granular Layer

The innermost or granular layer consists of the cell bodies of the very densely packed granular
cells and Golgi type II cells. The granular cells represent an extension of the mossy fibers
(see below). The axons of the granular cells extend into the molecular layer and branch
out in opposite directions forming the parallel fibers (discussed above) that synapse on the
dendrites of the Purkinje, stellate, and basket cells. Of all the cells that are intrinsic to the
cerebellar cortex, the granule cells are the only ones that are excitatory. The other major
cell type within the granular layer is the Golgi type II cells (usually simply referred to as
“Golgi cells”). As previously noted, the Golgi cells send some processes into the molecular
layer where they synapse with the parallel fibers; however, for the most part, they synapse
on granule cell dendrites within the granular layer. The Golgi cells also exert inhibitory effects.



62 Chapter 3

Golgi cel
Parallel fiber

Purkinje cell

% Stellate cell

. J Zaq
x r Basket cell
Granular layer
Purkinje layer Purkinje cell
Malecular layer
CF MF  to cerebellar nuclei AF

Figure 3-8. Cross section of cerebellar cortex. Abbreviations: AF, aminergic fibers; CF, climbing
fibers; MF, mossy fibers. Drawing adapted from Lennart Heimer (1995).

Input and Output of Cerebellar Cerebellar

There are only three types of afferent fibers entering and very limited efferent fibers leaving
the cerebellar cortex. The three types of afferent fibers are mossy fibers, climbing fibers,
and aminergic fibers.

Climbing fibers emanate solely from the inferior olivary nucleus in the medulla. After
leaving the inferior olivary nucleus, these fibers cross the midline (arcuate fibers) and
synapse directly on the dendritic trees of the Purkinje cells. Although a climbing fiber
typically makes numerous synaptic connections with the Purkinje cell, each Purkinje cell is
thought to receive input from a single climbing fiber. In addition to synapsing on Purkinje
cells, climbing fibers also send collaterals to the cerebellar nuclei. In either case, their
influence is excitatory.

Mossy fibers represent a second and most diffuse source of input into the cerebellum,
representing all other input into the cerebellum (with the exception of the aminergic fibers).
Thus, all corticopontocerebellar, spinocerebellar, and vestibulocerebellar inputs are in the
form of mossy fibers. Once in the cerebellum, the mossy fibers undergo extensive branching
and their terminals (rosettes) synapse on the dendrites of granular cells and axons of Golgi
cells in clusters called glomeruli within the granular layer. As noted above, the granule
cells in turn give rise to the parallel fibers that influence many Purkinje cells, as well as
synapsing on the dendritic trees of Golgi, stellate, and basket cells in the molecular layer.
Like the climbing fibers, the mossy fibers send collaterals to the cerebellar nuclei and have
excitatory effects.

Aminergic fibers are the third type of cerebellar afferents. These fibers likely originate in
the raphe (serotonin) and locus ceruleus (norepinephrine) nuclei in the brainstem, as well
possibly in the hypothalamus. They are thought to exert inhibitory influences on cerebellar
neurons via synapses in the molecular and granular layers.
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Efferent connections of the cerebellar hemispheres (as previously noted) are represented
exclusively by the axons of the Purkinje cells and with the exception of some fibers that go
directly to the vestibular nuclei from the flocculonodular lobe, all other Purkinje cell output
is to the deep cerebellar nuclei. It also was pointed out that these efferent Purkinje fibers
are inhibitory in nature. However, the nerve fibers that subsequently exit from the deep
cerebellar nuclei (mostly via the superior cerebellar peduncle en route to the thalamus, red
nucleus, and other brainstem nuclei) appear to be excitatory.

Summary and Implications of Input and Output

The Purkinje cell might well be considered the pivotal structure within the cerebellum. It
receives major direct input from climbing fibers and indirect input from mossy fibers (via the
parallel fibers of granular cells). Both represent excitatory input, the former from the inferior
olivary nuclei, the latter from the cerebral cortex, spinal cord, and vestibular nuclei. All other
inputs (aminergic fibers) and cells (stellate, basket, and Golgi) apparently serve to modulate or
inhibit the Purkinje cell and/or its input. Finally, the axons of the Purkinje cell, which either
synapse on the cerebellar nuclei or directly on vestibular nuclei, represent the only efferent
output of the cerebellar cortex. Through this arrangement the cerebellar cortex has access to
and the capacity to integrate information from multiple systems, including the:

1. Plans, intentions, commands, and expectations within the context of the total internal
and external milieu (cortical input).

2. Feedback regarding the concrete, relatively immediate, unfiltered proprioceptive,
kinetic, and cutaneous feedback relevant to motor activities as they are taking place
(spinal cord).

3. State and orientation of the body as it moves in space (vestibular nuclei).

4. Indirect, integrated information from the cortex, spinal cord, and the cerebellum itself
(via the inferior olivary nuclei).

Thus armed with all this information, the cerebellum then can help store (successful
patterns of), refine (coordinate) the ongoing activity either through its own internal mecha-
nisms or through external feedback (e.g., cerebellocorticocerebellar loops), and compare
original input (intentions, directions, or commands) with subsequent integrated or processed
input.

CEREBELLAR NUCLEI

Depending on the species and how they are considered, there are three or four pairs of nuclei
that lie deep within the white matter of the cerebellum at its anterior end. In man, from medial
to lateral, these are the fastigial, globose, emboliform, and dentate nuclei. The globose and
emboliform nuclei are functionally related and together are often referred to as the nucleus
interpositus (which also describes their relative location between the fastigial and dentate
nuclei). As noted above these nuclei receive afferent collaterals from many of the sources of
input to the cerebellar cortices and, with the exception of a few fibers that proceed directly to
the vestibular nuclei, they are the source of all cerebellar efferents. Collectively, they are the
recipient of the efferent fibers of the Purkinje cells. The most medial of these, the fastigial nuclei,
lie just over the roof of the 4th ventricle and receive fibers from the flocculonodular lobe and
send fibers back to the vestibular and reticular nuclei. The more centrally located globose and
emboliform nuclei are only differentiated in the higher primates, including man. The primary
projections to these nuclei come from those areas of the cerebellar cortex that receive heavy
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inputs from the spinal cord, though they also receive collateral inputs directly from these fibers
aswellas from other sources of cerebellar afferents, including the reticular nuclei, olivary nuclei,
and probably some fibers from the red nuclei.

The largest and most recently developed of the cerebellar nuclei, the dentate nuclei are
located most laterally in the white matter of the cerebellar hemispheres. Input is primarily
from the cerebellar hemispheres, as well as some from the anterior lobe of the cerebellum.
As with the other cerebellar nuclei, they also receive direct collateral input from outside
the cerebellum, probably from the same sources as the interposed nuclei. Together with
the globose and emboliform nuclei, the dentate nuclei are the primary source of projections
via the superior cerebellar peduncle to the red nucleus and to the cortex by way of the
ventral lateral nuclei of the thalamus. The dentate nuclei probably project primarily to the
thalamus, whereas the interposed nuclei appear to have more substantial projections to
the red nucleus. These nuclei also send some projections to other brainstem nuclei, notably
the inferior olivary nuclei, reticular formation, and the superior colliculi (Figure 3-9).

Several features of these cerebellar outputs, which are summarized in Table 3-2, should
be noted. First, the cerebellar hemispheres always end up having a predominately ipsilateral
influence on appendicular (limb) movement, (i.e., if there is a lesion in the right cerebellar
hemisphere, the effects will be seen on the right side of the body, whereas lesions in the
central or vermal regions of the cerebellum tend to affect midline (axial) movement or
motor adjustments. Second, there are a number of feedback loops within the system. For
example, while there is no direct input into the spinal cord from the cerebellum, because
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Figure 3-9. Figure illustrates several major cerebellar efferent pathways, completing feedback loops
to brainstem nuclei and to the cerebral motor cortex via the ventral anterior (VA) and ventral lateral
(VL) nuclei of the thalamus.
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Table 3-2. Cerebellar Efferents

Lobe of Origin Deep Nuclei Projections Peduncle

Flocculonodular lobe Fastigial n. Lateral and inferior Inferior
and vermis vestibular n. (bilat.)

Lateral reticular n.

Flocculonodular lobe (direct Vestibular n. Inferior
and vermis connections) (ipsilateral)

Paravermal and Emboliform Red nuclei; VA/VL Superior
vermal areas and globose n. thalamic n. (crossed)

Cerebellar Dentate n. VA/VL thalamic n. Superior
hemispheres Red nuclei

Again, this represents the major or most well-established connections. The superior cerebellar peduncle also
appears to have a descending limb that may project to the inferior olivary nuclei. The interposed (globose
and emboliform) and dentate nuclei likely also project to the superior colliculi and oculomotor centers, thus
facilitating hand-eye coordination. The fastigial nuclei appear to have some ascending thalamic connections.

of the functional loops created by efferent connections with the thalamus, red nucleus,
and vestibular and reticular nuclei, the cerebellum is able to indirectly influence spinal
mechanisms via the corticospinal, vestibulospinal, reticulospinal, and rubrospinal tracts.
Other such loops include the dentate nuclei — thalamus — cortex — corticopontine tract —
pontocerebellar fibers and the afferent and efferent interconnections between the vestibular
nuclei and the flocculonodular lobe of the cerebellum.

FUNCTIONAL DIVISIONS

Earlier, it was noted that the cerebellum could be functionally divided into the vestibulo-
cerebellum, spinocerebellum, and cerebrocerebellum (or pontocerebellum). As one might
guess, these latter divisions are based primarily on the source of their primary inputs (as
well as their subsequent functional significance). Before discussing their connections and
suspected clinical significance it might be helpful to briefly review a few anatomical features.
As previously noted, the vermis (named for its worm-like appearance) runs through the
center of the cerebellum in its anterior-posterior axis. By contrast, the cerebellar hemispheres
represent the most lateral portions of the cerebellum. The area of transition between the
vermis (vermal zone) and the hemispheres (lateral zone) is referred to as the paravermal
zone, whose boundaries are anatomically indistinct. The vermal zone typically has been
associated with axial musculature (e.g., of head, neck, and trunk) and with such functions as
balance, postural equilibrium, and related reflexes. As will be seen, more recently the vermal
zone (particularly its more anterior aspects) has been tentatively associated with psycho-
logical (affective) phenomena. The paravermal zone is linked more to control over appen-
dicular movement (hands, arms, and legs). The lateral zone, especially in the posterior lobes,
is thought to largely mediate higher-order aspects of executive motor functions (e.g., learning
and habit formation), as well as possibly some non-motor (cognitive) functions. Each of
these zones tends to be more or less associated with specific cerebellar nuclei that serve as
the primary outflow channels for these respective regions.

With this brief background, let us consider the three functional divisions of the cerebellum
mentioned earlier, the (1) vestibulocerebellum, (2) spinocerebellum, and (3) pontocere-
bellum Table 3-3).
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Vestibulocerebellum

As its name implies, this is the portion of the cerebellum that receives its major input from the
vestibular nuclei. All three divisions also receive substantial input from the inferior olivary
nucleus. Functionally and anatomically, it overlaps to some extent with the vermal zone
described above (particularly the more anterior regions of the vermis). In addition to the
nodulus (included in the anterior vermis), it also encompasses the rest of the flocculonodular
lobe. The Purkinje cells that lie within the vestibulocerebellum project primarily to the
fastigial nuclei, although some go directly back to the vestibular nuclei. Being the most
primitive of the three, it is also known as the archicerebellum. Functionally, it is apparently
concerned with postural adjustments to vestibular stimulation and lesions may result in
disturbances of balance, gait (ataxia), and reflex eye movements.

Spinocerebellum

That portion of the vermal and the paravermal regions that receive a large proportion
of spinal afferents constitute the spinocerebellum. These spinal inputs consist not only of
proprioceptive information, but all other types of cutaneous stimulation, as well as similar
inputs from the trigeminal nuclei. In addition, the vermal regions receive vestibular input.
Also a somewhat older anatomical division, it is also referred to as the paleocerebellum.
While the vestibulocerebellum appears to be more concerned with unconscious, reflex adjust-
ments necessary to maintain equilibrium, the vermal zones of the spinocerebellar division
appears to be largely responsible for maintaining muscle tone and the coordination of syner-
gistic muscles involved in balance, postural adaptations, and routine motor programs during
consciously initiated (though not necessarily always consciously directed) motor activities
such as walking, and running. The paravermal zones on the other hand are involved more
with appendicular movements where, in possible conjunction with the lateral zones, they
may play a role in controlling the speed, intensity, direction, sequencing, transitions, or
general coordination of volitional, skilled actions.

Table 3-3. Functional Divisions of the Cerebellum

Division Primary Function(s)? Primary Input(s) Associated Nuclei

Vestibulocerebellum Balance, equilibrium, Vestibular n., inf. Fastigial
(flocculonodular gait, reflex eye olivary n.
lobe and adjacent movements
portions of vermis)

Spinocerebellum Muscle tone, control Spinal cord, inf. Emboliform, globose,
(paravermal of axial (vermis), olivary, and fastigial (with
and vermal and limb (paravermal vestibular, vermis)
regions) region) movements® reticular n.

Cerebrocerebellum Modulation, memory Cerebral cortex Dentate
or pontocerebellum of skilled motor, (via pontine n.),

(cerebellar and voluntary eye inf. olivary n.
hemispheres) movements®

2 For the most part, many of these represent simplified guesses as to the possible roles of the cerebellum.
® The anterior regions of the vermis have also been associated with affective expression.
¢ The lateral hemispheres have been associated with non-motor learning and other aspects of cognition.
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Pontocerebellum

The final division within this classification is the cerebrocerebellum or pontocerebellum.
Anatomically and functionally it is comparable to the lateral zone mentioned above. It
derives its name from the fact that the major inputs are primarily from the cerebral
cortex (especially from the prefrontal, frontal and parietal regions) via corticofugal fibers in
the cerebral peduncles that synapse in pontine nuclei, from which secondary neurons enter
the cerebellum via the middle cerebellar peduncle. Having greatly expanded along with the
cerebral hemispheres, it is also known as the neocerebellum. As with the lateral zone, with
which it is associated, its functional significance has been linked to the online modulation
and learning or some type of motor memory for skilled tasks, including visual searching.
Again, as will be seen below, more recent investigations have suggested a greater role in
non-motor or cognitive processing for this region of the cerebellum.

FUNCTIONAL CORRELATES

Motor Behavior

While a considerable amount of information is known about the structure, anatomical
connections, and the motor symptoms associated with lesions of the cerebellum, the precise
mechanisms that mediate cerebellar function remain elusive. As previously noted, there is
significant variation in the patterns of input and output with respect to the different regions
of the cerebellar cortex. Thus, in some ways it may be considered similar to the organization
of the cerebral cortex to be described in Chapter 9. However, unlike the significant variability
in the cytoarchitecture of different regions within cerebral cortex, the cytoarchitecture of the
cerebellum, while also extremely complex, is essentially the same throughout. This has led
to the logical speculation that all areas or regions of the cerebellum likely perform the same
function, the difference (e.g., in symptoms as a result of focal lesions) being the systems
affected as a result of the specific pattern of inputs/outputs to that particular area, that is,
the different feedback loops involved. Although it is still not yet clear what this “function”
might be, it is generally believed that it serves to provide a modulating influence on behavior
through its multiple feedback loops.

While there is mounting evidence that the cerebellum likely plays a crucial role in various
aspects of nonverbal learning, as well as in general cognition, arousal, and emotional and
autonomic responses (to be addressed below), its most commonly recognized role is in the
control and/or modulation of motor activity. It is to these motor control functions that we shall
now address ourselves. How does it accomplish these feats? As suggested, at this point one
can only speculate.* To simplify things, let us consider several crucial aspects of motor activity:

1. It always takes place against a backdrop of the effects of gravity; the relative position
of one’s limbs, head, and trunk in space and to each other; and/or some other ongoing
activity.

2. For all practical purposes there is no such thing as isolated muscle movements (e.g., for
each contraction of a target muscle (agonist), there is another muscle (antagonist) that
must relax and typically there are a whole group of muscles (synergistic muscles)
that also must contract (and relax) at the same time,

3. At least for all voluntary activity, there is an initial mental set and/or goal directing
the particular action.

4. The action must be modified or changed depending on changes in external or environ-
mental conditions, the effect and/or effectiveness of the act being executed, or changes
in the mental set or intention.
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If we again go back and think of the various afferent and efferent connections of the
cerebellum, we can appreciate why the cerebellum is in an ideal position to contribute
to this process, even if we do not fully understand how it takes place. Because of its
direct interconnections with the vestibular system, the proprioceptive feedback it receives
from stretch receptors via the spinocerebellar pathways, and its influence on those same
antigravity muscles via the vestibulospinal (and probably the reticulospinal) pathways, the
cerebellum can learn to mediate the subconscious, reflex adjustments necessary to maintain
one’s equilibrium.® As was suggested in the introductory portion of this chapter, given the
cerebellum’s access to diffuse proprioceptive (and other somatosensory) feedback and its
capacity to influence all descending pathways both by its connections with motor nuclei in
the brainstem and the motor cortex by way of the thalamus, it seems easily understandable
how it could assume a key role in coordinating routine, overlearned, or quasi-automatic
synergistic muscle activities.

What seems particularly intriguing is its ongoing control of skilled, voluntary motor
activity. While monitoring and maintaining control of baseline functions such as equilibrium
and stereotypic background activity, the cerebellum is receiving information concerning
the programs or intentions for a particular motor response from the frontal and premotor
cortices. It also is informed of the actual initiation of that response by the motor cortex, as
well as the organism’s conscious awareness of its position in space and relation to objects or
stimuli relevant to carrying out that response via other corticopontocerebellar connections.
At the same time, it is receiving constant feedback directly via the spinocerebellar tracts
and indirectly from the somatosensory cortex as to how that movement is being executed,
both absolutely and, where relevant, in juxtaposition to the external world (e.g., an object
that is being moved or manipulated). All the above information is being fed to the granule
cells and the cerebellar nuclei by way of mossy fiber connections. At the same time, all
this can be compared to the information provided by the climbing fibers directly to the
Purkinje cells from the inferior olivary nucleus which itself receives both ascending (afferent)
proprioceptive information and descending input from the cortex and red nucleus. Thus the
cerebellum is in an ideal position to analyze and integrate the results of the ongoing action
relative to its original intention and modulate it accordingly.

When we speak of this type of behavioral analysis and subsequent modulation, it is
important to differentiate the role of the cerebellum from that of the cerebral cortex and the
basal ganglia, all of which play major roles in the execution of a motor program or activity.
The cerebral cortex, primarily the frontal lobes, is ultimately responsible for establishing
goals, initiating actions designed to accomplish those goals, determining if the goal is
accomplished, and hence, whether the action should be sustained, halted, or adapted in
any manner, or whether the goal itself should be changed. The specific contributions of the
basal ganglia are also somewhat of an enigma and will be discussed in greater detail in
Chapters 6 and 9. However, for now sulffice it to say that they appear to be important in
facilitating and inhibiting patterns of movements depending on the circumstances or context
in which the movement occurs. Thus, depending on the nature of the lesion affecting the
basal ganglia, one might witness a failure of either inhibition (“disinhibition”) or facilitation
resulting, respectively, in unwanted movement or bradykinesia and/or rigidity. The role of
the cerebellum in such voluntary motor activities would appear to be much more specific
and circumspect. It would appear that its function in these cases might be to ensure that the
individual, discrete motor response as dictated and programmed by the cerebral cortex and
basal ganglia is carried out in a smooth and efficient manner (e.g., control of the speed, force,
direction, and termination of movement). In addition to carrying out consciously directed
(voluntary), discrete motor activities, the cerebellum also is responsible for carrying out
these activities while reflexively (subconsciously) making whatever postural adjustments are
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necessary to maintain balance and equilibrium, perhaps while engaging in a well-practiced
baseline activity such as walking or engaging in other well-rehearsed activities.

While in practice it may be possible to isolate a lesion to one of these three systems
(cerebral motor cortex, basal ganglia, or cerebellum) depending on the particular symptoms
manifested by the patient, in analyzing normal behavior their individual contributions are
often less clear. Sometimes this also can be the case in disorders of movement. For example,
difficulties in making smooth, rapid transitions from one component of a motor response to
the next may be found following cortical (Luria’s “loss of kinetic melodies”), basal ganglia
(athetosis), or cerebellar (dysdiadochokinesia) lesions. While each system likely contributes
unique elements to the movement process, differentiating or identifying those individual
components or contributions for a given action is not always easy. On the other hand, this
helps to emphasize the notion that these systems are mutually dependent on and work
in concert with one another. Like an orchestra, on occasion you may be able to pick out
individual instruments, but for many complex movements (musical), the contributions of
each are lost in the composition of the whole.

Non-Motor Functions of the Cerebellum?

In addition to its obvious control over some aspects of motor behavior, over the past 20 years
in particular there has been increased interest in the role of the cerebellum in classical condi-
tioning, timing, and other non-motor learning paradigms, as well as in cognition and affective
responses. This interest has derived from numerous sources, including the appreciation of
anatomical associations between the cerebellum and non-motor areas of the brain (especially
the prefrontal cortex in man), physiological and functional neuroimaging studies showing
activation of the cerebellum during the course of apparently non-motor, cognitive activities,
and observations suggesting changes in cognitive and affective states (including psychiatric
symptomatology) following lesions to the cerebellum. Glickstein and Yeo (1990), Ito (1993),
Ivry, R. (1997), Leiner, Leiner, and Dow (1986, 1993), Middleton and Strick (1994, 2000),
and Schmahmann (1991) were among the earlier proponents of this new way of looking at
cerebellar function. Schmahmann (1991, 2001b, 2004) has proposed two key concepts in this
regard: the “dysmetria of thought hypothesis” and the notion of a “cerebellar cognitive affective
syndrome.” With regard to the first, he suggests that just as the cerebellum “regulates the
rate, force rhythm, and accuracy of movement, so it regulates the speed, capacity, consis-
tency, and appropriateness of mental or cognitive processes” (Schmahmann, 2001b, p. 320).
If this hypothesis is correct, then it would be understandable why disruptions of cerebellar
function might result in a wide range of difficulties on both cognitive processes (e.g., executive
and visual-spatial skills, language, memory), as well as behavioral disturbances (e.g., changes
in personality, affect, or autonomic phenomena). It has been further suggested that the
former result from insults to the posterior hemispheres, while affective type disturbances are
associated with the anterior, vermal regions of the cerebellum. While many of the clinical
cases offered in support of these hypotheses involved conditions in which more generalized
involvement of the central nervous system was certainly possible (such as agenesis, tumor
resections, degenerative or infectious processes), others apparently involved more restricted
vascular lesions (see: Gottwald et al., 2004; Malm et al., 1998; Neau et al., 2000; Schmahmann,
2001b). Although appropriate caution is still being advised about overemphasizing the
cerebellum’s role in non-motoric behaviors (Glickstein, 2006), given these recent data, as clini-
cians we might want to pay closer attention to the potentially negative and possibly subtle
impact that lesions of the cerebellum might have on cognitive and/or affective behavior.

The preceding review is not intended as a current, state-of-the-art description of the
role of the cerebellum, which remains somewhat of an enigma. Rather it was provided to
offer a very general overview of the possible interrelationships between the cerebellum and
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other neuroanatomical systems. Hopefully, this broad framework will make the following
discussions more meaningful as we explore the traditional motor symptoms associated with
cerebellar dysfunction and the patterns of symptoms or syndromes associated with specific
types of cerebellar lesions. Table 3—4 lists some of the suspected motor feedback loops and
the functions they likely serve.

CEREBELLAR SYMPTOMS

While our understanding of how the cerebellum actually functions may be somewhat
limited, the motor symptoms most commonly associated with cerebellar disease or injury

Table 3-4. Feedback Loops

Balance and Equilibrium

Vestibulocerebellar pathways to flocculonodular lobe and vermis supplies information about
changes in position/motion.

Ascending tracts to vermal and paravermal regions provides feedback concerning position of head
and body in space and state of contraction of musculature of limbs.

Fastigiovestibular and fastigioreticular pathways give rise to vestibulospinal and medial
reticulospinal tracts that appear to primarily adjust or facilitate contraction of antigravity muscles.

Whole Body Coordination

Spinocerebellar tracts to vermal and paravermal regions provides information regarding position of
the body in space and state of contraction of musculature of limbs.

Olivocerebellar tracts provide cerebellum (particularly vermal and paravermal regions) with
integrated, information from both cerebral cortex and spinal cord.

Interposed (and dentate) nuclei project, via the superior cerebellar peduncle, extensively to the red
nuclei, and to a lesser extent, to the sensorimotor cortex (by way of the thalamus). These sites, in
turn, give rise to the ventral and lateral corticospinal and the rubrospinal tracts that help control
routine, whole body movements such as walking or running.

Discrete, Voluntary Limb Movements

Cerebral cortex, via the pontocerebellar pathways, provides cerebellum with information about
intended action and the context (internal and external) in which this action is to take place.

Spinocerebellar tracts to vermal and paravermal regions provides information regarding the position
and attitude of the limb, as well as the body in general, both at the initiation and during the
course of movement.

Dentate (and interposed) nuclei project extensively to the sensorimotor cortex (by way of the VA/VL
nuclei of the thalamus) and, to a lesser extent, to the red nuclei. These cerebellothalamocortical
projections in particular, along with feedback from the basal ganglia, likely help modulate the
output of the lateral corticospinal tracts that govern discrete movements.

Eye Movements and Hand-Eye Coordination

Information about the position and movement of the eyes comes into the cerebellum at least
indirectly from the inferior olivary complex via the olivocerebellar tract and possibly through
other, even more direct pathways (e.g., via pontine nuclei from the superior colliculus).

Vestibulocerebellar pathways to flocculonodular lobe and vermis supplies information about
changes in position/motion, especially of the head.

The vestibulocerebellum provides input back to the vestibular nuclei which in turn send fibers via
the ascending MLF to the cranial nerves III, IV, and VI which control reflex or involuntary eye
movements according to changes in head movement or position.

Voluntary eye movements are likely mediated, at least in large part, by descending
corticopontocerebellar pathways and returning cerebellothalamocortical projections.
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have been quite well known for almost 100 years. These include loss of balance or
disturbances of equilibrium, ataxia (most commonly reflected in disturbances of gait),
asynergy, tremors, hypotonia, nystagmus, disturbances of motor speech, and abnormal
posturing. These disturbances are not necessarily independent of one another, but may
simply reflect the particular expression of one or more basic deficits. Rather than attempt
to rigorously catalogue these various symptoms, it may be more practical to simply
describe them.

Loss of Balance

Whether sitting or standing, we are constantly making subtle adjustments to our posture in
order to remain vertically stable (recall “experiment” in Endnote 6). This is accomplished
largely by the vestibulocerebellum. In patients, disturbances to this subsystem may be
manifested by a wide-based gait and are tested clinically by having the patient stand with
feet together. If the patient only has difficulty when the eyes are closed, this is more
suggestive of posterior column disease (Romberg’s sign). Sometimes disturbances can be
elicited merely by asking the patient to sit upright or to walk.

Asynergy

Asynergy or the “decomposition” of movement is the breakdown in the rhythm and flow
of a movement. Rather than a movement flowing smoothly from one component of the
action to the next, it is broken down into saccades. Movements become jerky and discrete
rather than smooth and continuous. Such movements have been variously described as
mechanical or puppet-like. There are any of a number of ways in which disturbances
of synergistic movement can be manifested. One simply observes the patient in routine
activities looking for any such breakdown in the fluidity of movement. These phenomena
can be tested clinically. One classic maneuver is to ask the patient to make a series of rapid
alternating movements of the upper extremities, such as rapid pronation and supination
movements of the outstretched hand as it rests on the thigh or in the palm of the opposite
hand. With cerebellar hemispheric lesions, the movement may be excessively slow and/or
irregular with a tendency to overshoot the level or desired position. Tapping out rhythms
(e.g., “..._..._") with the hand (or foot) will produce irregular beats, both in terms of
amplitude and frequency. Inability to perform such tasks in the absence of sufficient sensory
or motor losses is called dysdiadochokinesia. Patients with cerebellar lesions also have been
noted to be impaired in the discrimination of weight (barognosis). This finding has been
related to the presence of asynergy in the affected limb.

Ataxia

If asynergy is a breakdown in the normal flow or the smooth sequencing of the individual
components of movement, ataxia is the inability to properly regulate the direction, rate,
extent, and intensity of movements. While the term “ataxia” is commonly used when
referring to disturbances of gait, it actually can be applied to other movements of the lower
extremities as well as to disturbances of movement in the upper limbs. Since gait ataxia
is so common in cerebellar lesions (frequently exacerbated by problems with balance or
equilibrium and/or the presence of “truncal ataxia”), special notice is usually taken of the
patient’s ability to walk. The patient may walk with a wide-based gait, display a certain
awkwardness with excessive or exaggerated movements, perhaps with a tendency to fall or
sway from one side to the other. The effect may be enhanced by asking the patient to walk
a straight line, placing one foot directly in front of the other (tandem gait).

For an additional test of lower limb ataxia independent of gait, while lying or sitting,
the patient may be asked to run the heel down the shin. In cerebellar disease, the patient
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has difficulty not only in making a smooth motion down the shin, but also has difficulty
maintaining the heel in a straight line on top of the shin. Similarly, ataxia of the upper
limbs can be assessed by having the patient alternately touch the tip of the nose with the
finger, starting and returning to an outstretched position of the arm. The most common
classical deficit seen in patients with cerebellar hemisphere lesion is that the usually straight
trajectory from finger-to-nose is replaced by an irregular, sinusoidal trajectory. Actually,
ataxia and asynergy may simply be different facets of the same phenomena. Where there
are the components of one, it is usually possible to pick out components of the other, not
only in the same patient, but also often in the same action.

In other tests for asynergy and/or ataxia of movement, the patient also can be asked to
reach out (so the arm is reasonably extended) and touch the examiner’s finger tip and then
the patient’s own nose, repeating this sequence as the examiner moves his finger from one
area of space to another. Alternatively, the patient may simply be asked to reach out and
pick up a small object on the desk. In addition to noting the presence or absence of tremors,
attention is given as to whether the patient has trouble measuring the distance to the target.
A tendency to overshoot or fall short of the intended goal is referred to as dysmetria.

Another sign of cerebellar involvement is manifested by the rebound phenomenon, which
assesses the patient’s ability to adjust to sudden displacements in the posture of the body,
typically the upper extremities. The patient is asked to extend his arms and one arm is
rapidly displaced downward by the examiner. In normal subjects, the arm quickly and
easily returns to its former resting posture. In cerebellar disease, the arm oscillates before
returning to a steady state.

A second variant of testing for the rebound phenomenon is to have the patient maintain a
90-degree flexion of the forearm. The examiner pulls against the resisting biceps muscle and
then rapidly releases. Again the normal patient will quickly return to the original posturing
of the arm. The cerebellar patient is not able to make this rapid adjustment and the arm will
continue its trajectory or “overshooting” its mark, striking the shoulder (or, if the examiner
is not careful, the patient may end up striking himself in the face). Basically, this deficit
appears to reflect the loss of normal cerebellar influence in coordinating the activities of the
agonist and antagonist muscles.

Tremor

During the performance of some of the above tasks, patients with cerebellar lesions may
evidence certain types of tremors. Most typical is the so-called intention tremor. As opposed
to diseases like parkinsonism that affect the basal ganglia, there is no “resting” tremor in
cerebellar disease. If an intention tremor is present, it is likely to be observed in one of
two types of situations or maneuvers. One is when the patient is asked to carry out some
action, such as touching one’s nose or the fingertip of the examiner (often called an “action”
tremor). As the patient’s finger approaches the target, a course tremor (3 to 5 cps) may
become manifest. It also may be seen if the patient is asked to hold the arms extended out
against the force of gravity (or sustention tremor). The presence of both an action and a
sustention tremor often is referred to as a rubral tremor). Occasionally, a rhythmic bobbing
of the head (“titubation”) also may be present, with or without an abnormal posturing of
the head.

Hypotonia

Hypotonia or loose, floppy muscles and joints (“rag doll” phenomenon) is a frequent accom-
paniment of cerebellar lesions, but it is most likely to be observed in the more acute stages
of cerebellar lesions. As a result of this “looseness,” abnormal posturing of the limbs may
be possible. Deep tendon reflexes on the affected side will be hypoactive and there may be
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signs of decreased strength on that side. Over time, however, these particular symptoms
may diminish.

Ocular Findings

Nystagmus is the most common eye finding with cerebellar disease. It is typically most
pronounced on lateral gaze toward the side of the lesion, but also may be noted when
fixating on a small, centrally placed object (instability of gaze). As a result of the latter, the
patient may complain of diplopia (double vision) or a blurring of vision.

Motor Speech

Since cerebellar lesions can affect most aspects of motor functioning, the presence of disrup-
tions of motor speech is not surprising. The basic disturbance is not unlike the other signs
of asynergy or ataxia seen in the extremities. Similarly, there is a loss or reduction of
the smooth, properly modulated flow of movement in the vocal or motor mechanisms of
speech. Consequently, the speech is typically described as halting, uneven, irregular, poorly
modulated, explosive, or scanning. Basically, there is a breakdown in the normal flow from
one phoneme or word to the next, resulting in a breakdown in the melody of speech. Since
this breakdown also can occur within single words, the speech is sometimes referred to as
being dysarthric. Finally, as with the limbs, the amplitude of the response also is affected;
thus the volume, as well as the rate and rhythm of speech can be affected, producing the
“explosive” speech characteristic of cerebellar disease.

CEREBELLAR SYNDROMES

Although we have previously discussed certain motor symptoms in relation to the different
parts of the cerebellum, a brief review may be useful at this point. However, before
discussing these “syndromes,” one should keep in mind that most lesions or diseases do not
necessarily respect anatomical boundaries, not only within the cerebellum itself, but also
with regard to structures outside the cerebellum (e.g., brainstem nuclei and pathways).

Vestibulocerebellar or Archicerebellar Syndrome

As we noted earlier, this primarily refers to the flocculonodular lobe and a small portion of
the vermis. As this system is very closely connected with the vestibular system (balance and
equilibrium), lesions involving these structures generally will produce severe disturbances
in balance while sitting, standing, and walking. However, if the body is in a stable position,
for example, supported in a chair or lying down in bed, the coordinated use of the limbs
may be more intact. Other symptoms that may be associated with lesions of this system
include titubation, abnormal posturing of the head, and nystagmus. Note: alcohol and
certain other CNS depressants such as barbiturates selectively (but not exclusively) affect
vestibulocerebellar connections; hence they are sometimes seen as a model for lesions of
these systems. This is one reason why if you are stopped for suspicion of driving while
intoxicated, the policeman will ask you to walk the center line (tandem gait).

Spinocerebellar or Paleocerebellar Syndrome

Lesions to this system typically are associated with the anterior lobe of the cerebellum
and the vermal and paravermal regions. Again, as this area(s) of the cerebellum is heavily
involved with axial mechanisms, injury to this region of the cerebellum typically will result
in disturbances of stance and gait. Depending on the exact structures affected, there may be
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more general asynergy present that could result in nystagmus and disturbances of speech
and upper limb movements, but generally the lower limbs and the trunk will evidence the
greater disturbances. However, independent movements, even of the lower extremities (e.g.,
as in the heel-shin test) may show only relatively slight impairment or possibly none at all.
Maximally disturbed are activities that require whole body movement, such as walking or
running.

Pontocerebellar or Neocerebellar Syndrome

Lesions affecting the pontocerebellar system, by definition, will impact primarily on the
cerebellar hemispheres or the lateral zone. Symptoms will include all the signs associated
with ataxia and/or asynergy typically involving both the upper and lower extremities.
Dysmetria, dysdiadochokinesia, tremor, hypotonia, as well as dysarthria and gait distur-
bances (secondary to limb ataxia) may be present, although balance per se likely will be
intact. What is most unique about the effects of these lesions is that the behavioral (motoric)
effects may affect the limbs strictly unilaterally, assuming the lesion is unilateral. Since the
influence of the cerebellum is ipsilateral, the affected limbs will be on the same side as the
cerebellar lesion.

Endnotes

1. As an integral part of other cortical and subcortical structures making up relevant
distributed systems or feedback loops.

2. It might be noted that, unlike the cerebral cortex, there are no commissural pathways
connecting the right and left cerebellar hemispheres.

3. If the cerebellum indeed receives information from all or most cortical association
areas and if the expectation is that feedback loops are normally established, then one
might anticipate that cerebellothalamic connections might be found in all or most of
the thalamic association nuclei. However, no evidence could be found for such projec-
tions. Schmahmann (2001a) notes that the dorsomedial nucleus, as well as some of the
intralaminar nuclei of the thalamus, also appears to receive input from the cerebellum.
While the intralaminar nuclei do have diffuse cortical projections, these likely do not
have the same intensity or specificity as the ventral lateral or dorsomedial nuclei. Also,
it might be noted that the dorsomedial (also know as “medial dorsal”) nucleus’ primary
cortical connections are with the prefrontal (and possibly cingulate) cortices. The latter
would be consistent with Ramnani’s (2006) suggestion that, in addition to the senso-
rimotor cortices, the other major corticocerebellar feedback loops likely involve the
prefrontal cortex, which in turn does have corticocortical connections with the posterior
association cortices.

4. But this is no different than many, if not most, of our assumptions regarding the
operation of the brain. However, one particularly intriguing model is outlined by Ito
(2005) and Ramnani (2006). Described as a forward control model, it essentially suggests
that as learning occurs, the cortex (e.g., prefrontal motor cortices) simultaneously send
out two separate “messages.” One might be transmitted, for example, via the corti-
cospinal tracts to instruct a certain action to be initiated within a particular context. The
second, which follows corticopontocerebellar pathways, tells the cerebellum what is
the expected outcome or consequence of the action (sensory feedback) in this particular
situation (based on previous experience). These “second messages” may be stored
in the cerebellum to more effectively guide or modulate well-practiced activities in
specific settings, with less need for conscious cortical control or “supervision.” At the
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same time, online comparisons are constantly being made between expected and actual
outcomes, relying heavily on corticocerebellospinoolivary loops to constantly refine
(i.e., learning) outcome expectations, again within specific situations. It is thought that
through multiple and discrete corticocerebellar feedback loops the cerebellum can exert
its influence across a vast array of behaviors, including those in non-motor domains.

5. For example, the mental set of the football player who wishes to make a diving tackle
must take precedence over the more basic instinctual response patterns of the vestibular
nuclei and the antigravity reflexes that are designed to keep us vertical.

6. Assuming your cerebellum is intact, try this experiment. Without using other means
of support, stand briefly on one foot (if you have decent balance, you will not fall; if
you donot, you should not be trying this in the first place!). While doing this, unless
you have absolutely perfect balance (extremely unlikely), you should notice subtle,
movements (adjustments) of the small muscles in your foot. Again, assuming you have
reasonable balance and are not about to fall over, you should also note that these
movements do not seem to be under conscious control, but rather are spontaneous and
involuntary. This would appear to be your cerebellum at work!
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CHAPTER OVERVIEW

Among the areas covered in this book, the brainstem represents one of the smallest but
perhaps the most anatomically and functionally diverse of the CNS structures. It might be
described as the crossroads for the other primary divisions of the CNS, the telencephalon,
diencephalon, cerebellum, and spinal cord. Not only are many if not most of the major
afferent and efferent pathways serving these structures funneled through this neurological
isthmus, but cell groups within the brainstem help integrate and modulate the information
contained therein. Also contained within the brainstem are nuclei essential to the normal
operation of all the cranial nerves, with the possible exception of olfaction. Finally, the
brainstem is the source of various brain neurotransmitter substances, as well as cell groups
essential for maintaining basic cortical arousal.

Given its compactness and diversity, even relatively small lesions of the brainstem can
result in profound and often quite devastating consequences, not infrequently death. When
and where available, the advent of magnetic resonance imaging (MRI) technology has greatly
aided the clinician in localizing lesions of the brainstem. Nevertheless, an appreciation of
brainstem anatomy remains essential to a fuller understanding of those neurobehavioral
syndromes and their preliminary differential diagnosis.

The goals of this chapter are to provide an overview of the classic divisions of the
brainstem and the more commonly defined structures contained within each. While the
reader is not expected to memorize all the features discussed, hopefully one will at least
be cognizant of the major sensory and motor pathways and the approximate location of
some of its more prominent nuclei. Such information, along with that provided in the
next chapter on the cranial nerves, should allow one, given the level of a lesion in the
brainstem, to appreciate if not predict the major symptoms associated with such a lesion.
To facilitate this learning, various brainstem lesions and their behavioral correlates will be
reviewed and discussed at the end of the chapter. Figure 4-1 provides external views of
the brainstem, while Figure 4-2 offers representative axial cuts of the midbrain, pons, and
medulla. References to these figures will be made throughout the chapter.

INTRODUCTION

The preceding chapters thus far have described more or less homogeneous functional
systems (e.g., movement, somatic sensations, and coordination). In the present chapter,
there is no such unifying theme. The brainstem is very diverse, both structurally and
functionally. This fairly primitive portion of the central nervous system packs quite a number
of anatomical structures, representing a large number of functional systems into its approx-
imate 8 to 9 centimeters of length. Among other things, it includes:
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(b)

Figure 4-1. External views of the midbrain: (a) ventral view — in situ, (b) lateral view, (c) dorsal
view (with cerebellum cut away). Brain images were adapted from the Interactive Brain Atlas (1994),
courtesy of the University of Washington.

CN cranial nerve MB mammillary body

CP cerebral peduncle MCA middle cerebral artery
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Figure 4-1. (Continued)

1. Fibers of passage from the cortex to the spinal cord (corticospinal tracts), from the
spinal cord to the thalamus (spinothalamic tracts), and to the cerebellum (spinocere-
bellar tracts).

2. Nuclei that receive, integrate, and relay information to and from the cortex,
cerebellum, spinal cord, and other brainstem nuclei,' and their respective tracts or
connections.?

3. Ten of the twelve cranial nerves and their nuclei, as well as their interconnections
with the cortex, spinal cord and cerebellum.

4. The reticular activating system.

5. Nuclei representing important sources of neurochemical transmitters.’

Precisely because fibers of passage and/or nuclei representing so many different functional
systems are located in this relatively small neuroanatomical area, even small lesions or
damage can result in quite profound and diverse behavioral effects. In fact, one of the more
reliable signs of brainstem pathology is the presence of symptoms suggestive of cranial
nerve involvement along with long tract findings (i.e., symptoms consistent with damage
to the corticospinal and/or spinothalamic tracts). Chapter 5 will focus on the cranial nerves
and the specific symptoms or syndromes associated with lesions affecting these nerves or
nuclei. The present chapter will focus on the neuroanatomy of the brainstem itself, which
will not only serve to complete our understanding of the functional neuroanatomy of the
central nervous system but also will provide a basis for understanding the effects of lesions
to this region.

GROSS ANATOMY

The brainstem is typically divided into three transverse regions (Figure 4-3). The most caudal
region, which represents the rostral continuation of the spinal cord, is the medulla (which
also is referred to as the medulla oblongata or less frequently the myelencephalon). Though
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not commonly used by itself, another term applying to the medulla is “bulb.” However, its
adjective derivative “bulbar” is fairly common, as in the term “corticobulbar” tract. This term
refers to fibers having their origin in the cortex and terminating on various nuclei in the
medulla; more commonly it is used also to designate cortical tracts that terminate on any
of the cranial nerve nuclei, even those above the medulla. The middle or central part is the
pons (which, together with the cerebellum, sometimes is called the metencephalon). Finally, the
rostralmost portion of the brainstem, which is continuous with the diencephalon (thalamus,
epithalamus, hypothalamus, and subthalamic nuclei), is the midbrain or mesencephalon.

In addition to the above transverse divisions, certain longitudinal divisions also have been
identified. These are the tectum, the tegmentum, and the basis; although not all these latter
divisions typically are identified within all three transverse sections. In order to appreciate
the distinction between the tectum and the tegmentum, it first is necessary to recognize the
location of the ventricular system as it passes through the brainstem to become continuous
with the spinal canal of the cord. From the third ventricle, lying between the two thalami,
the cerebrospinal fluid flows caudally through the cerebral aqueduct, a small opening or

P
<

Figure 4-2. Axial sections through the brainstem: (a) upper midbrain, (b) lower midbrain, (c) upper
pons, (d) lower pons, (e) upper medulla, and (f) lower medulla. Brain images were adapted from the

Interactive Brain Atlas (1994), courtesy of the University of Washington.
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Figure 4-3. Ventral (a), lateral (b) and dorsal (c) views of brainstem showing approximate horizontal
boundaries of the midbrain, pons and medulla.

canal in the midbrain or mesencephalon. In the caudal portion of the midbrain, the cerebral
aqueduct of the rostral brainstem begins to widen out at about the level of the pons and
continues into the rostral medulla. This expansion constitutes the fourth ventricle, from
which the cerebrospinal fluid then passes into the subarachnoid space through the foramina
of Luschka (paired lateral openings) and the foramen of Magendie (a single ventral aperture).

The tectum (“roof”) is that part of the brainstem in the midbrain that lies dorsal to and
forms a “roof” over the cerebral aqueduct (Figure 4-4). As can be seen, the two main
structures that make up the tectum or dorsal portion of the midbrain are the superior
and inferior colliculi. Collectively, these two sets of paired structures are known as the
corpora quadrigemina; thus, the tectum is sometimes referred to as the quadrigeminal plate. The
superior colliculi receive input from the visual system and from the spinotectal tract, while
the inferior colliculi receive input from the auditory cortex, the lateral lemniscus (which
conveys postsynaptic auditory information originating from the eighth cranial nerve), and
the spinotectal tract. They also are the source of descending motor fibers via the tectobulbar
and tectospinal tracts. These nuclei are intimately involved with a number of visual and
auditory reflexes, including orientating responses of the head to visual and auditory stimuli.

The tegmentum (“floor”) is the central part of the brainstem at the level of the midbrain
and forms the “floor” of the cerebral aqueduct. It represents the posterior or dorsal portion
of the pons and medulla. This term, however, is most commonly used only in reference
to the midbrain and pons. In the midbrain, the dorsal boundary of the tegmentum is the
cerebral aqueduct and it extends ventrally to include the substantia nigra, a clearly visible
dark band seen in an unstained transection of the mesencephalon (Figure 4-4b). At the level
of the pons, the floor of the fourth ventricle represents the dorsal boundary of the pontine
tegmentum. The pontine tegmentum extends ventrally more or less to but does not include
the pontine nuclei (see below). For all practical purposes, though the term is generally not
used here, the tegmentum would extend caudally into the central portion of the medulla.
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Figure 4-4. Midsagittal and axial cuts of brainstem, illustrating tectum, tegmentum, and basis.
Legend: H hypothalamus, IV 4™ yentricle, MB mammillary body, SubT subthalamus, T thalamus. Brain
images were adapted from the Interactive Brain Atlas (1994), courtesy of the University of Washington.

The tegmental portion of the brainstem includes all of the cranial nerve nuclei, the reticular
formation, and other supplementary motor nuclei (i.e., the red nuclei and substantia nigra
in the midbrain and the inferior olivary nuclei in the medulla). The tegmentum also contains
all of the ascending spinal tracts and a number of descending tracts, especially those having
their origin in the nuclei of the brainstem or cerebellum.

The basal or ventral portion of the brainstem consists primarily of descending cortical
tracts and the pontine nuclei. In the midbrain, these descending tracts (the majority of whose
fibers end in the pons) are referred to as the cerebral peduncles or crus cerebri of the
midbrain (Figure 4-4b). They consist of ipsilateral cortical fibers that project to the various
brainstem nuclei (including cranial nerve nuclei), the cerebellum, and to the anterior horn
cells of the spinal cord. In a cross section of the midbrain, the most medial portion of the
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crus cerebri primarily consists of frontopontine fibers, the most lateral portion representing
temporal, parietal, and occipital-pontine fibers (probably more parietal than temporal or
occipital), with the middle portion being made up of corticospinal and corticobulbar fibers.
These latter (corticobulbar) fibers synapse in the reticular formation of the medulla and make
connections with the motor nuclei of the cranial nerves in the medulla (IX-XII) and sensory
medullary nuclei representing both the cranial nerves and spinal ascending pathways (e.g.,
the nucleus gracilis and nucleus cuneatus). The pontine nuclei are located in the basal portion
of the pons (basis pontis). The majority of the fibers that constitute the cerebral peduncles
synapse on these nuclei. The axons of these pontine nuclei constitute the pontocerebellar
fibers which then proceed to cross the midline and enter the cerebellum via the middle
cerebellar peduncle. These pontocerebellar fibers emanating from the pontine nuclei give
the pons its distinctive appearance. Also included in the basal portion of the pons are
corticospinal fibers that pass through this region. These latter fibers exiting from the pons
make up the “basal” portion of the medulla. As these corticospinal tracts continue caudally
on the ventral aspect of the medulla they are referred to as the “pyramids,” hence, the term
“pyramidal tract.” The decussation of these pyramidal tracts can be clearly visualized on
the ventral surface in the caudal half of the medulla (pyramidal decussation).

BRAINSTEM NUCLEI

Later in this chapter, we will return to a review of some of the major fiber tracts that are
found within the brainstem. At this time, it may be useful to identify some of the more
prominent mesencephalic, pontine and medullary brainstem nuclei. It should be noted,
however, that some of these nuclear masses transverse more than one brainstem section,
most notably the somatosensory portion of the nuclei of cranial nerve V and the reticular
formation. For the purposes of discussion, we will also separate the cranial nerve nuclei from
other types of nuclei. Finally, while some information regarding the functional significance
of the individual cranial nerve nuclei will be discussed in their respective sections, more
complete descriptions of the cranial nerves will be provided in the following chapter.

Nuclei of the Midbrain (Mesencephalon)
Substantia Nigra

As can be seen in Figure 4-2a, b, the substantia nigra is a very distinctive, pigmented band
of cells located in the tegmentum of the midbrain, just dorsal to the cerebral peduncles.
It is divided into two parts: the more medially located pars compacta (compact part) and
the more laterally positioned pars reticularis (reticular part), and has been functionally
related to the basal ganglia and the motor systems. The pars compacta sends efferent fibers
to the putamen and caudate nucleus and is the source of dopaminergic transmission to
those structures (i.e., the axons of the pars compacta release dopamine at their terminals
in the basal ganglia). The reticular portion of the substantia nigra, as well as portions of
the pars compacta, receive afferent input from the caudate nucleus, putamen, and globus
pallidus (as well as from the cortex, amygdala, subthalamic nuclei, and a few additional
structures). These afferent and efferent connections form the basis for a feedback loop with
the basal ganglia, and hence, ultimately influence cortical motor activity. Another feedback
loop is created via the projection of the reticular part of the substantia nigra to the thalamus
(ventral anterior and ventral lateral nuclei). These nuclei in turn project back to the cortex
that projects back to the thalamus and substantia nigra via the basal ganglia. Pathological
changes in the substantia nigra, especially the pars compacta, occurs in Parkinson’s disease
and results in significantly decreased dopamine levels. An area lying adjacent to the pars
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compacta, the ventral tegmental area, represents another source of dopaminergic fibers to
the ventral striatum and anterior limbic structures.

Red Nuclei

The red nuclei are two relatively large nuclear masses that lie in the tegmental section of
the rostral portion of the midbrain, just dorsal to the substantia nigra (see Figure 4-2a).
Their major input appears to be from the cerebellum (primarily from the dentate nucleus)
via the superior cerebellar peduncle. The red nuclei also receive somatotopically organized
projections from the cortex. Their main efferent projections are the inferior olivary nuclei*
(via the central tegmental tract) and to the spinal cord (also somatotopically arranged) via
the rubrospinal tract, as well as some direct input to cerebellar and cranial nerve nuclei.

Because of their afferent and efferent connections, the red nuclei are thought to provide an
important motor feedback loop involving the cortex, cerebellum, and spinal cord. Unilateral
midbrain lesions that involve the red nucleus and adjacent tracts produce contralateral motor
disturbances such as tremors, ataxia, choreiform movements, and oculomotor disturbances
(“Benedikt’s syndrome”).

Superior and Inferior Colliculi

The superior and inferior colliculi, collectively known as the corpora quadrigemina, make
up the major portion of the tectum and are concerned with visual and auditory pathways
respectively (see Figures 4-1c and 4-2a, b). In lower organisms, the superior colliculi are the
primary projection site for the optic tracts, and hence would appear to play a more significant
role in processing visual input. However, in higher mammals most of the visual input carried
by the optic tracts eventually ends up in the lateral geniculates of the thalamus, which project
to the primary visual cortex. In humans, the superior colliculi seem to be primarily concerned
with eye movements, especially in response to moving, novel, or unexpected stimuli. These
movements include conjugate gaze and visual tracking and certain optic reflexes, such as
turning the head and neck in response to such visual (or auditory) stimuli. They receive
direct visual input from the retina via collaterals from the optic tract and processed visual
input from the striate cortex. In addition, the superior colliculi receive information from the
frontal eye fields (which direct voluntary eye movements), somatosensory systems (via the
spinotectal tracts), as well as auditory input (primarily from the inferior colliculi). These
latter connections (between the superior and inferior colliculi) facilitate the reflex turning
of the eyes to check out unexpected sounds, a reflex with clear survival value. Efferent
output from the superior colliculi is back to the spinal level (tectospinal tract), the reticular
nuclei (tectoreticular tract), the pontine nuclei (tectopontine tract), and from there to the
cerebellum. While direct connections to the eye muscles have not been established, the
superior colliculi appear to project to the pretectal nuclei, which in turn have connections
with the ocular motor nuclei of cranial nerves III, IV, and VI, and to the Edinger—Westphal
nuclei. Through these connections the superior colliculi can impact both on eye movements
as well as accommodation.

The inferior colliculi receive most of their afferent connections via the lateral lemniscus,
which carries fibers from the superior olivary nuclei and the cochlear nuclei. Both of these
nuclei receive direct input from the auditory system. In addition to sending fibers to the
medial geniculates (the auditory integration and relay nuclei of the thalamus) via the inferior
brachium, each inferior colliculus nucleus has connections with the inferior colliculus on
the opposite side and to the superior colliculi. The role of the inferior colliculi is not clearly
established, but they are thought to be important in the localization of sound and the
orienting response that follows (e.g., reflex turning of the eyes, head, and neck). The latter
appears to be accomplished by means of connections with the superior colliculi. The superior
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colliculi, in turn, are connected to the cervical cord via the tectospinal tract, innervating the
muscles of the head and neck.

Reticular Formation

The reticular formation is an interconnected though not always clearly demarcated collection
of cellular or nuclear groups that extends throughout the central portion of the brainstem (see
Figure 4-2a-e). The reticular formation has extensive afferent connections with ascending
(spinal), descending (cortical and subcortical), and local brainstem systems, including the
cerebellum. Many of the nuclei associated with the production of neurochemical trans-
mitters fall within its boundaries (see Chapter 11). The output of its various nuclear groups
appears equally diffuse, projecting caudally to the cord, rostrally to the diencephalon and
cortex, as well as to other parts of the brainstem and cerebellum. Structurally, it is not
uniform throughout the brainstem, but can be divided into zones or regions with differing
cell structures and connections. These zones typically represent vertical columns of nuclei,
some of which may run through all three divisions of the brainstem and into the spinal
cord. The lateral and central (or medial) zones are the two that are most commonly
defined. Both receive extensive inputs from most sensory modalities and from the cortex.
In contrast, the central group appears to be the source of the majority of its efferent output.
Many of the reticular nuclei that have more extensive caudal projections are located in
the rostral portion in the brainstem, while nuclei with primarily ascending connections
are found more caudally. The raphe nuclei (meaning, “seam”), another group of cells
located along the midline and associated with the production of serotonin, represent a third
reticular zone.

Given the structural diversity and complexity of the reticular formation, much of its
functional significance is still largely conjectural. Nonetheless, its influence is thought to
be quite varied and likely involves multiple functional systems. For example, as noted
above, parts of the reticular formation receive input from the spinal cord (spinoreticular and
collaterals from the spinothalamic tracts) and from the sensory components of the cranial
nerves (notably the trigeminal). Reticulospinal tracts provide feedback to both sensory and
motor neurons in the spinal cord. There also are reciprocal connections with the cerebellum
and other motor system neurons, including the sensorimotor cortex, basal ganglia, red
nuclei, and substantia nigra. While the exact function of the various descending reticular
pathways is not clear, it has been suggested that they probably contribute to the regulation
of axial musculature (e.g., posture and whole body activities) and muscle tone. Descending
fibers from the reticular formation likely also modulate sensory input itself and may play a
key role in the control of pain. These reticulospinal connections also would appear to exert
some control over primitive motor response patterns (e.g., crying, sucking) and for those
visceral activities necessary for maintaining homeostasis (e.g., respiration, heart rate, blood
pressure).

The portion of the reticular formation that lies in the lower pons and medulla and
projects rostrally into the intralaminar nuclei of the thalamus appears to be an integral
part of the reticular activating system (RAS). This is the term that has been most closely
associated with the reticular formation, although it probably represents only a fraction of
its overall functional significance. The RAS plays a central role in both arousal and atten-
tional mechanisms. It also is important in maintaining sleep cycles or rhythms. Arousal
(and orienting responses) can be and are routinely initiated by external sensory input.
Such input, at least at the reticular level, is probably diffuse, relatively nonspecific, and
likely even unconscious. This “early warning (or alerting) system” has clear survival value
to the organism. However, some gating of sensory input is essential or the organism
would continue to respond to stimuli long after they have lost their signal or alerting
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value. This sensory gating is likely to occur at various levels, including the reticular
formation, thalamus, and cortex. However, the cortex seems dependent upon the RAS,
via the thalamus, for normal arousal (i.e., the “on” switch enabling it to function). Signif-
icant lesions of the RAS can lead to a permanent vegetative or comatose state. On the
other hand, the cortex, specifically the frontal lobes, can modulate the activity of the RAS
via descending or corticoreticular pathways. Thus, given at least a baseline of minimal
arousal, at midnight the frontal lobes of a graduate student may invoke a greater level of
arousal from the RAS when contemplating the possible consequences of failing an exam the
next day.

Also considered part of the reticular formation, the periaqueductal (central) gray area
is a region of pale-staining cells surrounding the cerebral aqueduct containing a number
of smaller nuclear groupings. Diffuse connections with the limbic system and parts of the
diencephalon have led to the notion that this area is concerned with visceral functions. It
also has been postulated that this area may be the source of descending fibers that mediate
pain control or gating mechanisms important for the perception of pain.

Cranial Nerve Nuclei of the Midbrain

Cranial nerves I (olfaction) and II (vision) do not have brainstem nuclei; only cranial nerves
I through XII have paired nuclei in the brainstem. All brainstem cranial nerve nuclei lie
within the tegmental portions of the brainstem. The oculomotor (cranial nerve III) nuclei
lie in the rostral midbrain, anterior to the central gray matter at the level of the superior
colliculi (Figure 4-2a). These nuclei are subdivided into smaller nuclear groupings that
mediate different aspects of oculomotor nerve functioning. Control of eye movements via
the superior, medial, and inferior rectus muscles, as well as the inferior oblique muscles
and elevation of the eyelid, are mediated by the oculomotor nuclei. In contrast, that portion
of cranial nerve III that responds to bright light (pupillary constriction) and the distance
of the viewed object from the eye (accommodation of the lens) are subserved by a special
nuclear grouping called the Edinger-Westphal nuclei that are part of the preganglionic
parasympathetic autonomic nervous system.’ Convergence of the two eyes resulting from
the simultaneous stimulation of the two medial rectus muscles when focusing on a near
object is under the control of the oculomotor nucleus.

The nucleus for the trochlear nerve (cranial nerve IV), which is responsible for activation
of one of the external ocular muscles (the contralateral superior oblique), is located in the
midbrain, anterior to the central gray matter at the level of the inferior colliculi (Figure 4-2b).
This nucleus facilitates an inward (medial) and downward (inferior) rotation of the eye. CN
IV is the only one to exit from the dorsal aspect of the brainstem (see: Chapter 5).

The mesencephalic portion of cranial nerve V, which mediates proprioceptive feedback
from the muscles of mastication, also lies in the midbrain tegmentum (Figure 4-2b). This
nucleus is unique in that it contains sensory ganglion cell bodies that migrated to be
contained within the CNS. All other somatosensory ganglion cells lie outside the cord or
brainstem.

Nuclei of the Pons

Locus Ceruleus

The locus ceruleus is a long, thin, pigmented® nuclear group that lies near the floor of
the fourth ventricle (see Figure 11-13, this volume). It has connections both rostrally and

caudally with cortical and subcortical structures and with the cerebellum and spinal cord.
As mentioned earlier, it is a major source of norepinephrine.
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Pontine Nuclei

The pontine nuclei are interspersed among both transverse and longitudinal corticofugal
fibers in the ventral or anterior aspect of the pons (Figure 4-2c¢, d). It is upon these nuclei that
the corticopontine fibers synapse and then become the source of the transverse, contralateral
projections to the cerebellum via the middle cerebellar peduncle. Thus, the axons of these
nuclei provide the primary means through which the cortex influences the cerebellum.

Superior Olivary Nuclei

The superior olivary nuclei lie in the lateral aspect of the tegmental portion of the pons
(Figure 4-2d). They receive bilateral input from the dorsal and ventral cochlear nuclei,
and hence, represent the first level at which input from both ears converges. The superior
olivary nuclei are the main source of fibers for the lateral lemniscus which carries auditory
information to the inferior colliculi and then to the medial geniculate nuclei. The superior
olivary nuclei should not be confused with the inferior olivary nucleus of the medulla. These
nuclear groups are both anatomically and functionally distinct (see below).

Cranial Nerve Nuclei of the Pons

Cranial nerve V (the trigeminal nerve) is very distinct, as it is the only nerve that exits
through the middle of the pons (on the lateral surface) (Figure 4-1b). The nuclei for the
trigeminal nerve represent the largest group of cranial nerve nuclei, collectively extending
throughout the length of the brainstem. The nuclei for cranial nerve V have both motor and
sensory components. The former is the smaller of the two and lies fully within the pons in
the lateral portion of the tegmental region (Figure 4-5). It is responsible for the muscles of
mastication.

Chief Sensory Nucleus of 5

Motor Nucleus of 5

Figure 4-5. Axial section through lower pons showing the chief sensory and motor nucleus of the
trigeminal nerve (5). Legend: CTT central tegmental tract, LL lateral lemniscus, MCP middle cerebellar
peduncle, ML medial lemniscus, ST5 spinal tract of the trigeminal nerve, S-TT spinothalamic tract.
Brain images were adapted from the Interactive Brain Atlas (1994), courtesy of the University of
Washington.
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The sensory nuclei of the fifth cranial nerve are responsible for ipsilateral sensations of
touch, pain, temperature, and proprioception of the face, anterior part of the scalp, sinuses,
teeth, and eyes. The sensory nucleus of the fifth cranial nerve is divided into three separate
nuclei:

1. The principle sensory nuclei of cranial nerve V are located in the pons, just lateral
to the motor nuclei of V (Figure 4-5). These nuclei appear to be responsible for
discriminative touch on the face and proprioceptive feedback from the facial muscles.

2. The mesencephalic nuclei of cranial nerve V, which were listed under the cranial
nerve nuclei of the midbrain (Figure 4-2b), are responsible for processing proprio-
ceptive feedback from neuromuscular spindles in the muscles of mastication.

3. The spinal nuclei of cranial nerve V, the longest of all the cranial nerve nuclei, begins
at the level of the pons and extends into the upper cervical cord, in the dorsolateral
portion of the tegmental division of the medulla (see Figure 4-2e). These nuclei are
responsible for sensations of light touch or pressure, pain, and temperature of the
face and forehead.

It should be noted that in addition to cranial nerve V portions of other cranial nerves that
have general somatic afferent functions, such as the VII, IX, and X (e.g., general somatic
sensations to the external ear and to parts of the nasal and oral cavity), also have connections
with the spinal trigeminal nuclei. All divisions of the sensory nuclei of cranial nerve V
project to the ventral posteromedial nuclei of the thalamus via either the ventral or dorsal
trigeminothalamic tract.

The nucleus of cranial nerve VI (the abducens) lies in the more caudal portion of the pons
adjacent to the fourth ventricle (Figure 4-2d). It is responsible for control of the lateral rectus
muscle that abducts the eye (rotates the eye horizontally in an outward or lateral direction).

The motor nucleus of cranial nerve VII (the facial nerve) is located in the lateral portion
of the caudal pontine tegmentum (Figure 4-2d). It primarily is responsible for the muscles
of facial expression. In addition to innervating the muscles of facial expression, the facial
nerve also has some sensory components, primary of which is taste in the anterior two
thirds of the tongue, but the nuclei responsible for this function (the nucleus solitarius or
solitary nuclei) lie in the medulla (see below).

Nuclei of the Medulla
Inferior Olivary Nuclei

The most predominant nuclear masses in the medulla are the inferior olivary nuclei
(Figure 4-2e). Grossly resembling the dentate nuclei of the cerebellum in appearance, the
inferior olivary nuclei are prominently visible in the anterolateral portion of the upper
medulla. The inferior olivary nuclei receive input from the cortex (probably from multiple
areas), red nucleus, periaqueductal gray of the midbrain, vestibular nuclei, and from the
deep cerebellar nuclei. Ascending fibers also reach these nuclei from the spinal cord. The
major output of the inferior olivary nuclei is to the cerebellum via the inferior cerebellar
peduncle in a very precise topographical fashion and is the source of the climbing fibers
that synapse on the dendritic trees of the Purkinje cells of the cerebellum.

Nuclei Gracilis and Cuneatus

Recall that the fasciculi gracilis and the fasciculi cuneatus carry fibers representing stere-
ognosis and position and vibratory sense from the lower and upper extremities, respec-
tively. In the caudal portion of the medulla, these pathways synapse in their respective
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nuclei (Figure 4-2f). In keeping with the nature of these fiber tracts, there remains a
sharp topographical organization within these nuclei. After leaving the nuclei gracilis and
cuneatus, the postsynaptic fibers decussate as the internal arcuate fibers to form the medial
lemniscus (Figure 4-2f), which ascends to project to the ventral posterolateral (VPL) nuclei
of the thalamus.

Cranial Nerve Nuclei of the Medulla

The vestibulocochlear (VIII) cranial nerve has a dual sensory function; it serves hearing
as well as vestibular senses. Hearing is mediated through the dorsal and ventral cochlear
nuclei (Figure 4-6), located on the dorsolateral and ventrolateral aspects of the tegmentum
(on the lateral surface of the inferior cerebellar peduncle) in the rostral medulla near the
pontine-medullary junction. These nuclei receive input directly from the spiral ganglion
cells that represent the first-order neurons receiving their input directly from the nerve
cell endings in the ipsilateral ear (hair cells of the organ of Corti). Even at this early level,
these projections to the cochlear nuclei are tonotopically organized. The output of these
nuclei appears to be relatively complex, but in general they project to the inferior colliculi
of the midbrain. Many of the fibers cross the midline and project directly to the inferior
colliculi while others pass through the superior olivary nuclei (Figure 4-2d) (especially
those from the ventral cochlear nuclei) before joining those more direct projections. The
collection of auditory fibers from the cochlear nuclei and from the superior olivary nuclei that
travel in the pontine tegmentum to the inferior colliculi is known as the lateral lemniscus
(Figure 4-2b/d). This tract carries information both from the ipsilateral (less) and the
contralateral (more) ear. See the section on the eighth cranial nerve in Chapter 5 for a more
detailed discussion of these pathways.

ICP VN
Dorsal c sT5

Cochlear
Nucleus

Ventral
Cochlear
Nucleus

8th CN

Figure 4-6. Medulla at level of the vestibulocochlear nerve. Brain images were adapted from the
Interactive Brain Atlas (1994), courtesy of the University of Washington.

CTT central tegmental tract SON superior olivary nucleus

FN facial nucleus S-TT spinothalamic tract

ICP inferior cerebellar peduncle SN5 spinal nucleus of the trigeminal nerve
ML medial lemniscus ST5 spinal tract of the trigeminal nerve

MLF medial longitudinal fasciculus VN vestibular nuclei (medial and inferior)
Pyr pyramidal tract
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The vestibular portion of the eighth nerve sends projections from the saccule, the utricle,
and the three semicircular canals in the inner ear to the vestibular nuclei of the brainstem
(though some may synapse directly in the flocculonodular lobe of the cerebellum). There are
four vestibular nuclei: the superior, inferior, medial, and lateral. The superior vestibular
nuclei lie just anterior to the superior cerebellar peduncle in the dorsolateral region of the
caudal pons. The other three nuclei begin in the area of the pontine-medullary junction and
extend caudally into the dorsolateral medulla, especially the inferior and medial vestibular
nuclei (Figure 4-2e).

The peripheral receptors in the inner ear provide information about both the static
orientation of the head in relation to gravitational forces (via the saccule and utricle) and
movement (e.g., changes in direction and/or acceleration or deceleration). This information
is relayed to the vestibular nuclei and from there both directly and indirectly (via the
vestibular nuclei) to the cerebellum. In addition to inputs from cranial nerve VIII, the
vestibular nuclei also receive substantial information from the spinal cord, particularly from
the dorsal columns, as well as feedback from the cerebellum. From the vestibular nuclei,
this information is relayed to a variety of systems that in large part mediate postural and
oculomotor adjustments to movement in space or gravitational compensation. Among some
of the efferent connections of the vestibular nuclei are:

1. Cerebellar, especially to the flocculonodular and vermal regions.

2. Spinal, via the lateral vestibular nuclei and the lateral vestibulospinal tract supplying
the lower limbs and the medial vestibular nuclei and the medial vestibulospinal tract
to the thoracic level of the cord (supplying muscles of the neck and axial muscles).”

3. Cortical, via the thalamus, probably both for conscious awareness of the position of
the body in space (facilitating adjustments in voluntary motor activity to changes in
position or motion) and to compensate for intentional changes in position as opposed
to passive or unexpected changes.

4. Bulbar, with extensive connections being made with brainstem nuclei that control
eye movement (I, IV, and VI nerve nuclei), certain reticular nuclei (paramedian
pontine reticular formation), and the spinal nuclei of cranial nerve XI (involved in
movements of the neck and head). These connections from the vestibular nuclei travel
both rostrally (nuclei of cranial nerve III and IV) and caudally (nuclei of cranial nerve
XI) in a tract called the medial longitudinal fasciculus (Figure 4-2a—f). This pathway
is important for reflex adjustments in eye movement with changes of the position
of one’s head in space to ensure stability of the visual image despite motion of the
head. These connections also form the basis of caloric tests of nystagmus to check the
integrity of the vestibular system or of the brainstem in cases of coma.

5. Reticular, providing a basis for connections with the reticulospinal tract, which also
seems to play a role in postural stability.

6. The nausea associated with disturbances of the vestibular system also suggests rather
direct connections with the vagus nerve and its nuclei.

Afferent feedback loops from all of the above systems (cortex, cerebellum, oculomotor
nerves, and spinal cord) are all essential for maintaining the operational integrity of the
system.

The solitary nuclei (nucleus solitarius) that lie in the dorsolateral portion of the upper
medulla (Figure 4—2e) are the primary brainstem nuclei for those special visceral afferents
mediating the sense of taste [e.g., sensory fibers from the facial (VII), glossopharyngeal (IX),
and vagus (X) nerves]. In addition to the sense of taste (which involves the more rostral
portion of the nuclei), its more caudal extension subserves (1) those general visceral afferents
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(cranial nerves IX and X) from the walls of the larynx, pharynx, and soft palate (afferent
limb of the gag reflex); (2) the carotid body and sinus (monitor for oxygen content and
arterial pressure of the blood); and (3) internal organs. The feedback from the arterial system
and internal organs serve autoregulatory functions of the autonomic nervous system and
generally do not reach conscious awareness.

In addition to their thalamic projections carrying information about taste, the solitary
nuclei send efferent fibers to the hypothalamus and other brainstem nuclei. The latter
are the source of preganglionic, parasympathetic fibers that help modulate cardiovascular,
respiratory, and other internal organ systems.

The nucleus ambiguus is a lower motor nucleus shared by the cranial nerves IX and X
(glossopharyngeal and vagus) (Figure 4-2e). Its efferent output is primarily to the muscles
of the larynx, pharynx, and soft palate used in swallowing and phonation. It has been
suggested that the nucleus ambiguus also may supply fibers to certain visceral organs
(e.g., the heart), but these pathways are not universally agreed upon at this time. The
nucleus ambiguus lies just dorsal to the inferior olivary nucleus more or less in the central
portion of the tegmentum of the rostral medulla. Its borders, however, are indistinct, thus
its name.

The superior and inferior salivatory nuclei are two small nuclear groups in the rostral
medulla that contribute to cranial nerves VII serve as the origin of fibers of cranial nerves
VII and IX, which, respectively, innervate the salivary and lacrimal glands (cranial nerve
VII) and the parotid glands (cranial nerve IX).

The dorsal motor nuclei (Figure 4-2e) are the source of the general visceral efferent
fibers of the vagus nerve (cranial nerve X), which innervates the organs of the thoracic
and abdominal cavities. The dorsal motor nuclei lie along the dorsal aspect of the rostral
medulla, just lateral to the hypoglossal nuclei.

The hypoglossal nuclei (for the 12th or hypoglossal cranial nerve) are reasonably large
nuclear bodies that lie on the dorsal aspect of the rostral medulla (Figure 4-2e), just on
either side of the midline. Their efferent fibers form the hypoglossal nerves that innervate
the muscles of the tongue.

Note: The accessory nerve (cranial nerve IX) primarily is served by the spinal nucleus
of the accessory nerve that is located in the cervical spine. However, some cranial
roots may emanate from nuclear groups that are a caudal extension of the nucleus
ambiguus.

MAJOR FIBER TRACTS WITHIN THE BRAINSTEM

The following tracts that travel through the brainstem previously have been described but
are included here for purposes of review. As these tracts may migrate or shift in their
relative positions from one division of the brainstem to the next, the reader is advised to
refer to the accompanying illustrations to follow their paths through the stem.

Major Afferent (Sensory) Pathways
Spinothalamic Tract

The spinothalamic tract carries information regarding pain, temperature, touch, and pressure
from the lower body to the ventroposterolateral (VPL) nucleus of the thalamus. This tract
starts out in the lateral aspect of the medulla (Figure 4-2e, f), just medial to the spinocere-
bellar tracts and just within the ventral or anterior half of the medulla. As the spinothalamic
tract progresses rostrally through the brainstem, it begins to assume a more medial and
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dorsal position, being displaced by the cerebellar peduncles and the pontine nuclei, respec-
tively. In the midbrain, it again resumes its more lateral position. However, with the presence
of the relatively large crus cerebri and the substantia nigra, the spinothalamic tract occupies
a more dorsal position relative to the other structures at this level.

Medial Lemniscus

The medial lemniscus carries information regarding proprioception, stereognosis, and
vibration from the lower body to the VPL nuclei of the thalamus. In the medulla, this tract
starts out along the midline, with the upper extremities represented more dorsally and the
lower extremities more ventrally. As it proceeds rostrally, the medial lemniscus shifts its
position so that the lower extremities are now more lateral and the upper extremities assume
a more medial position in the pons. At this point, the medial lemniscus lies just above the
pontine nuclei. This rotation continues in the midbrain (Figure 4-2a—f). Here, lying just on
the dorsal edge of the substantia nigra, the lower extremities now occupy a more dorsal
position in the tract, with the fibers representing the upper extremities lying in the ventral
portion of the medial lemniscus.

Lateral Lemniscus

Beginning in the lower pons and terminating in the midbrain (Figure 4-2b—d), the lateral
lemniscus carries auditory input from the cochlear and superior olivary nuclei to the inferior
colliculi. The lateral lemniscus travels adjacent (dorsolateral) to the spinothalamic tracts.

Brachium of the Inferior Colliculi

Clearly visible on the dorsal surface of the midbrain (Figures 4-1c and 4-2b) (or on a axial
section at the level of the superior colliculi), this pathway carries auditory information from
the inferior colliculi to the medial geniculates of the thalamus.

Inferior Cerebellar Peduncle

The inferior cerebellar peduncle is a major source of input to the cerebellum from the spinal
cord and brainstem nuclei. It is very prominent on the dorsolateral portion of the upper
medulla (Figures 4-1c and 4—2e).

Middle Cerebellar Peduncle

The middle cerebellar peduncle is the huge band of transverse fibers that gives the external
pons its characteristic appearance and coalesces to form the middle cerebellar peduncles
(Figures 4-1b and 4-2d). The middle peduncles consist of corticopontocerebellar fibers
representing contralateral input from the cerebral hemispheres to the cerebellum (following
synapse on the pontine nuclei). Cranial nerve V can be seen to exit on the lateral surface of
the pons through the middle peduncle, the only cranial nerve that does.

Trapezoid Body

The trapezoid body is the internal transverse pathway in the caudal pons, just dorsal to
the pontine nuclei (Figure 4-2d), which carries decussating fibers from the ventral cochlear
nuclei on one side of the brainstem to the superior olivary nuclei on the opposite side.
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Dorsal and Ventral Trigeminal Lemnisci

Comparable to the spinothalamic pathways, these tracts convey somatosensory information
from the face to the ventral posteromedial (VPM) nuclei of the thalamus. These pathways
(not shown) lie slightly dorsal to (DTL) and contiguous with the dorsal aspect of the medial
lemnisci (VTL) in the pons.

Juxtarestiform Body

The juxtarestiform body are fibers (both afferent and efferent) of the inferior cerebellar
peduncle that interconnect the vestibular nuclei with the cerebellum. On gross sections, the
juxtarestiform bodies essentially merge with the inferior cerebellar peduncle from which
they are difficult to differentiate.

Major Efferent (Motor) Pathways
Basis Pedunculi

The basis pedunculi, also known as the cerebral peduncles or crus cerebri, consist of corti-
cospinal, corticobulbar, and corticopontine fibers from ipsilateral cortex. These tracts occupy
the ventral portion of the midbrain and lie just anterior to the substantia nigra (Figures 4-1b
and 4-2a, b). In the pons, these massive peduncles break up into smaller fasciculi inter-
spersed among the pontine nuclei where the majority of the fibers making up the basis
pedunculi terminate.

Pyramids

The pyramids are located in the ventral medulla (Figures 4-1a, b and 4-2e, f) and represent
the corticospinal fibers remaining from those constituting the basis pedunculi after most
of the axons of the latter have synapsed in the brainstem. The majority of these fibers will
decussate and descend as the lateral corticospinal tracts. The others (about 5-10 %) will
remain ipsilateral as the ventral corticospinal tracts.

Corticobulbar and Corticopontine Tracts

The corticobular and corticopontine tracts are fiber tracts descending in the basis pedunculi
(cerebral peduncles) that terminate on various nuclei in the brainstem, including the red
nuclei, inferior olivary nuclei, cranial nerve, and pontine nuclei. The latter, as was noted
above, in turn project to the cerebellum as the middle cerebellar peduncles.

Central Tegmental Tracts

These tracts consist of motor fibers descending from the red nuclei to the inferior olivary
nuclei, along with fibers to and from the reticular formation. As implied by their name, they
generally occupy the central portion of the pontine tegmentum (Figure 4-2b, ¢, e).

Superior Cerebellar Peduncles

These pathways (Figures 4-1c and 4-2b, c) represent the major efferent output of the
cerebellar nuclei to the cortex (by way of the ventral lateral nuclei of the thalamus). The
superior cerebellar peduncle also sends collaterals to the red nuclei, lateral reticular nuclei,
and the inferior olivary nuclei. However, while mostly consisting of efferent fibers, this
pathway also includes some afferent input from the spinal cord (ventral spinocerebellar
tract) and probably the mesencephalic motor nuclei of cranial nerve V mediating the muscles
of mastication (trigeminocerebellar tract).
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Medial Longitudinal Fasciculus (MLF)

This tract (Figure 4-2a—f) contains both ascending and descending fibers. The ascending
fibers primarily consist of connections from the vestibular nuclei to the nuclei of cranial
nerves III, IV, and VI. The MLEF, in part, serves to coordinate eye movements with changes
in the position of the head. This tract also extends through the medulla and into the
cervical cord (where it occupies a position along the ventral median sulcus). Here it contains
descending fibers from the medial vestibular nuclei and likely serves to allow postural
adjustments of the head to assist in balance and/or to accommodate for changes in the
position of the body.

Tectospinal Tract

This tract, which maintains a position just below the MLF both in the brainstem and in the
cervical cord, probably also plays a role in the coordination of the movements of the head
and the eyes (Figure 4-2b—f).

LESIONS OF THE BRAINSTEM

As previously noted, many ascending, descending, and cerebellar pathways, cranial nerves,
and their nuclei, as well as other major motor, reticular, and other nuclei are located in
the relatively small confines of the brainstem. It should not be surprising, therefore, that
a single, discrete lesion can produce quite severe and mixed deficits. Brainstem lesions
generally are distinguishable by signs of cranial nerve involvement, in combination with
long-tract findings (sensory or motor) and/or cerebellar symptoms. The effects of lesions to
the corticospinal, spinothalamic, and cerebellar pathways were reviewed in the first three
chapters. Signs of damage to specific cranial nerves or their nuclei will become more obvious
after the clinical anatomy of these structures is discussed in greater detail in Chapter 5.

Before reviewing a few of the more common brainstem syndromes, it might be helpful
to review a few basic anatomical phenomena:

1. Motor tracts to the upper and lower extremities do not cross until they reach the
lower medulla.

2. Ascending somatosensory fibers are crossed by the time they reach the middle
medulla.

3. Ventral and lateral spinothalamic tracts that carry pain and temperature information
occupy a more lateral position in the medulla and pons than the medial lemniscus
(which mediates stereognosis and position sense).

4. The cerebellum has an ipsilateral influence on the spinal cord and most of the
ascending spinocerebellar tracts are ipsilateral.

5. With one exception (cranial nerve 1V), the cranial nerves and their nuclei exert an
ipsilateral effect on the muscles and sensations of the head and face.

6. Certain patterns of deficits are more consistent with cranial nerve (or cranial nerve
nucleus) involvement rather than supranuclear lesions (i.e., damage to the senso-
rimotor cortex or corticobulbar tracts). Examples of LMN lesions include isolated
involvement of the intrinsic or extraocular muscles of the eye, unilateral weakness
or atrophy of the tongue; unilateral facial weakness that includes the muscles of the
forehead (see Chapter 5 for explanations).

At this point, we can review some of the more common syndromes associated with lesions
of certain parts of the brainstem. However, it should be kept in mind that lesions may not
respect the anatomical boundaries described below.
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Lesions of the Midbrain (Mesencephalon)
Basal or Anterior Lesions

A unilateral lesion that affects the ventral portion of the mesencephalon (Figure 4-7a) will
likely involve the cerebral peduncles (including the corticospinal and corticobulbar tracts),
and thus may result in a complete or partial contralateral hemiparesis or hemiplegia without
accompanying sensory disturbances. Because the oculomotor nerve (III) exits the midbrain
anteriorly, it too is likely to be affected and will result in a third nerve palsy on the same side
as the lesion. Signs of third nerve involvement may include dilated pupil, ptosis (weakness
and partial closure of the eyelid), and difficulty looking up, down, or toward the midline in
the affected eye. This pattern of deficits is referred to as Weber’s syndrome.

Tegmental Lesions

If a unilateral lesion is confined to the middle or tegmental region of the midbrain
(Figure 4-7b), a different syndrome will result, although the exact pattern of deficits depends
on the particular placement and extent of the lesion. Critical structures in this area include the
red nucleus, the medial lemniscus (and the more dorsally located spinothalamic tracts), the
oculomotor (cranial nerve III) nerve complex, and crossing fibers from the superior cerebellar
peduncle. Thus, in addition to signs of oculomotor nerve involvement (e.g., ipsilateral dilated
pupil, ptosis, and restricted eye movement), one may find contralateral face and hemibody
sensory symptoms. The latter might include decreased stereognosis, position, and vibratory
sense (medial lemniscus), along with diminished perception of light touch, pain, and temper-
ature (spinothalamic and trigeminothalamic tracts). Involvement of the red nucleus and
ascending, crossing fibers from the superior cerebellar peduncle may result in ataxia and
tremors on the contralateral side. Recall that the descending efferent pathways from the
red nucleus also cross the midline immediately after exiting the nucleus. Likewise, the now

30N

Figure 4-7. Lesions of the (a) ventral (basis), (b) central (tegmentum), and (c) dorsal (tectum) portions
of the midbrain. (Adapted from Gilman and Newman, 1992).

34 CN oculomotor nerve SC superior colliculus

CP cerebral peduncle SN substantia nigra

ML medial lemniscus S-TT spinothalamic tract
O-MN oculomotor nucleus  T-TT trigeminothalamic tract
RN red nucleus
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crossed ascending cerebellar fibers proceed to the ipsilateral cortex, which in turn influences
the contralateral side of the body. This combination of unilateral third nerve palsy with
contralateral sensory loss, ataxia, and tremor is referred to as Benedikt’s syndrome.

Posterior Lesions

Lesions that affect the rostral portion of the dorsal mesencephalon (Figure 4-7c) basically
affect the superior colliculi and connecting fibers to the pretectal area and to the Edinger—
Westphal nuclei (rostral part of the oculomotor nuclear complex that is responsible for
pupillary constriction). Such lesions typically will result in disturbances of conjugate upward
gaze and pupillary changes (the pupils will react sluggishly to light but will constrict on
accommodation). This disorder is known as Parinaud’s syndrome. Massive or bilateral
lesions severely damaging the mesencephalic reticular formation can result in a state of
deep and often irreversible coma.

Lesions of the Pons
Basal Lesions

Lesions affecting the ventral portion of the pons likely will affect the descending corticospinal
and corticobulbar tracts resulting in a contralateral hemiparesis or hemiplegia, including the
muscles of expression of the lower face (Figure 4-8a). A more expansive lesion in the pons
may affect the trigeminal nerve, resulting in ipsilateral sensory losses in the face, including
an absent or diminished corneal reflex and ipsilateral weakness of the lower jaw (muscles
of mastication). More caudal lesions in this region of the pons may affect the sixth cranial
nerve that emerges from the anterior or ventral pontomedullary junction, producing lateral
gaze palsy (lateral rectus muscle) in the eye ipsilateral to the lesion (Figure 4-8b). If this
lesion extends laterally, it may include the seventh cranial nerve, resulting in ipsilateral
facial weakness, which would include both the upper and lower face (i.e., a lower motor
neuron syndrome).

Tegmental Lesions

If the basal lesion extends into the central tegmental area of the pons (Figure 4-8c), it may
affect the medial lemniscus, producing contralateral loss of stereognosis and position sense
in the extremities in addition to the contralateral weakness. As the spinothalamic tracts
are more laterally localized, the perception of pain and temperature may be spared in the
otherwise affected extremities. These functions also can be affected if the lesion extends
more laterally in the pontine tegmentum.

In the pontine tegmentum, there is an important center for horizontal gaze. If one desires
to look to the left, for example, two actions must take place: (1) the left eye turns outward
(abducts), and (2) the right eye turns toward the midline (adducts). As will be discussed
in greater detail in Chapter 5, the first action is mediated by the sixth cranial nerve (the
abducens: abduction) through the innervation of the lateral rectus muscle of the left eye,
while the adduction (looking medially) of the right eye occurs as a result of the simultaneous
contraction of the medial rectus muscle via the third cranial nerve. The coordination of
these two muscles necessary for lateral conjugate gaze is carried out at the pontine level by
the paramedian pontine reticular formation (PPRF).® This latter nucleus, which also has
ipsilateral connections to the abducens (VI) nucleus, sends fibers across the midline (along
with those internuclear fibers from the abducens nucleus). These PPREF fibers then ascend in
the MLF to the contralateral oculomotor (cranial nerve III) nucleus. Thus, if a lesion extends
into the dorsal-medial aspect of the upper pons, it may interrupt these ascending fibers
in the MLF, resulting in difficulties with conjugate gaze to the side opposite the lesion. In
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Figure 4-8. Lesions of (a)&(b) ventral, (c) central, and (d) dorsal pons. (Adapted from Gilman and

Newman, 1992).
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this case, the contralateral eye will abduct (but also will evidence nystagmus), while the
ipsilateral eye will fail to adduct. However, if the lesion is lower in the pons and affects the
PPRF and/or the abducens nucleus directly, the patient will have difficulties with lateral
conjugate gaze to the same side as the lesion, involving both eyes. In this case, neither eye
will be able to cross midline when attempting to look to the side of the lesion, a condition
known as lateral gaze palsy.” As opposed to most other types of eye movement, difficulties
with lateral conjugate gaze does not necessarily result from lesions to the brainstem or
cranial nerves. Destructive cortical lesions that affect the frontal eye fields (area 8) may result
in deficits of lateral conjugate gaze to the contralateral side. Thus, a destructive dorsolateral
lesion in the left frontal may produce a preferential gaze to the left (“left gaze preference”),
whereas a seizure focus in the same area would cause the eyes to shift to the right during
the ictal event.

As illustrated in Figure 8d, a relatively small lesion of the dorsal-medial region of the
caudal pons selectively may affect the nucleus of the sixth cranial nerve (abducens) and the
fibers of cranial nerve VII (facial) as they loop around it before exiting from the ventrolateral
pons. Such a patient would exhibit an ipsilateral sixth and seventh nerve palsy. A lesion to
this region in the left pons would result in the inability to look laterally with the left eye and
would produce a lower motor neuron facial syndrome (weakness of the muscles of facial
expression, both upper and lower face, on the left side).

Acoustic Neuromas

These are tumors that develop on cranial nerve VIII (vestibulocochlear) as it leaves the
pontomedullary junction at the so-called cerebellopontine angle. As this slowly growing
tumor progresses, it first begins to compromise the functions of cranial nerve VIII, resulting
in tinnitus (ringing in the ear), progressive deafness in that ear, and horizontal nystagmus
due to vestibular involvement. As the lesion grows, it may affect cranial nerves V and VII,
resulting in diminished pain and temperature and weakness on the face ipsilateral to the
lesion. If it grows to sufficient size and impinges on the cerebellum, ipsilateral ataxia may
be present.

Bilateral Lesions

A bilateral lesion in the basal portion of the lower pons can produce what is known as
the “locked-in” syndrome. Because of the bilateral involvement of the corticospinal and
remaining corticobulbar tracts, the patient is unable to move or speak, although remaining
conscious. The only movements that remain by which the patient can communicate is
blinking of the eyelids and vertical movements of the eyes (i.e., voluntary motor input to
cranial nerves III and IV remain intact).

Lesions of the Medulla
Anterior Lesions

The anterior or ventral portion of the medulla contains the pyramids; thus, lesions involving
this area of the medulla could result in contralateral weakness or paralysis of the extremities
(Figure 4-9a)." The face should not be involved if the lesion is confined to the medulla as the
facial fibers already have left the corticobulbar tracts. However, since the hypoglossal nerve
(XII) exits from the ventrolateral sulcus, just lateral to the pyramidal tracts, lesions in this
area often affect this nerve, resulting in ipsilateral weakness and atrophy of the tongue. If the
lesion extends dorsally, it also will impact on the medial lemniscus, thus producing deficits
of position sense, stereognosis, and vibratory perception in the contralateral extremities,
while pain and temperature may be preserved.
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Figure 4-9. Lesions (a) ventral and (b) dorsolateral medulla. (Adapted from Gilman and Newman,
1992).

10"CN vagus nerve MVN medial vestibular nucleus

12""CN hypoglossal nerve NA nucleus ambiguus

DMNYV dorsal motor nucleus of the vagus  Pyr pyramids

HN hypoglossal nucleus SN5 spinal nucleus of the trigeminal nerve
ICP inferior cerebellar peduncle Sol.N solitary nucleus

ION inferior olivary nucleus Sol.T. solitary tract

IVN inferior vestibular nucleus ST5 spinal tract of the trigeminal nerve
ML medial lemniscus S-TT spinothalamic tract

Dorsolateral Lesions

Lesions that predominately affect the more lateral or dorsolateral portions of the medulla
may produce what is known as a Wallenberg’s syndrome (Figure 4-9b). Since the anterior,
medial portions of the medulla are unaffected, motor strength (pyramidal tracts) position,
stereognosis, and vibratory senses (medial lemniscus) are intact. However, because of the
encroachment on the spinothalamic tracts, there is a contralateral loss of pain and temper-
ature in the contralateral extremities. At the same time, there can be an ipsilateral decrease
of pain and temperature in the face as a result of damage to the nucleus and tract of cranial
nerve V. Since the nucleus ambiguus typically is involved in such a lesion, there is difficulty
in swallowing and phonating (nucleus ambiguus supplies motor impulses to the soft palate,
pharynx, and larynx). Damage to the inferior cerebellar peduncle results in ipsilateral ataxia
and hypotonia. Involvement of the sympathetic pathways produces a Horner’s syndrome,
which includes a small (constricted) pupil, ptosis,'" and a dry face (anhidrosis) ipsilateral to
the lesion. Finally, there may be nystagmus if the vestibular nuclei are involved.

Endnotes

1. For example, the red nuclei, inferior olivary nuclei, lateral reticular nuclei, vestibular
nuclei, and superior and inferior colliculi.



104

Ll

10.

11.

Chapter 4

Such as the central tegmental tract, internal arcuate fibers, trapezoid body, the medial
and lateral lemniscus, the medial and dorsal longitudinal fasciculus).

Substantia nigra (dopamine), raphe nuclei (serotonin), locus ceruleus (norepinephrine).
Which, in turn, project primarily to the cerebellum.

. Dilation of the pupil is controlled by sympathetic fibers from the superior cervical

ganglion, which also assists in elevating the eyelid. Thus ptosis (drooping of the eyelid)
can result from damage to either parasympathetic (cranial nerve III) or sympathetic
fibers. If the result of an oculomotor lesion, the ptosis will be present on the side of the
dilated pupil (resulting from the unopposed action of the sympathetic system). If the
ptosis is on the side in which the pupil remains constricted, the lesion likely involves
the sympathetic system (see Horner’s syndrome).

. In addition to the locus ceruleus, there are only two other nuclear groups in the

brainstem that are pigmented: the substantia nigra and the dorsal nucleus of cranial
nerve X.

These two systems, along with the reticulospinal tract, among other functions, appear
to mediate reflex changes in the extensor (antigravity) muscles of the lower extremity
and help maintain postural integrity via adjustments of the muscles of the trunk, neck,
and upper extremities.

This nucleus does not act independently. For example, it receives input from the frontal
eye fields (Brodmann's area 8) for voluntary movements, from the superior colliculi
that mediate reflex eye movements to external stimuli and from the vestibular nuclei to
adjust to movements of the head and body. In addition, the adjacent, abducens nuclei
themselves appear to be the source of crossing fibers to the oculomotor nuclei (cranial
nerve III).

. As will be seen in Chapter 5, if the lesion is confined to the sixth nerve itself (sparing

the PPRF and the abducens nucleus), there will be an inability to abduct the eye on the
side of the lesion, but the contralateral eye will adduct normally.

Lesions that are limited to the pyramids, drastically affecting motor abilities, typically
do not result in total paralysis below the level of the lesion. The preserved motor
functions are probably the result of other descending pathways such as the rubrospinal
and vestibulospinal tracts.

Both cranial nerve III and the cervical segment of the sympathetic nervous system
affect the muscles that elevate the eyelid. However, the main innervation of the levator
palpebrae superioris is via the third cranial nerve. Hence, in Horner’s syndrome, there
is a partial ptosis, which can be overcome by voluntary action (of the third cranial
nerve). With lesions involving the third cranial nerve directly, there is a more severe
ptosis that cannot voluntarily be overcome.
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CHAPTER OVERVIEW

Of all the systems that a clinician might review, examination of the cranial nerves potentially
can be the most accurate in terms of identifying the locus of a lesion in the CNS. As noted
in Chapter 4, because of the relative compactness of the nuclei and various nerves and
pathways within the brainstem, under certain circumstances it might be possible to localize
a brainstem lesion to within 1 cm. Beyond this, the presence or absence of certain cranial
nerve deficits might help the clinician differentiate whether certain sensory or motor deficits
have their origin above or below the level of the brainstem. The two cranial nerves that lie
totally outside the brainstem may help identify lesions lying within any of the four lobes of
the brain.

Beyond and perhaps more important than their localizing potential the behavioral deficits
associated with lesions of the cranial nerves can have a profound impact on patients’
functional capacity. Whether as a direct result of the cranial nerve deficits themselves or
as a function of presumed disruption of critical adjacent structures, such deficits may have
vocational, social, emotional, or psychiatric implications.

Consistent with the goal of combining anatomical structure with functional relevance,
a review of specific behavioral syndromes and their clinical assessment will accompany
a review of the gross anatomical and functional correlates of each of the twelve cranial
nerves. At the conclusion of this chapter, the reader should be able to identify each of the
cranial nerves, their major functions, and how each might be tested as part of the overall
clinical examination of a patient. Utilizing the information presented in this chapter, along
with that reviewed in Chapters 1, 2 and 4, one hopefully should be able to derive tentative
hypotheses regarding the probable level of a lesion producing sensory and/or motor
deficits.

INTRODUCTION

A substantial part of the neurological examination is an assessment of the cranial nerves. In
addition to providing valuable information regarding the integrity of the brainstem and/or
the localization of lesions therein, the discovery of functional disturbances in one or more of
the cranial nerves may herald the presence of other intracranial or extracranial pathology.
To more fully understand the significance of this portion of the neurological examination, it
is necessary to describe the major functional and anatomical features of each of these cranial
nerves. However, before doing this a few general facts and characteristics of these nerves
and their nuclei will be reviewed.
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The cranial nerves are those paired sets of nerves whose constituent fibers enter (or exit)
the central nervous system above the level of the foramen magnum, that is, at the level of
the brainstem or above (see Figure 5-1). In fact, of the 12 pairs of cranial nerves (CN), all
but two—the olfactory (CN I) and optic (CN II)—have their nuclei in the brainstem. The
oculomotor (CN III) and trochlear (CN IV) exit from the midbrain. The trigeminal (CN V)
enters and leaves at the pontine level. Three of the nerves—the abducens (CN VI), facial
(CN VII), and vestibulocochlear (CN VIII)—are found at the pontomedullary junction. The
glossopharyngeal (CN IX), vagus (CN X), and hypoglossal (CN XII) are located farther down
the medulla. Finally, the spinal accessory (CN XI) has cells of origin both in the medulla
and cervical cord. Of the cranial nerves whose nuclei are in the brainstem, all except one
(CN 1V) are found on the ventral or ventrolateral aspect of the stem (the fourth cranial
nerve exits from the dorsal portion of the midbrain). It might be noted that CN IV also
is unique in another respect: it is the only nerve to fully cross the midline after leaving
its nucleus.

Unlike the spinal nerves that are either sensory or motor, some of the cranial nerves are
purely motor (CN III, IV, VI, XI, XII), others are purely sensory (CN I, II, VIII), while others
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Figure 5-1. (a) Anterior, (b) lateral, and (c) posterior views of brainstem and hypothalamus showing
relative location of cranial nerves. Optic nerve exits from the eye, forming optic tract after partial
decussation in the optic chiasm. Olfactory nerves synapse in the olfactory bulb (not shown) and
second-order fibers form the olfactory tract (see Figure 5-3).
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Figure 5-2. (Continued)
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contain both motor and sensory components (CN V, VII, IX, X). Several of the brainstem
nuclei are shared by more than one cranial nerve. For example, the spinal nucleus of the
trigeminal nerve is shared by CN V, VI, IX, and X. Another conventional although somewhat
more complex way to distinguish individual nerves or their components is based on whether
they serve general somatic functions or general visceral functions. Since these can have
either afferent (sensory) or efferent (motor) components, four classifications can be readily
described:

General somatic efferents (GSE): (CN III, IV, VI, XII)
General visceral efferents (GVE): (CN III, VII, IX, X)
General somatic afferents (GSA): (CN V, VII, IX, X)
General visceral afferents (GVA): (CN IX, X)

Ll Y

The above classifications would apply equally to the spinal nerves. However, the cranial
nerves are also responsible for certain special functions that are not found in the spinal
nerves. Hence, we have certain “special” cranial nerves or components of those nerves.
These are:

5. Special somatic afferents (SSA): (CN II, VIII)
6. Special visceral Aafferents (SVA): (CN I, VII, IX, X)
7. Special visceral efferents (SVE): (CN V, VI, IX, X, XD)!

Translating these classifications into more clinically meaningful or descriptive terms, we
would have the following:

1. Special somatic afferents (SSA): sensory functions unique to the cranial nerves: vision
(CN 1), hearing and balance/equilibrium (CN VIII).

2. Special visceral afferents (SVA): taste (CN VII, IX, X) and smell (CN I).

3. General somatic afferent (GSA): perception of touch, pain, temperature, vibration,
proprioception, and stereognosis (CN V, VII, IX, X).

4. General visceral afferent (GVA): feedback from such structures as the mucous
membranes of the nasal and oral cavities, thoracic and abdominal organs, and the
carotid sinus (CN IX, X).

5.  General somatic efferents (GSE): control over the extrinsic muscles (movement) of the
eyes (CN III, IV, VI), and movement of the tongue (CN XII).

6. General visceral efferents (GVE): control the constriction of the pupils and changes in
the shape of the lens of the eye (CN III), lacrimal (CN VII), and salivary (CN VII, IX)
glands, and the muscles related to visceral organs such as the heart and diaphragm
(CN X).

7. Special visceral efferents (SVE): control over “special” visceral or “brachial” motor
functions such as chewing (CN V), facial expressions and tension on the stapedius
muscle (CN VII), and tympanic membrane (CN V); the muscles of the larynx and
pharynx used in speaking (CN IX, X); and turning of the head (sternocleidomastoid)
and shrugging of the shoulders (trapezius) (CN XI).

Following the embryological development of the central nervous system, the somatic and
visceral motor nuclei (which develop from the basal plate) tend to be more medially placed
in the brainstem tegmentum. In contrast, the brainstem nuclei that represent somatic and
visceral afferents (evolving from the alar plate) tend to be more laterally situated. As can
be seen in Figure 5-2, the somatic motor nuclei tend to be placed most medially and the
somatic sensory nuclei most laterally of the four, with the visceral motor and sensory
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HN MVN
SL DMNV

IVN

Figure 5-2. Section through the upper medulla representative of the relative arrangement of
sensory and motor nuclei in the brainstem. As can be seen in the figure, the sensory nuclei
are located lateral and the motor nuclei medial to the sulcus limitans. This reflects a contin-
uation of the dorsal-ventral arrangement seen in the spinal cord as the cord “opens up,”
forming the brainstem. Abbreviations: DMNYV, dorsal motor nucleus of the trigeminal nerve; HN,
hypoglossal nucleus; IVN, inferior vestibular nucleus; NA, nucleus ambiguus; MVN, medial vestibular
nucleus; SL, sulcus limitans; SN5, spinal nucleus of the trigeminal nerve; Sol.N, solitary nucleus.
Brain image was adapted from the Interactive Brain Atlas (1994), courtesy of the University of
Washington.

occupying the more intermediate positions. There is one notable exception: the special
visceral efferent nuclei, for example, the facial nucleus and the nucleus ambiguus have
“migrated” to occupy a more ventral and slightly lateral position in the tegmentum of the
medulla.

Finally, before proceeding to a more detailed discussion of the individual cranial nerves,
it may be useful to commit the names of cranial nerves to memory. One classic mnemonic
phrase for recalling the names of the cranial nerves is as follows:

“On Old Olympus’s Towering Tops A Fair Virtuous Girl Vends Snowy Hops”

1 2 3 4 5 6 7 8 9 10 11 12
1. Olfactory 5. Trigeminal 9. Glossopharyngeal

2. Optic 6. Abducens 10. Vagus

3. Oculomotor 7. Facial 11. Spinal accessory

4. Trochlear 8. Vestibulocochlear 12. Hypoglossal

Table 5-1 summarizes the major functions mediated by these nerves. Note: The spinal
accessory nerve is now more commonly known simply as the accessory nerve. Unfortunately,
I am not aware of any mnemonic for remembering all the functions of each, that is simply
going to require some good old memorization.
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Table 5-1. Summary of Cranial Nerves
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Nerve Nuclei of Origin Function Deficit
or Termination
I Olfactory SVA Medial temporal, Smell Unilat. anosmia
medial frontal
cortical areas
IT Optic SSA Lat geniculates Vision Visual loss (nerve)

IIT Oculomotor GSE Oculomotor n.

GVE Edinger-Westphal
IV Trochlear GSE Trochlear n.
V Trigeminal GSA Main sensory n.

GSA Spinal sensory

GSA Mesencephalic n.

SVE Motor n. of V

VI Abducens GSE Abducens n.

VII Facial SVE Facial n.
GVE Sup salivatory
SVA Solitary n.
GSA Spinal n. of V
VIII Vestibulo- SSA Vestibular
cochlear
SSA Cochlear

Eye movements
(Sup Inf & Med
rectus, and Inf
oblique);

Elevate lid

Constrict pupil;
Adjust lens.

Eye movement
(Sup oblique)

Discrimination
Proprioception

Touch, pain &
temperature;
face, cornea,
teeth, tongue
(ant. 2/3rds)

Proprioception:
(jaw muscles,
eye
movements)

Muscles of
mastication,
tensor tympani

Abducts the eye
(Lateral rectus)

Facial expression;
Closes eyelid
Stapedius m.

Salivary and
lacrimal glands

Taste (anterior
2/3 of tongue)

Tactile (ear)

Equilibrium

Hearing

Field cut (tract)
| Optic reflexes
Diff. looking up,
down, medially
Diplopia

Ptosis

Dilated pupil
Blurred near vision

Diff. looking down
when adducted

| Discrim. and prop.
of facial m.

| Touch, pain &
temperature on
face & tongue;

| Corneal reflex;
Neuralgia

| Jaw jerk; loss of
sensory limb of
reflex arc

Jaw weak, (deviates
to side of lesion)

| Jaw jerk; (motor
limb)

Nerve: | Abduction;
Diplopia

Nucl: Lateral gaze
palsy;
Diplopia

Facial weakness;
Diff. closing eyelid
Hyperacousis

Dry eye

J Taste (anterior
tongue)

Vertigo, dizziness

Loss of hearing,
Tinnitus

(Continued)
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Nerve Nuclei of Function Deficit
Origin or
Termination
IX Glossopha- SVE N. ambiguus M. of pharynx, (see CN X)
ryngeal stylopharyngeus
GVE Inf Salivatory Parotid gland
SVA Solitary n. Taste, post. 1/3 of tongue Taste on (back
(rostral) of tongue)
GVA Solitary n. Visceral sensation: Carotid
(caudal) body, carotid sinus
GSA Spinal n. of V Tactile sensation: Posterior Afferent side of
tongue, upper pharynx, gag reflex
middle ear
X Vagus SVE N. ambiguus Muscles of soft palate, Hoarseness,
pharynx & larynx Dysphagia (mild)
| Gag reflex
J Elev. of
palate
GVE Dorsal Motor n. Abdominal & thoracic Parasympathetic
viscera control

XI Accessory

XII Hypog-
lossal

GSA Spinal n. of V
SVA Solitary n.
GVA Solitary n.

SVE Accessory n.

GSE Hypoglossal n.

Tactile: ear, pharynx

Taste: epiglottis

Sensations from viscera,
larynx, trachea

Sternocleidomastoid,
trapezius

M. of tongue

Turning head
against
resistance

Shrug shoulder

Atrophy,
weakness of
tongue

Notes: GSA connections are presumed to be present in III, IV, VI, XI, and XII for proprioceptive feedback, but
pathways not established.

Not all authors agree on all designations and assignments presented above, but the data presented in the table
appear most representative.

Clinically, IX and X are difficult to separate; hence are often combined, e.g., IX mediating the sensory & X the
motor side of the gag reflex.

CRANIAL NERVE I (OLFACTORY)

Major Function: Sense of Smell
Classification: Special Visceral Afferent (SVA)

The olfactory nerve (CN I) is somewhat unique in several respects. First, like the optic nerve
(CN 1I), it does not have a nucleus within the brainstem. In fact, for this reason it has
been suggested that perhaps it is not truly a “cranial nerve,” but simply represents a fiber
tract of the brain. Although other sensory systems may respond to chemical stimulation or
biochemical changes within the body, olfaction along with taste represent the two major
sensory systems through which we are consciously informed about our environment via
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chemoreceptors. Unlike the other sensory systems that project first to the thalamus and then
to the cortex, the nerve fibers carrying olfactory information project initially and primarily
to some of the more primitive parts of the limbic system in the basal frontal and mesial
temporal cortex.

It is these rather direct connections with the limbic system that would appear to account
for another somewhat unique feature of the olfactory system, namely, that emotional or
affective valences are often associated with the sense of smell. Any stimulus, regardless of the
modality of input, can elicit certain affectively charged responses through learning or
experience. However, the senses of smell and to some extent taste have a more direct
innate association with emotion and affective responses. Furthermore, these associations
very commonly involve behaviors that are basic to survival, either of the individual or the
species, for example, feeding, procreation, or defense. Examples range from the feeding
frenzy that can be elicited by the smell of blood in the water by the shark, to the panic of
herding animals elicited by the smell of a mountain lion, to the marking of territorial bound-
aries with urine by the wolf. Probably more common to our experience is the “sexual frenzy”
witnessed in a male dog when there is a female dog in heat anywhere in the neighborhood.
In comparison to most of our mammalian ancestors, humans have a poorly developed sense
of smell, although we too evidence a close association between smell and strong, primitive
drive states. Regardless of past personal experiences, almost everyone is repelled by putrid
odors and attracted to the fragrance of the rose or a freshly baked apple pie. Certain odors,
both manufactured and natural, manifest their ability to arouse sexual feelings. In order to
have maximal survival value, it is important that such affective valences, be they positive
or negative, be well retained in memory. Most of us likely have had the experience of
encountering an odor that immediately triggers a host of long-forgotten memories, typically
affectively tinged and usually in a manner that is quite distinct from the type of memory
elicited by other stimulus modalities. Again, it probably is no coincidence that the limbic
system is very closely and intimately connected with the mesial temporal and other areas
so critical for memory. We will revisit these topics in Chapter 8, which covers the limbic
system, but this brief preview may help explain the connections of the olfactory system to
which we will now proceed.

Anatomy

The end organs of the olfactory system are the epithelial cells in the upper part of the nasal
mucosa. The primary neurons of these epithelial cells pass through the cribriform plate of
the ethmoid bone to the ipsilateral olfactory bulb where they make synaptic connections
with second-order neurons (Figure 5-3). The two olfactory bulbs and the anterior portion
of the olfactory tracts lie parallel to each other on the basal-medial aspect of the frontal
lobes. The nerve cells in the bulbs (primarily mitral cells) give rise to the olfactory tracts.
The positioning of the bulbs (and their tracts) and their connection with the cells of the
nasal cavity makes this system particularly sensitive to certain types of tumors and trauma
as will be discussed below.

As the olfactory tracts proceed posteriorly, one smaller pathway branches off the main
olfactory tract, sending fibers via interneurons to the opposite bulb. The main part of the
tract then proceeds as the lateral olfactory stria (Figure 5—4a).? The fibers of the lateral
olfactory stria terminate in the anteromedial portion of the temporal lobe, an area that
in general is referred to as the primary olfactory cortex. While there are some incon-
sistencies among different authors as to the exact region(s) that receives these direct
inputs, the basal frontal cortex in the region of the anterior perforated substance, corti-
comedial portions of the amygdaloid complex, the prepyriform and pyriform cortex, and
the more rostral portions of the entorhinal cortex most commonly are cited (Figure 5-4b).
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Figure 5-3. “Primary” (nerves) and “secondary” (tract) olfactory neurons synapsing in the bulb.

What is important to remember is that from these sites of primary projection substantial
secondary connections are made with other limbic structures in the immediate area,
including the lateral portions of the amygdala and hypothalamus (via the medial forebrain
bundle). Additional indirect connections also are made with the thalamus, brainstem, and
hippocampal formation. Thus, as was suggested above, the olfactory system is intimately
connected with some of the more primitive brain structures, which in turn are involved in
a variety of emotionally charged or affectively driven behaviors that are often critical for
survival.

Because of the location of the olfactory bulbs at the base of the orbital frontal cortex the
sense of smell is particularly vulnerable to lesions affecting the base of the frontal lobes.
One type of lesion in particular deserves special mention: meningiomas. These very slow-
growing tumors often originate from the falx cerebri (the dura lying between the two cerebral
hemispheres) or from the base of the skull in the basal frontal regions and may reach consid-
erable size before being detected clinically. However, as they begin to gradually enlarge they
may impinge on one of the olfactory bulbs and/or tracts, disrupting their function. Thus,
unilateral loss of the sense of smell, without other peripheral explanations (e.g., clogged
nasal passage), may be the first clinical manifestation of such a lesion. Aneurysms in the
area of the anterior communicating artery similarly could produce such a mass effect. While
bleeds in this area also might compromise the olfactory system, other symptoms typically
would predominate such as headache and possible mental status changes. Closed-head
injury (CHI), particularly from decelerating types of injuries, also can result in anosmia (loss
of smell). In this case, the mechanics of the pathology is different. As the brain continues to
move forward relative to the skull, the nasal nerve fibers penetrating the cribriform on their
way to the olfactory bulb may suffer the shearing effect of this relative motion. Contusions
of orbitofrontal cortex also may occur following CHI, resulting in various other clinical
syndromes, including behavioral disinhibition and seizures.
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Figure 5-4. (a) Projections of olfactory tract to “olfactory cortices.” (b) Primary olfactory projection
areas. Abbreviations: A, basal nuclei; B, corticomedial amygdaloid nuclei; C, pyriform cortex; D,
entorhinal cortex; E, uncus; F, anterior perforated substance; G, parahippocampal gyrus. Note:
The basal nuclei, pyriform cortex, and entorhinal cortex, respectively, underlie anterior perforated
substance and the uncus, which are essentially surface features. The entorhinal cortex is contained
within the parahippocampal gyrus. Brain images were adapted from the Interactive Brain Atlas (1994),
courtesy of the University of Washington.

Testing for Dysfunction

If it were not for the perception of taste, the assessment of the integrity of the olfactory nerve
undoubtedly would be the most frequently neglected aspect of most routine neurological
exams. The exam itself is simple enough; the problem arises (as with the assessment of taste)
in the easy accessibility of adequate stimuli. A few years back when the “Scratch and Sniff”
stickers were a big hit with kids, a ready and convenient supply of “odors” was easy to
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obtain. Some neurologists may carry small vials of aromatic substances and routinely assess
the patient’s sense of smell, but often this portion of the examination is omitted. Systematic
examination for anosmia is more likely to occur when specific orbital frontal lesions are
suspected. Testing typically entails having the patient smell a variety of easily identifiable
substances or essences. Astringent substances such as ammonia, vinegar, or rubbing alcohol
should be avoided as these tend to stimulate the trigeminal (CN V) nerve, rather than the
olfactory (CN I). Each nostril should be tested independently, since as was noted above in
the case of mass lesions only one bulb or tract may be affected. The fact that the patient
may not be able to name the substance is not necessarily a pathological sign (he or she may
not be quite able to place the smell or may have an aphasic or naming problem). What
may be more critical to determine is whether the substance can be identified as having a
distinct aroma or smell and differentiated from other substances. Before a diagnosis is made
of either a unilateral or bilateral deficit, care should be taken to note whether the patient’s
nostrils are clear and uncongested.?

CRANIAL NERVE II (OPTIC)

Major Function: Sense of Vision
Classification: Special Somatic Afferent (SSA)

If to the poet, the eyes are “windows to the soul,” then to the neurologist they also
might be thought of as “windows to the nervous system.” Through an examination of the
eyes, it is possible to assess the integrity of numerous portions of the central and peripheral
nervous system. This includes cortical and subcortical sites and pathways, portions of the
brainstem and cerebellum, peripheral (cranial) nerves, and the autonomic nervous system,
including spinal components (e.g., sympathetic fibers from the superior cervical ganglion
that are responsible for dilating the pupil and assist in elevating the eyelid). While cranial
nerve Il relates only to vision and the afferent link of certain visual reflexes (e.g., blink, light,
tracking, and accommodation), the visual pathways extend from the eyes to the thalamus
(with some branching to the mesencephalon) and eventually to the posterior cortex. This
extensive network creates ample opportunity for a variety of cortical or subcortical lesions
to affect the visual system. In addition, movements of the eyes themselves are mediated
by yet other parts of the CNS. These include such regions or structures as the frontal eye
fields (Brodmann’s area 8), cranial nerves III, IV, and VI, as well as other brainstem nuclei
and pathways (e.g., the superior colliculi, vestibular nuclei, vestibulocerebellar pathways,
the paramedian pontine reticular formation, and the medial longitudinal fasciculus). Cranial
nerve V and VII likewise are involved in the tactile afferent and motoric aspects of blinking,
respectively. Parasympathetic fibers of cranial nerve III (via the Edinger-Westphal nuclei)
are responsible for the constriction of the pupil, while the sympathetic fibers tend to dilate
it. Cranial nerve III (with contributions from the sympathetic system) elevates the eyelids,
while cranial nerve VII closes the eyelids. Finally, other structures of the midbrain, including
the pretectal areas and superior colliculi, also are involved in some of the above-mentioned
visual reflexes. In this section, however, the primary emphasis will be on the optic nerves
themselves, their pathways, and their influence on vision and certain visual reflexes. Eye
movements and other related ocular phenomena (including control of the eyelids) will be
covered in greater detail as the relevant cranial nerves are discussed.

Anatomy

As with the olfactory nerve, it has been suggested that the optic nerve perhaps should not be
considered truly a nerve, but rather a fiber tract of the brain. However, as with the former,
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convention usually prevails and it will most likely continue to be referred to as cranial
nerve II. The end organs for the optic nerve are the photoreceptive cells of the retina, the
rods, and cones. The rods, which are found with relative greater frequency in the peripheral
parts of the retina, are better adapted to low-intensity light, such as night vision. The cones,
which tend to be concentrated in the macula, particularly in the center of the macula or
fovea, are better adapted to the perception of color and the sharper point-to-point vision
necessary for fine discriminations (foveal vision). While other cells (horizontal cells) serve
as interneurons, it is basically the rods and cones that transmit visual input to the bipolar
cells that lie within the retina. These in turn synapse with the ganglion cells also within
the retina. The axons of these ganglion cells exit the eye through the optic disk to form the
optic nerve. Visualization of the optic disk, which also contains blood vessels entering and
exiting the globe, is the closest one can come to directly seeing the nervous system in the
intact patient without intrusive or radiographic procedures. In fact, well before the advent
of the CT scan or MRI, the presence of papilledema (a swelling or “choking” of the optic
disk) was used as a sign of increased intracranial pressure, such as might be present with
mass effect lesions or inflammatory conditions of the brain.

Before proceeding to trace the optic pathways and identify specific syndromes produced
by various lesions impacting on different parts of these pathways, it is essential to first under-
stand some properties of the retinal image. As can be seen from the accompanying diagrams,
as the light rays enter the pupil and fall on the retina they cross. As shown in the two
figures below, it is important to remember that the light rays cross along both the horizontal
and vertical planes. Visual input representing light rays striking the left half of each eye
(the temporal field of the left eye and the nasal field of the right eye) come from the right
external hemispace. The reverse is true of images that lie in the observer’s left visual field
(Figure 5-5). In addition to the reversal of the visual field from left to right along the vertical
midline as the image proceeds from the visual field to the retinal field, there is a reversal
of superior—inferior along the horizontal axis. That is, input from the superior portion of
the external visual field projects to the inferior parts of the retina (Figure 5-6). This organi-
zation continues in this manner to the calcarine cortex, so that the right and left as well
as the superior and inferior visual fields are “reversed” as they project to the visual cortex.*

After converging on the bipolar and then the ganglionic cells in the retina, the visual
fibers exit the eye as the optic nerve. The two optic nerves (each of which carries information
from both the nasal and temporal halves of the eye from which it emanated) proceed to
the optic chiasm. Upon reaching the chiasm (or “crossing”), which is located above the
pituitary gland along the ventral base of the frontal lobes, those fibers in each nerve that
represent the visual receptors in the nasal half of each eye decussate, while the temporal
fibers of each eye remain on the same side. Thus, in the chiasm, the uncrossed temporal
fibers are in the lateral or outside portions of the chiasm, with the crossed nasal fibers from
both eyes making up the medial or central portion of the chiasm. This is important to keep
in mind when considering the possible effects of lesions affecting the chiasm itself. Because
of their position at the base of the frontal lobes, the optic nerves, the optic chiasm, and
the optic tracts are particularly vulnerable to encroachment by meningiomas or pituitary
tumors growing in this region.

Upon exiting the chiasm, these postganglionic visual pathways are now referred to as
the optic tracts. However, after the partial crossing that took place in the chiasm, each optic
tract now consists of fibers originating from both eyes. The left optic tract is composed of
the temporal fibers of the left eye and the nasal fibers of the right eye, while the right optic
tract is formed from the nerve processes emanating from the temporal half of the right
eye and the nasal half of the left eye. This arrangement basically continues throughout the
remainder of the visual pathways all the way to the cortex. This organization enables the
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Figure 5-5. Left visual field projections.

right side of the brain to initially process information coming in from the left visual field
and the left brain to respond to right visual field stimuli.

The bulk of the fibers of the optic tracts then proceed to the lateral geniculate nuclei
of the thalamus (located just dorsal and lateral to the rostral midbrain) where they are
arranged in a very precise, retinotopic manner. A few collateral fibers exit from the
optic tract shortly before the lateral geniculates and proceed to the pretectal area and
to the superior colliculi. The former (pretectal) connections, which synapse with the
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Edinger-Westphal nuclei, are thought to be important for simple and consensual pupillary
reflexes to light, and the latter (to the superior colliculi) for oculoskeletal reflexes (e.g.,
orienting responses to visual or auditory stimuli) and visual tracking, especially for novel
stimuli. Additional visual reflexes such as fixating on a moving object (or stationary object if
the subject is moving), convergence, accommodation, or pupillary changes to psychologically
meaningful stimuli, likely are in large part mediated by pathways originating in the occipital
cortex.

The lateral geniculate nuclei in turn give rise to the optic radiations or geniculocalarine
tracts that project to the calcarine cortex (Brodmann’s area 17) in the medial aspect of the
occipital poles. It is here in the calcarine cortex that the visual stimuli begin to be processed
into conscious perceptions (additional discussions on the topic of visual perception can be
found in Chapter 9, this volume). As the fiber tracts that make up the optic radiations leave
the lateral geniculate nuclei via the retrolenticular and sublenticular portions of the internal
capsule, they become organized into superior (parietal) and inferior (temporal) pathways.
The inferior fibers loop forward into the temporal lobe (Meyer’s loop) before turning back
toward their destination in the occipital cortex. This is particularly noticeable in those that
proceed from the more lateral aspects of the nucleus. As the optic radiations fan out, these
latter fibers maintain a more ventral position and synapse in the more ventral portion of the
occipital cortex: the lingual gyrus that lies below the calcarine fissure. The fibers from the
more medial aspects of the lateral geniculate nuclei maintain a more dorsal position, ending
up in the cuneus, which is the gyrus above the calcarine fissure. These more dorsal fibers
(to the cuneus in area 17) consist of third-order fibers whose antecedents originated in the
dorsal halves of each retina, with the ventral fibers (and lingual gyrus) being related to the
ventral parts of each retina. As a consequence of this arrangement, a lesion that might affect,
for example, the more temporal-inferior (ventral) portions of the left optic radiations (or the
left lingual gyrus) will produce a right superior quadrant defect (right upper quadrant field
cut). Conversely, a more dorsal lesion of the superior optic radiations (e.g., deep parietal)
or one involving the cuneus will result in a inferior field cut or quadrantanopia on the side
opposite the lesion.

Testing for Dysfunction

Testing the integrity of the optic nerve and its central pathways involves three major areas
of inquiry: (1) visual acuity or perception, (2) examination of the patient’s visual fields, and
(3) assessing the integrity of light reflexes. Reduced visual acuity can result from damage
to the visual pathways, but caution must be observed as it often results from peripheral
problems in the eye itself, including diseases affecting the retina, lens, cornea, or vitreous
humor, or may simply reflect a refractory problem. Problems of visual perception, that is,
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not simply the ability to see but the ability to “recognize” what one sees (visual agnosias)
typically do not result from lesions of the primary visual pathways. Rather, problems of
visual perception generally are thought to result from lesions affecting the visual association
cortices or a disconnection of the primary visual cortical areas from these association areas
(see Chapter 9). In addition to their possible direct diagnostic significance, a gross assessment
of basic acuity and perception (as well as visual neglect: see below) should be an integral part
of any comprehensive mental status examination, since these examinations often require
attention to and interpretation of visually presented stimuli.

Assessment of the patient’s visual fields is a standard and important part of both neuro-
logical and neuropsychological examinations. However, before discussing visual field exams,
two additional diagnostic complications should be considered. On occasion, patients may
report to be “blind” or experience “tunnel vision” when in fact their vision is neurologically
intact (e.g., conversion reaction). Demonstrating the presence of optokinetic nystagmus may
support a diagnosis of hysterical blindness. Under proper conditions, individuals with intact
vision reflexively will respond to a vertically striped stimulus passed in front of them. In
these circumstances, the eyes will slowly track in the direction that the stimulus is moving
and then alternately quickly shift in the opposite direction. The ability of the patient to
adequately navigate their environment suggests the absence of significant tunnel vision on
a neurological basis. An opposite problem is that patients can report normal vision when
in fact they are totally or nearly totally blind (Anton’s syndrome). This syndrome is most
commonly the result of vascular lesions involving the calcarine cortex bilaterally (basilar
artery or both posterior cerebral arteries), although it can result from other etiologies. Since
the denial of cortical blindness often is associated with other cognitive deficits, including
disturbances of memory, disorientation, or mental confusion, extension of the lesion to the
medial temporal cortices and/or the thalamus is suspected in most cases. The presence of
cortical blindness with denial of visual loss typically is easily established by asking the
patient to identify specific stimuli clearly within his or her visual field.

A gross but clinically useful and fairly reliable assessment of visual fields can be accom-
plished via a routine confrontation examination. Initially, this can be done with both eyes
open, but eventually each eye should be tested individually. There are several methods by
which this is done; however, they generally all involve having the patient fixate on the nose
of the examiner while the right, left, or bilateral peripheral fields are randomly stimulated.
The upper, lower, and middle fields are tested in this manner while the examiner notes any
tendency to ignore, suppress, or otherwise fail to report stimuli presented to a particular
field. It should be noted whether failure to report such stimuli occurs only under conditions
of bilateral simultaneous stimulation (suppression) or consistently even under conditions of
unilateral stimulation (suggesting a true field cut). In the latter instance, the examiner may
change the instructions, telling the patient that the stimulus will occur in the affected field,
the patient’s job being to report not where but when the stimulus occurs. If performance
improves under the latter situation (assuming that movements of the eye cannot account for
the enhanced reporting), it may suggest that severe neglect rather than a complete visual
field cut may be present.

The accompanying diagrams (Figure 5-7) illustrate the visual field defects associated with
lesions to different sites along the visual pathways.

The localization of pathology with regard to visual field cuts as illustrated in Figure 5-7,
can be broadly summarized as follows:

1. Lesions of the optic nerve will result in blindness in that eye. Because no visual input
can reach the pretectal areas from that eye (the afferent limb of the visual reflex),
there will be both a loss of direct light response to that eye as well as a consensual



The Cranial Nerves 123

Left eye Right eye
Temporal  Nasal Nasal Temporal Wisual Fields
Hemifield Hemifield Hemifield Hemifield

Lesion Lt eye Rt eye
1 O . manacular blindnass
2 O (. Bitemporal (heteronymous)
hemianopia '
’ : O ‘) Ipsilateral
Lesion 1 Right nasal hemianopia
O D Laft homonymous hemiancpia

Q O Left Infericr quadrantanopia2

O O Left superior c|uadramar'\c3|:uia:3
Lesion &
O O Lett homonymous hemiancpia®

a Laft homonymous hemiancpia
with macular sparing

May result frorm tumer pressing on Opite Chiasm. Visual field deficit
usually not this cleanly divided or symmaetrical.

May also result from lesions resiricted to Cuneus

May also result from lesions restricted to Lingual Gyrus.

4 Total hemianopia less likely as compared to lesions of Opfic Tract.

w

Lesion 3

IS

Lesion 2 Lision 4

o0

Lat. Geniculate bady

@

Geniculo-
calcaring
fibers

optic: radisfians
(Meyer's Locp)

Superar (parictal)
optic radiaticns.

niariar (temparal) ]

~

Lesion 7

~alearing corex

(R S

Lesion 8

Figure 5-7. Lesions of visual system.

reflex response in the other eye. However, since the efferent limb of the reflex is
unaffected, a consensual pupillary response should be present from stimulation of
the intact eye and from accommodation (the convergence and pupillary constriction
that takes place when attempting to focus on a near object).

A bitemporal hemianopia can result from a pituitary tumor impinging upon the
medial aspect of the chiasm and/or optic tracts that more or less selectively disrupts
the crossing fibers from the nasal portions of both retinas.’

A homonymous hemianopia (loss of comparable halves of the visual fields of both
eyes) can result from either a lesion of one of the optic tracts, a complete disruption
of one of the lateral geniculates or optic radiations, or a complete lesion of one of the
occipital poles (area 17). In the latter case, macular sparing may be observed. If the
lesion is anterior to the geniculates (e.g., optic tract), the pupillary response to direct
visual stimulation (and consensual response in the opposite eye) may be absent if
the light source to the eye is limited to the affected field. However, in practice it is
exceedingly difficult to reliably maintain such control over the area of the retina being
stimulated. In postgeniculate lesions, the pupillary responses will be intact, since the
fibers mediating the affective limb of the pupillary response already have left the
tract on their way to the pretectal area.

A quadrantic field cut (inferior or superior homonymous quadrantanopia or other partial
field cuts) may result from:

(@) An incomplete lesion of the optic radiations (e.g., deep parietal or temporal
lesions producing inferior and superior field cuts, respectively).

(b) Lesions restricted to the superior (cuneus) or inferior (lingual gyrus) bank of the
calcarine fissure of the occipital pole (producing inferior and superior visual
field defects respectively).
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Visual Reflexes

As with all reflexes, the visual reflexes require both afferent and efferent loops. However,
there are a variety of reflexes involving the eyes that utilize various sensory and motor
pathways. The afferent component of the light reflex is carried by the optic nerve (CN II). The
motor response—a diminution or constriction of the pupil to excessive light—is carried out
by the parasympathetic fibers of cranial nerve III. The opposite response— an enlargement
or dilation of the pupils in dim light—is the function of the superior cervical ganglion of
the sympathetic nervous system. As noted above, fibers mediating the light reflex travel
with the optic tract and detour to the pretectal area at the level of the lateral geniculate
body. The pretectal area is just rostral to the superior colliculi. Connections are made with
the contralateral pretectal area via the posterior commissure. From the pretectal area the
Edinger-Westphal nuclei of the oculomotor nuclear complex then receives both ipsilateral
and contralateral inputs (which is why shining a light in one eye will normally cause both
pupils to react). These nuclei then send out parasympathetic fibers to the muscles that
constrict the pupil as well as adjust the diameter of the lens. The pathway just described is
active in the reflex pupillary constriction to light presented to the retina.

Opposing (and “balancing”) the parasympathetic constrictor actions of cranial nerve III
are the sympathetic inputs from the cord. These sympathetic inputs dilate the pupil (and also
produce a tonic elevation of the eyelid). However, the latter response is more complex and
can involve more than one afferent pathway. The sympathetic action typically predominates
when there is minimal light striking the retina; in this instance, the afferent portion of
the reflex arc is carried by the optic nerve. However, pupillary dilation also is known to
occur in situations of perceived threat to the organism, in response to pain or any intense
sudden and unexpected stimulation, and even in response to visual stimuli that elicit strong,
positive affective responses. In the latter cases, the afferent connections mediating the reflex
action are more extensive, likely involving the cortex, limbic system, and other brainstem
structures. When lesions affect this latter sympathetic system, a Horner’s syndrome may be
present that includes:

1. Constricted (miotic) pupil on the affected side (resulting from the unopposed action
of the parasympathetic system).

2. Mild ptosis that can be voluntarily overcome.

3. Dry (anhidrosis), warm (vasodilatation) face on the affected side.

In examining the light reflex, the basic procedure is to have the patient in a dimly lit room
and to shine a light in one eye at a time. The examiner notes whether there is a direct
(in the eye being stimulated) and a consensual (in the opposite eye) pupillary constriction.
Normally, both should be present. If a direct response is absent but a consensual response is
present, this would suggest that the afferent side of the reflex is intact but the efferent side is
not functioning. A special syndrome—the Argyll Robertson pupil—produces dissociation
between pupillary constriction from the light reflex and pupillary constriction with accom-
modation. In this syndrome, the pupil normally is somewhat constricted but fails to constrict
further in response to light, either directly or consensually. It also typically fails to dilate in
response to darkness. It also fails to respond to mydriatic (pupillodilator) drugs. However,
the pupil does show the normal pattern of constriction with accommodation (see below for
additional detail). The most common etiology for this syndrome is neurosyphilis and the
critical lesion is thought to affect the more dorsal pathways between the pretectal area and
the Edinger-Westphal nucleus.

A second afferent pathway, involving corticotectal connections (probably mostly from
the occipital cortices), also is involved in pupillary constriction. This second reflex arc (for
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near vision) uses the same effector system for pupillary constriction to light. In this case,
however, it occurs when the occipital cortex recognizes that the visual image is out of focus
(e.g., when an object is presented close to the eyes). The subsequent adjustment made by
the eyes is called accommodation. Impulses are sent again to the pretectal area. From there,
connections are again made with the Edinger-Westphal nucleus of cranial nerve III. The
fibers from the pretectal area occupy a slightly more ventral position than those mediating
the light reflex. This difference in the position of the pretectal-Edinger—Westphal connections
is what makes the Argyll Robertson pupil possible. The connections from the Edinger—
Westphal nuclei to the sphincter muscles of the iris are identical for both the light reflex
and the changes associated with accommodation. In accommodation, three changes take
place simultaneously: (1) the lens is thickened by changes in tension of the ciliary muscles,
(2) the eyes converge (via the medial rectus muscles of both eyes to prevent double vision),
and (3) the pupils constrict. While this process takes place voluntarily when we choose to
focus on a near object, it also occurs reflexively as an object is drawn toward the eyes.

If an object is quickly propelled toward the eye such that it might threaten the integrity
of the eye itself, another reflex takes over. Instead of accommodation, the eyelids reflexively
close. Here the efferent limb of the reflex arc is cranial nerve VII. This same effector response
also can be brought about by other stimuli, including loud noise (CN VIII), physical contact
with the cornea (CN V), or excessively bright light (CN II). The presence of recurrent stimuli
passing across one’s visual field with a critical frequency (CN II) can result in involuntary
tracking motions of the eyes or optokinetic nystagmus (CN III, IV, and VI). Other automatic
or reflex adjustments in the movement of the eyes also can take place given certain types
of stimulation to the vestibular system (CN VIII). The external muscles of the eyes and
cranial nerve VIII are linked in another reflex response: head (CN XI) and eye (CN III and
VI) turning in reaction to a loud, unexpected sound (CN VIII). There are additional reflex
changes that affect the intraocular and external muscles of the eye, but the above reflexes
are the most common and provide an appreciation of the complex interactions that take
place among various systems.

THE EXTRAOCULAR MUSCLES: CONTROL OF EYE MOVEMENTS

Before discussing cranial nerves III, IV, and VI, a brief understanding of the anatomy and
functions of the extraocular muscles as a group might be helpful. There are six muscles
controlling the movements of each eye. These are the lateral rectus, medial rectus, superior
rectus, inferior rectus, superior oblique, and the inferior oblique. The lateral rectus is
controlled by cranial nerve VI, the superior oblique by cranial nerve IV, and cranial nerve
III controls the superior, medial, and inferior rectus and the inferior oblique. The nerves
mediating the superior oblique (CN IV) and that portion of cranial nerve III that supplies the
superior rectus cross the midline from their respective nuclei, whereas the inferior rectus,
medial rectus, and inferior oblique (CN III) and the lateral rectus (CN VI) are all innervated
by ipsilateral nuclei.

Actions of the Lateral and Medial Rectus Muscles

Two of the muscles—the lateral rectus and the medial rectus—have only a single action or
effect on the eye: they rotate the eye around the vertical axis (Figure 5-8). The lateral rectus
inserts on the temporal or lateral side of each eyeball and, when contracted, it rotates the
eye outward or abducts the eye (abducens nerve abducts). The medial rectus inserts on the
medial aspect of each eye and, when contracted, it turns the eye toward the midline or adducts
the eye. The remaining muscles all have more than one potential or effective impact on eye
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Figure 5-8. (a) Muscles for horizontal movements of the eye. (b) Lateral (LR) and medial (MR) recti
muscles, and optic nerve (ON) as seen on MRIL

movement. Thus, these latter muscles have a primary as well as a secondary and a tertiary
action. This is a result of the fact that the point of insertion of the remaining muscles are all
slightly off center in relation to the vertical axis of the eye (Figure 5-9). The tertiary actions
all involve the rotation of the eye around its anterior—posterior axis (intorsion or extorsion).
But to try and keep it simple, only the primary and secondary actions will be considered here.

Actions of the Superior and Inferior Rectus Muscles

The superior and inferior rectus, which both attach toward the front of the globe from behind,
are actually displaced slightly medial to the vertical axis of the eye (see accompanying
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Figure 5-9. (a) Muscles for vertical and rotational movements of the eye. (b) Superior rectus (SR)
and superior oblique (SO) as seen on MRIL

figures). This means that, when contracted, they tend to not only respectively elevate and
depress the eye, but also tend to rotate the eye (medially) on its vertical axis. Because of this
off-center attachment, the strongest elevation effect for the superior rectus will be when the
eye is abducted, or looking to the outside or laterally. The same holds true for the inferior
rectus.
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Actions of the Superior and Inferior Oblique Muscles

Unlike the four recti muscles that pull the front of the globe up, down, or to the side from
attachments behind the eye socket, the two obliques (superior and inferior) are unique in
that they exert their pulling action from the back of the globe toward the front of the eye.
This results from the fact that the base attachment for the obliques are either in the ventral
anteromedial part of the eye socket itself (inferior oblique) or run through a pulley (trochea)
located in the dorsal anteromedial portion of the socket. In both instances, the muscles
proceed around the globe to attach more posteriorly. As is the case with the superior and
inferior recti, the obliques run medially to the vertical axis of the globe. Thus when looking
straight ahead, contraction of the superior oblique will tend not only to depress the eye
(primary action), but also to rotate the eye outward on its vertical axis (secondary action).
Thus the strongest depressing force of the superior oblique will be when the eye is turned
inward or medially (adducted) when the line of force and the line of muscular attachment
tend to be parallel. The same is true for the inferior obliques, except that they tend to elevate
rather than depress the eye.

Summary of Actions of Extraocular Muscles

Muscle Primary Action Secondary Action Maximal Effect

Medial R. Turn eye in (none)

Lateral R. Turn eye out (none)

Superior R.  Elevation Adduction Elevation when abducted
Inferior R.  Depression Adduction Depression when abducted
Superior O. Depression Abduction Depression when adducted
Inferior O.  Elevation Abduction Elevation when adducted

Note: It is only when looking medially or laterally on a horizontal plane that a single
muscle is involved. In looking either up or down, at least two muscles contribute to the
action. Hence, from an analysis of the above it can be demonstrated that the maximal
strength of each muscle (the direction patient should be told to look when testing each
muscle) is as follows:

Lateral rectus: looking to the outside

Medial rectus: looking toward the midline

Superior rectus: looking up and out

Inferior rectus: looking down and out

Superior oblique: looking down and toward the midline
Inferior oblique: looking up and toward the midline

Conjugate Gaze and Convergence

In man, unlike certain lizards, the eyes do not move independently, but jointly. In most
instances, the two eyes mirror one another: if one moves up and to the right, the other
will do the same. This working together of the eyes in a complementary fashion is called
conjugate eye movement. Thus, if patient is told to:

Right eye uses Left eye uses
“Look to the left” Medial rectus Lateral rectus
“Look up and to the left”  Inferior oblique  Superior rectus
“Look down and to the left ~Superior oblique Inferior rectus
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There is one instance to which we already have alluded where the two eyes do not move
in the same direction at the same time. This is when the individual needs to bring both
eyes in toward the center of the visual fields to look at an object that is relatively close to
the face. This is known as convergence (the two eyes “converge” toward the center). This
action involves the simultaneous contraction of both medial recti muscles. Actually, several
things take place simultaneously in this process. In addition to the convergence of the eyes,
the ciliary muscles of the eyes change the shape of the lens and the pupils constrict; the two
latter actions help to bring the image into sharper focus. This entire process, as we have
noted earlier, is known as accommodation.

Although briefly reviewed in the previous chapter, it may be useful to review the basic
neuroanatomical substrates of conjugate eye movements, focusing on lateral conjugate gaze,
which requires the coordination of the lateral rectus muscle of one eye in concert with the

Primary: Secondary Actions

LR Abduction: none

MR Adduction: none

SR Elevation: Intorsion & Adduction

IR Depression: Extorsion & Adduction
SO Intorsion: Depression & Abduction
10 Extorsion: Elevation & Abduction

(a)
Intorsion

Extorsion

Superior

o SR/io

Lateral LR MR Medial

IR/so

Inferior

Maximum Effects of Extraocular Muscles
LR - Looking laterally

MR - Looking medially

SR - Looking laterally & up

IR - Looking laterally & down

Figure 5-10. (a) Compound (primary and secondary) eye movements. (b) Directional movements of
individual muscles of the eye. Abbreviations: IO, inferior oblique; IR, inferior rectus; LR, lateral rectus;
MR, medial rectus; SO, superior oblique; SR, superior rectus.
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(b)

Lateral: Lateral rectus m.

Medial: Medial rectus m.

Upwards: Superior rectus m.,
Inferior oblique m.

Downwards: Superior oblique m.,
Inferior rectus m.

Figure 5-10. (Continued)

medial rectus of the other. The cortical center mediating lateral conjugate gaze is located in
the posterior part of the frontal cortex (Brodmann’s area 8 or the frontal eye fields). From
there, fibers pass directly to the pontine brainstem where they decussate and synapse in an
area adjacent to the nucleus of cranial nerve VI, which serves as the center for coordinating
lateral conjugate gaze in the brainstem [the paramedian pontine reticular formation (PPRF)].
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From the PPRF, connections are made between the abducens nucleus (CN VI) and the
contralateral oculomotor nucleus via the medial longitudinal fasciculus (MLF).

Thus, if one wants to look to the left, the command is likely initiated in the right frontal
eye fields (the right hemisphere is primarily concerned with the left hemispace). The message
then is sent to the left PPRF nuclei and then to the left sixth cranial nerve nucleus. The left
abducens nerve (CN VI) pulls the left eye laterally (to look to the left). From internuclear
cells in the abducens nucleus, a signal also is sent to the right oculomotor nucleus via the
MLF commanding the medial rectus of the right eye to contract, thus pulling the right eye
toward the left for conjugate left horizontal gaze.

Before looking at the effects of lesions to this system, one must consider that the muscles
of the eye act reciprocally in an agonist-antagonist fashion. When, for example, we stare
straight ahead, this is accomplished in part by the equal pull or influence of the lateral and
medial recti in each eye. What then might be expected to happen if one of those opposing
influences were negated? Specifically what would happen, for example, if the lateral rectus
muscle in the left eye were to lose its capacity to contract as a result of a lesion to cranial
nerve VI or nucleus? In this case, the now unopposed pull of the medial rectus in the left
eye would deviate the pupil of the left eye slightly toward the nose, while the pupil of the
right eye would remain in its normal midline resting position. This deviation of one eye as a
result of weakness or paralysis of one or more of the extrinsic muscles of the eye is referred
to as strabismus, in this case medial strabismus of the left eye. As might be expected, this
would tend to result in double vision (side by side), which then would be exacerbated if
the patient were asked to look to his or her left.

As can be seen in Figure 5-11, if cranial nerve VI alone is affected, the patient would
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Figure 5-11. Eye deviations on clinical exam with lesions affecting various extraocular muscles.
Adapted from Nolte, J (1993). The human brain: An Introduction to its functional anatomy. St Louis: Mosby
Year Book.
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be unable to abduct the eye on the side of the lesion (i.e., unable to look toward the side
of the lesion with the eye on the side of the lesion). When attempting to look straight
ahead, the eye on the side of the lesion would be slightly deviated toward the midline (as
a result of the unopposed action of the medial rectus). However, if there is damage to the
nucleus of cranial nerve VI, a slightly different pattern of deficits emerges. While strabismus
is still present when the eyes are at rest (i.e., looking straight ahead), when attempting
to look toward the side of the lesion not only will there be a failure of abduction, but in
addition the eye opposite the lesion will not adduct. This phenomenon is referred to as
lateral gaze palsy (to the side of the lesion). This results from the fact that not only is the
lateral rectus muscle ipsilateral to the lesion affected by the lesion to the nucleus of cranial
nerve VI, but the fibers from the nucleus of cranial nerve VI that cross over to supply the
medial rectus of cranial nerve III via the MLF also are affected. If the lesion were to spare
the nucleus of cranial nerve VI but disrupt the MLF, yet another pattern of deficit known
as internuclear ophthalmoplegia would be found. In this case, both eyes could abduct
on lateral gaze since both the nerves and nuclei of cranial nerve VI are intact. However,
since the MLF represents crossed ascending fibers from the nuclei of cranial nerve VI to
the oculomotor nuclei (CN III), when attempting lateral gaze, the eye on the side of lesion
will not adduct (medial rectus) when attempting to look to the side opposite the lesion.
Additionally, nystagmus typically will be present in the abducting (CN VI) eye. In the two
latter cases there is a disruption of the function of the medial rectus muscle of one eye when
attempting lateral gaze. However, during accommodation the medial rectus, which did not
function on attempted lateral gaze, now performs normally, indicating the problem lies in
the nuclei responsible for lateral gaze or in the MLF rather than in the oculomotor nerve or
its nuclei.

Role of the Vestibular Nuclei in Vision

The vestibular nuclei also are closely associated with eye movements. When the position
of the head changes or rotates in space, the eyes typically compensate by conjugate
movements in the opposite direction, thus permitting the fixation of gaze to be maintained.
Of course, these are reflex responses and can be overcome volitionally. Neuropathologi-
cally, the presence of these connections can offer some clinically important information.
For example, if the vestibular nuclei and their connections with the centers for lateral
gaze are intact, the sharp movement of the head of a coma patient to one side should
elicit a conjugate movement of the eyes in the opposite direction (i.e., the eyes should
keep “looking” in the same direction they were before the passive movement of the
head). This is known as the oculocephalic (doll’s head) response. If the eyes stay in a
fixed position relative to the head upon passive movement of the head, this suggests a
dysfunction at the pontine level (absent doll’s head). Another test of related phenomenon
could be accomplished by putting cold water in the patient’s ear, stimulating the vestibular
nerve [oculovestibular (caloric) reflex]. If the vestibular system and its connections with
the PPRF and cranial nerve VI nucleus are intact, it should produce nystagmus with
the slow component being toward the side being stimulated (see below). Finally, other
disruptions of the vestibular system and its connections with the cerebellum or certain
other brainstem nuclei can produce abnormal patterns of nystagmus in the conscious
patient.

Cortical Control of Eye Movements

All voluntary eye muscles are ultimately under the control of the cortex, particularly
Brodmann'’s area 8 (frontal eye fields) in the frontal lobes that work together to produce
smooth pursuit eye movements. Thus lateral gaze palsy also can result from lesions to these
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regions of the cortex. With unilateral destructive lesions of area 8, not only may the patient
be unable to voluntarily gaze to the contralateral field, but as a result of the unopposed
action of the unaffected hemisphere the eyes may tend to be slightly deviated toward the
side of the lesion. Conversely, if there is an irritative focus to the lesion (e.g., seizure activity),
during the phases of electrical stimulation (seizure) the eyes will be “driven” to look to the
side away from the lesion.

Nystagmus

Nystagmus, a rhythmic, involuntary oscillation of the eyes, is yet another phenomenon
that can be of diagnostic value. Nystagmus is normal under certain circumstances, for
example, watching the fence posts go by when riding in a car at a certain rate of speed.
It also can be demonstrated to a slight degree in normal persons by asking the individual
to deviate the eyes markedly to one side. A more pronounced effect will be seen when
caloric testing is carried out (putting cold water in the ear). Pathological nystagmus can take
various forms with multiple etiologies. Perhaps most commonly it is evident as excessive
nystagmus on lateral gaze or any evidence of nystagmus on upward gaze. Nystagmus is
typically described as either pendular (where the to-and-fro motions are equivalent) or jerk
(where they are unequal, consisting of a fast component in one direction followed by a slow
component in the opposite direction). In jerk nystagmus, the fast component classifies its
directionality. Pendular nystagmus suggests cerebellar involvement, but it can occur in more
benign forms. Jerk nystagmus, when pathological, suggests disturbances in the cerebellum,
vestibular system, MLF, or other oculomotor pathways. On the other hand, a diminished,
or worse, an absent response (nystagmus) to caloric stimulation implies impaired brainstem
function. As noted above the latter finding makes this a valuable test to assess the integrity
of the nervous system of the patient in a coma.

CRANIAL NERVE III (OCULOMOTOR)

Major Functions: Move the Eyes
Constrict the Pupils
Adjust the Lens
Elevate the Eyelid

Classification: General Somatic Efferent

General Visceral Efferent
Nuclei: Oculomotor (GSE)
Edinger-Westphal (GVE)

The oculomotor nerve is primarily a motor nerve with both somatic and visceral compo-
nents. Along with cranial nerves IV and VI, it is responsible for movements of the eye
(somatic efferents). Of the six extraocular muscles, the oculomotor nerve controls four. These
include the:

1. Medial rectus, which adducts the eye (pulls it toward the midline).

Superior rectus, which, along with the inferior oblique, elevates the eye.

3. Inferior rectus, which, along with the superior oblique (CN IV), “depresses” the eye
(when one is depressed they might say, “things are looking down”).

4. Inferior oblique, which assists in elevating the eye, particularly when the eye is
turned inward toward the midline (i.e., the right inferior rectus comes maximally into
play when one looks up and to the left).

N
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These functions are controlled by the oculomotor nuclei, which are located along the midline
in the upper mesencephalon. These nuclei (and the oculomotor nerve) also innervate the
levator palpebrae, which are the muscles that retract or open the eyelids (the eyelids are
closed by CN VII). It should be noted that the elevation of the eyelid also is partially
accomplished by the sympathetic system. Thus partial ptosis (drooping of the eyelid) may
not always reflect damage to cranial nerve III (see Horner’s syndrome).

In addition to these extraocular muscles, cranial nerve III also exerts parasympathetic
action (visceral efferents) on the intraocular muscles. These are the ciliary muscles, which
affect the shape of the lens, and the sphincter muscles of the iris, which affect the size of
the pupil (how much light gets into the eye). Normally the ligaments that are attached
to the lens are under tension, keeping the lens more or less flat. When near vision is
required, the ciliary muscles contract, reducing the tension on these ligaments, which results
in a thickening of the lens, which brings the near object into clear focus.® As was seen
earlier, the pupils act reflexively to various situations, including the amount of ambient
light and accommodation. The third cranial nerve is responsible for the constriction of the
pupil (pupillary dilation is a function of sympathetic activity carried by nerves derived
from the superior cervical ganglion). These latter activities are under the control of the
Edinger-Westphal nuclei that lie adjacent to the oculomotor nuclei. The Edinger—-Westphal
nuclei are the autonomic components of the oculomotor nuclear complex.

There are no identified sensory components to the oculomotor nerves. However, it
appears likely that some type of proprioceptive feedback loop exists for the extraocular
muscles. Cranial nerve V is the only one of the cranial nerves for which proprioceptive
feedback is typically defined. It is well known that the trigeminal nerve (CN V) mediates
cutaneous feedback from the face as well as proprioceptive feedback from the muscles of
mastication (the latter via the mesencephalic nucleus of V). However, it is quite likely that
cranial nerve V also mediates proprioceptive feedback for the muscular activities mediated
by other cranial nerves, such as the muscles of facial expression (CN VII) and tongue
movements (CN XII). Except for the muscles of mastication, these proprioceptive feedback
loops are likely mediated by the chief sensory nucleus of CN V.

Lesions of the Oculomotor Nerve

The classic symptoms of a complete oculomotor nerve palsy include diplopia with
strabismus, failure of adduction, inability to elevate the eye, ptosis, dilated pupil, and
difficulty focusing on near objects. Because of the unopposed action of the lateral rectus
and superior oblique, the affected eye will be shifted slightly laterally downward at rest
(strabismus), and as a result of the lack of congruent fixation the patient will experience
diplopia (double vision). The diplopia is exacerbated when the patient is asked to focus
on near objects or look to the side opposite the lesion. The patient will not be able to
adduct (move toward midline) the affected eye because of the involvement of the medial
rectus, either on command or with convergence (focusing on near object). Involvement of
the superior rectus and inferior oblique interferes with upward gaze in the affected eye
[remember that the superior obliques (CN IV) assist downward movements]. Because the
fibers of the superior rectus cross the midline in the vicinity of the nuclei of cranial nerve
III, and indeed appear to pass through the nuclei, a nuclear lesion may result in bilateral
weakness of the superior rectus muscles.” Other lesions that are thought to affect the connec-
tions between the pretectal region and the oculomotor nuclei also may produce upward
gaze palsy (without the other symptoms of third nerve involvement. Ptosis or drooping
of the eyelid will be present on the affected side because the levator palpebrae superioris
muscle that elevates the eyelid is supplied by cranial nerve IIL
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The sphincter muscles that control the pupil are supplied by both parasympathetic and
sympathetic fibers, working in an agonist and antagonist manner. Since cranial nerve III
carries the parasympathetic fibers responsible for pupillary constriction, complete lesions
of the oculomotor nerve will leave the sympathetic influences unopposed. This results
in a dilated pupil that will respond neither to direct or consensual light reflex nor to
accommodation. Because the ciliary muscle controlling the shape of the lens is affected, the
patient will experience difficulty focusing on near objects with that eye.

Before leaving the symptoms of the oculomotor nerve, it may be well to recall Horner’s
syndrome, which previously was discussed. Recall that this syndrome results from a
disruption of the sympathetic pathways and produces unequal pupils (anisocoria) and a
mild ptosis. However, in this case, the affected pupil will be constricted as a result of the
compromise of the dilator function of the sympathetic system. Also the ptosis, unlike that
resulting from CN III, can be voluntarily overcome and will be on the side of the small,
rather than the dilated pupil. Infarctions of the lateral medulla are one common cause of
this syndrome.

CRANIAL NERVE IV (TROCHLEAR)

Major Function: Eye Movement (Superior oblique)
Classification: General Somatic Efferent
Nucleus: Trochlear (GSE)

The trochlear nerve is considered a pure motor nerve. It mediates a single ocular motor
muscle: the superior oblique. As previously noted, it is somewhat unique in that it is the
only cranial nerve to exit dorsally from the brainstem and it is the only cranial nerve that
fully crosses the midline (decussates) after leaving its nucleus. Though it exits dorsally, it
curves around the mesencephalon and appears anteriorly in the lower midbrain just above
the pons.

Lesions of the Trochlear Nerve

The primary action of the superior oblique is to depress the eye. It is maximally effective
in this capacity when the eye is adducted (turned medially). Hence, the critical test for its
function is to ask the patient to adduct the eye and at the same time to look down. Since the
affected eye cannot fully carry out this motion, the patient may complain of double vision in
situations requiring similar movements, such as when descending stairs or buttoning one’s
shirt. Clinically, it may be noted that patients with cranial nerve IV palsy often exhibit a
head tilt toward the unaffected side in order to compensate for the diplopia produced by
the extortion (outward rotation) of the eye on the affected side.

CRANIAL NERVE VI (ABDUCENS)

Major Function: Eye Movement (lateral rectus)
Classification: General Somatic Efferent
Nuclei: Abducens (GSE)

Like the oculomotor and trochlear nerves, the abducens is considered a pure motor nerve
and innervates a single eye muscle: the lateral rectus. The function of the lateral rectus is to
abduct the eye or to pull the eye laterally or temporally (as opposed to medially or toward
the nose). The nerve exits the brainstem near the midline at the pontomedullary junction.
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Lesions of the Abducens Nerve

Since the primary action of the lateral rectus is to pull the eye temporally, a complete
lesion of cranial nerve VI will result in the affected eye not moving laterally beyond
the midline. Also, given the unopposed force of the medial rectus at rest, the eye will
normally show a slight deviation toward the midline (medial strabismus) and the patient
may complain of double vision (horizontal). This diplopia will intensify if the patient
is requested to look toward the side of the lesion. As discussed earlier, if the nucleus
of cranial nerve VI is involved, the patient will likely experience lateral gaze palsy in
which both the ipsilateral lateral rectus and the contralateral medial rectus will demon-
strate deficits when attempting to look to the side of the lesion. (Remember that the medial
rectus in the opposite eye will retain the capacity to adduct with convergence.) Since the facial
nerve (CN VII) loops around the nucleus of cranial nerve VI, a brainstem lesion that
affects the abducens nucleus also may produce ipsilateral lower motor neuron seventh
nerve palsy.

CRANIAL NERVE V (TRIGEMINAL)

Major Functions: Somatosensory (face and forehead)
Motor Control of the Muscles of Mastication
Classification: General Somatic Afferent
Special Visceral Efferent

Nuclei: Main (chief) sensory n. of V. (GSA)

Spinal sensory n. of V. (GSA)

Mesencephalic n. of V. (GSA)

Motor n. of V. (GVE)

Sensory Components

The trigeminal nerve supplies the somatosensory feedback for most of the face and
front part of the head, including the meninges, teeth, tongue, cornea, sinuses, nasal
and oral cavities, and skin (the skin of the rest of the head is supplied by the spinal
nerves). The trigeminal nerve is the only cranial nerve that enters and exits at the level
of the pons. As in the case of the spinal sensory nerves, most of the sensory fibers
of the trigeminal nerve have their cell bodies in an external ganglion (the trigeminal
ganglion). The one exception is the fibers mediating proprioception for the muscles
of the jaw that have their cell bodies in the mesencephalic nucleus of cranial nerve
V. Distal to the trigeminal ganglion, the trigeminal nerve divides into three branches.
The ophthalmic (CN V1) branch or nerve that provides sensory input from the upper
part of the face and scalp, the eyes (e.g., the cornea), upper portion of the nose,
part of the nasal mucosa and frontal sinuses, and the meninges (all three divisions
may supply the meninges). The maxillary (CN V2) branch transmits sensory infor-
mation from the upper jaw, teeth, lip, hard palate, maxillary sinuses, and part of the
nasal mucosa. The mandibular (CN V3) division has both sensory and motor compo-
nents. It mediates the somatosensory feedback from the lower jaw, teeth, lips, buccal
mucosa, anterior two-thirds of the tongue (touch, not taste), and part of the external
ear and auditory meatus. Its motor component innervates the muscles of mastication
(see Figure 5-12).
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Figure 5-12. Sensory divisions of the trigeminal nerve: V1, ophthalmic; V2, maxillary; V3,
mandibular.

The trigeminal nerve basically mediates all the same aspects of somatosensory sensation
that are found in the dorsal roots of the spinal nerves: light touch, pain, temperature, stere-
ognosis (fine discriminative touch), vibration, and proprioception. There are three separate
nuclei that are responsible for sensory perception associated with the trigeminal nerve:
(1) the mesencephalic, (2) chief (or main), and (3) spinal nuclei of cranial nerve V. The
mesencephalic nucleus of cranial nerve V is the source of fibers that transmit proprioceptive
information obtained primarily from stretch receptors located in the muscles of mastication.
The sensory fibers synapsing in the main (“chief” or “principle”) sensory nucleus of cranial
nerve V, which is located in the pons, are comparable to the posterior columns of the
spinal cord, mediating stereognosis, vibration, and possibly proprioception. It has been
suggested that the mesencephalic nucleus largely may contribute “unconscious” propri-
oceptive feedback to the cerebellum, while the main sensory nucleus is associated with
“conscious” proprioception. However, some authors suggest that the mesencephalic nucleus
is responsible for most proprioceptive feedback, both conscious and unconscious, while
some authors fail to mention proprioception at all in connection with the main sensory
nucleus. Until more consistent data emerge, it seems likely that both nuclei mediate propri-
oception, but perhaps the mesencephalic nucleus primarily is responsible for feedback that
controls mastication. While the pathways or connections have not been definitively estab-
lished, one or both of these nuclei are probably also responsible for proprioceptive feedback
for the muscles of the eyes, tongue, and muscles of facial expression. Lastly, the fibers
derived from the spinal nucleus of cranial nerve V can be viewed as being comparable to
those of the ventral and lateral spinothalamic tracts in that they appear to carry information
for light touch, pain, and temperature. This latter nucleus is very long, extending from the
pons into the spinal cord. As we shall see, several other cranial nerves also utilize this
nucleus.
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Whereas the sensory feedback from the spinal nerves travels to the contralateral ventral
posterolateral (VPL) nuclei of the thalamus, the majority of the fibers from the trigeminal
sensory nuclei travel to the contralateral ventral posteromedial (VPM) nucleus via the
ventral trigeminothalamic tracts. The VPM nuclei, in turn, project to the more ventral
portions of the sensorimotor cortices. There are a few fibers, from the main sensory nucleus
in particular, that travel ipsilaterally in the dorsal trigeminothalamic tracts. Since the
majority of these fibers cross, lesions affecting these tracts (as well as the VPM nucleus
or somatosensory cortex) will result in contralateral sensory deficits in the face, whereas
lesions of the trigeminal nuclei or nerve will produce ipsilateral deficits. There likely also are
connections with the reticular nuclei, particularly from the spinal nucleus of cranial nerve
V, as is the case with the spinal nerves.

Motor Components

The main motor function served by the trigeminal nerve is to innervate the muscles
of mastication or the lower jaw (the masseter, temporal, internal and external ptery-
goids). The nerve fibers emanate from the motor nuclei of V and travel to the periphery
with the mandibular branch (CN V3) of the trigeminal nerve. Similar to other muscles
that act in a symmetrical fashion, the muscles of mastication receive bilateral cortical
input; hence, upper motor neuron (supranuclear) lesions will have minimal effect on
the patient’s ability to chew. The trigeminal nerve provides sensory feedback from the
ear (as do CN VII, VIII, IX, and X), but along with cranial nerve VII, it also provides
motor control to the middle ear. Cranial nerve V adjusts the tension on the tympanic
membrane.

Lesions of the Trigeminal Nerve

Depending on the type and location of damage to the trigeminal nerve, several different
syndromes might result. Clearly, if a lesion destroyed the main branch of the trigeminal
nerve, one would expect to find hemianesthesia of the face and weakness of the muscles
of mastication on the same side. Commonly, however, the lesion may affect a portion
of the nerve after it splits into its three divisions, thus producing reduced sensations in
only one of its areas of distribution. Similarly, if nuclear lesions are involved, then only
specific aspects of sensory stimulation may be affected. Even more distressing for patients
is trigeminal neuralgia (tic douloureux), which although of unclear etiology, affects one or
more branches of the trigeminal nerve. This latter syndrome consists of sharp, paroxysmal
pain in one or more of the distributions of the trigeminal nerve. Testing for damage to
the trigeminal nerve involves both motor and sensory examinations. To assess the muscles
of mastication, the examiner has the patient open his or her jaw. Because of the way the
muscles are attached, weakness on one side may result in a deviation of the jaw to the
side of the lesion. Similarly, the patient may be asked to move the jaw laterally against
resistance. There will be weakness when attempting to move the jaw opposite the side of
the lesion. In lower motor neuron lesions (lesion of the nerve or motor nucleus) one might
discern atrophy of the temporalis muscle on palpitation. With lesions of the mandibular
branch or of the mesencephalic nucleus (afferent limb), the jaw jerk (reflex) should be
diminished. The sensory exam consists of comparing light touch, pinprick (pain), two-
point discrimination (stereognosis), or temperature on both sides of the face in all three
trigeminal divisions. In cases of psychogenic hemianesthesia the patient may report the
failure to perceive the vibrations of a tuning fork placed on the forehead of the “affected”
side (in true neurological disease the sensation, which travels by bone to both sides of
the forehead, is likely to be perceived bilaterally). Corneal reflexes normally are tested by
touching the cornea with a wisp of cotton or tissue. Since the normal response is for both
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eyes to blink in response to unilateral stimulation, it may be possible to differentiate between
diminished or absent sensation in the cornea (CN V) and a diminished motor response
(CN VII).

CRANIAL NERVE VII (FACIAL)

Major Functions: Muscles of Facial Expression
Taste
Salivation
Classification: Special Visceral Efferent
General Visceral Efferent
Special Visceral Afferent
General Somatic Afferent
Nuclei: Facial (SVE)
Superior salivatory (GVE)
Solitary (taste) (SVA)
Spinal nucleus of V. (ear) (GSA)

Sensory Components

The facial nerve, which loops posteriorly around the nucleus of CN VI before exiting
from the anterolateral portion of the brainstem at the pontomedullary junction, has
both motor and sensory components. Its main afferent function is to carry taste sensa-
tions from the anterior two-thirds of the tongue and the palate. Each nerve supplies
the ipsilateral half of the tongue. The rostral portions of the solitary nuclei in the
medulla mediate the sense of taste. From the solitary nuclei, the fibers conveying infor-
mation about taste travel rostrally in the central tegmental tract where they synapse
in the ventral posteromedial (VPM) nuclei of the thalamus. From there the information
is carried to the opercular portions of the frontal and parietal lobes and the anterior
portions of the insular cortices. Cranial nerve VII also carries somatosensory information
from the auditory meatus, tympanic membrane, and a small section of skin behind
the ear. The sensations from the ear synapse in the spinal nuclei of the trigeminal
nerve.

Motor Components
The major motor functions of CN VII include:

1. Innervation of the superficial muscles of the face (the muscles of facial expression,
including closure of the eyelid).

2. Stimulation of the lacrimal (tearing of the eye) and submandibular and sublingual
(salivation) glands and nasal mucosa.

3. Control of the stapedius muscle (regulates the stapes: one of the ossicles of the
middle ear).

The seventh cranial nerve via the facial nucleus innervates all ipsilateral facial muscles
(muscles of facial expression) over which we have voluntary control, with the exception
of the muscles involved in chewing (CN V). Among some of the functions or expres-
sions mediated by cranial nerve VII include furrowing the brow, closing or winking
the eye, smiling, whistling, and puffing out the cheeks. There is one aspect of the
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neuroanatomical connections to the facial nuclei from its corresponding motor cortex
(ventral portion of the precentral gyrus) that deserves special mention because of its
important clinical considerations. The corticobulbar fibers, which control the muscles of
the lower face, decussate and supply only the contralateral facial nucleus. However, the
fibers that will eventually influence the muscles of the upper face (forehead and brow)
split in the brainstem and terminate on both the ipsilateral and contralateral facial nuclei
(bilateral innervation). Thus, while there is only contralateral innervation of the muscles of
expression in the lower face, the muscles of the upper face receive bilateral input from the
cortex.

The parasympathetic functions mediated by the salivatory nucleus of the medulla are to
enhance the production of saliva (submandibular gland) and tears (lacrimal glands). As is
the case with most other aspects of autonomic function, hypothalamic and limbic structures
heavily influence these activities. Finally, the facial nerve exerts control of the stapedius
muscle in the middle ear, which controls the action of the stapes, one of ossicles that transfers
vibrations from the tympanic membrane to the oval window of the inner ear. Contraction
of this muscle helps to attenuate loud sounds.

Lesions of the Facial Nerve

Lesions of the seventh cranial nerve will result in diminished or absent taste perception
on the anterior two thirds of the tongue. This loss of taste should be limited to that half
of the tongue that is ipsilateral to the lesion. If the branches of the nerve mediating the
salivary glands are affected, the patient may complain of increased dryness of the mouth.
Clinically, the most obvious effects of seventh cranial nerve involvement will center on facial
motor symptoms. First, in simply observing the patient, one may note facial asymmetry.
This might include a drooping of the mouth on the affected side, a smoothing of the nasal-
labial fold, and an incomplete closure of the eyelid. If the patient is observed while eating,
one may witness a tendency for food to collect in the cheek pouch on the affected side.
There will be a decreased blink reflex to corneal stimulation, regardless of which cornea is
stimulated. In fact, the eyelid may never fully close. This latter phenomenon, in conjunction
with the decreased tearing in that eye from involvement of the lacrimal gland, may lead to
an irritating dryness to the eye, possibly necessitating an eye patch and frequent bathing of
the eye with saline solutions.

In cases where the facial weakness is less obvious, the patient may be asked to close the
eyes tightly (with the examiner checking the degree of resistance to attempt to passively
open them), smile, show his or her teeth, or puff out the cheeks (holding them out
against resistance). The patient is then asked to furrow his/her brow (raise their eyebrows).
Any significant asymmetry in the contracture of the muscles across the brow is noted.
If weakness is noted in these upper facial muscles, along with signs of lower facial
weakness, this implies a lesion of the facial nerve or its motor nucleus (lower motor
neuron lesion). However, if a lower facial weakness is present, but the muscles of the
forehead are intact bilaterally, an upper motor neuron or “supranuclear” lesion is suspected
(see Figure 5-13). Remember, the upper part of the face (motor) is bilaterally innervated
so only a lesion of the nerve or complete nuclear lesion will result in a total hemifacial
paresis. With upper motor neuron lesions, there often will be associated weakness of
the limbs, most commonly the upper extremity when the lesion involves the cerebral
cortex.

An interesting phenomenon is sometimes present when a facial paresis is secondary to an
upper motor neuron lesion (e.g., cortical lesion). Voluntary actions such as asking the patient
to smile will reveal a unilateral facial weakness; however, if respond to a joke a spontaneous
smile, no facial asymmetry is evident. This clinical feature suggests that different pathways
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Figure 5-13. Differential innervation to upper and lower face. As shown, corticobulbar fibers that
will eventually be responsible for innervation of the muscles of the lower face synapse only in the
contralateral facial nucleus in the pons. Conversely, those cortical fibers destined for the upper portion
of the face have inputs to both facial nuclei, from where they innervate the upper face bilaterally (not
shown).

emerge for certain volitional versus emotionally generated motor responses. In addition to
the deficits described above, the patient may report intolerance to high-amplitude auditory
stimulation (hyperacousis) due to the impairment of the stapedius muscle.

While seventh cranial nerve paresis or paralysis may result from various conditions,
including tumors and strokes, Bell’s palsy represents perhaps the most common form of
this disorder. Thought to be viral in origin, the classic symptoms of a lower motor seventh
cranial nerve paralysis, as described above, typically evolve over a few hours to a few
days. Fortunately, while most individuals who suffer from this condition recover within a
few weeks to months, in some cases complete recovery may take much longer, if indeed
it occurs at all. Finally, as in the case of the trigeminal nerve, the facial nerve has many
divisions or branches after leaving the brainstem. Lesions that may affect one or more of
these distal branches may produce a clinical picture of an “incomplete” seventh cranial nerve

palsy.
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CRANIAL NERVE VIII (VESTIBULOCOCHLEAR)

Major Function: Sense of Hearing; Balance, and Equilibrium
Classification: Special Somatic Afferent
Nuclei: Vestibular (SSA)

Cochlear (SSA)

The vestibulocochlear nerve is the last of the three purely sensory cranial nerves. As indicated
by its name, it serves two functions: auditory and vestibular. It is responsible for carrying
information from the vestibular and auditory systems, whose end organs are located in
the inner ear, to nuclei located in the brainstem. Both systems respond to stimuli by the
mechanical displacement or bending of hair cells in a fluid medium. Like cranial nerves VI
and VII, cranial nerve VIII enters the brainstem as a double nerve just posterior to cranial
nerve VII and just anterior to the cerebellum at the pontomedullary junction.

Cochlear Division

The cochlear portion of cranial nerve VIII is responsible for carrying auditory information
from the hair cells of the organ of Corti, which is housed in a fluid-filled, spiral bony
labyrinth called the cochlea in the inner ear, to the brainstem. The energy from the airwaves
picked up by the tympanic membrane (eardrum) is mechanically magnified by the ossicles
of the middle ear and transferred to the fluid of the cochlea. The hair cells within the organ
of Corti are tontopically organized. This tonotopic organization is maintained beginning
with the first synaptic connections in the dorsal and ventral cochlear nuclei in the brainstem
all the way to the primary cortical projection area (Heschl’s gyrus).

Two major pathways—a dorsal and a ventral system—exit from the dorsal and ventral
cochlear nuclei, respectively. All of the postsynaptic fibers from the dorsal cochlear nuclei
cross the midline as the dorsal acoustic stria and the majority ascends directly to the
contralateral inferior colliculi via the lateral lemniscus (auditory pathway in the brainstem).
A few fibers synapse in the contralateral superior olivary nucleus before ascending in the
lateral lemniscus. Postsynaptic fibers leaving the ventral cochlear nuclei take a somewhat
different course, although most eventually also will make their way to the inferior colliculi.
Two fiber tracts leave the ventral cochlear nucleus. One, the intermediate acoustic stria,
like the pathway from the dorsal cochlear nucleus, curves around the dorsal aspect of
the inferior cerebellar peduncle, crosses the midline, and enters the contralateral lateral
lemniscus. The ventral acoustic stria, the largest of the three acoustic stria, follows a more
ventral path around the inferior cerebellar peduncle as it exits from the ventral cochlear
nucleus. As shown in Figure 5-14, fibers from the ventral acoustic stria basically take one
of three courses. They may:

1. Synapse in the ipsilateral superior olivary nuclei, which in turn may send tertiary
fibers to the inferior colliculi via either the ipsilateral or contralateral lateral lemniscus.

2. Send fibers to the contralateral superior olivary nucleus, which similarly projects to
the inferior colliculi.

3. Send fibers directly to the contralateral inferior colliculi, bypassing the superior
olivary nuclei.

These crossing fibers of the ventral acoustic stria (those either directly entering the
opposite lateral lemniscus or crossing before or after synapsing in the contralateral or
ipsilateral superior olivary nuclei) make up what is known as the trapezoid body, which is
seen in the pontine tegmentum. Because of the incomplete crossing at this elementary level,
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(a) Heschl's gyrus
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Figure 5-14. Auditory Pathways. (a) A schematic representation of the dorsal acoustic stria, which
emanate from the dorsal cochlear nuclei, and the intermediate acoustic stria, which derive from the
ventral cochlear nuclei. (b) In order to simplify the illustration, the ventral acoustic stria (also derived
from the ventral cochlear nuclei) is shown separately. Note that the dorsal and intermediate stria both
cross the midline before entering the lateral lemniscus, while the ventral stria have multiple inputs to
the lateral lemniscus, both ipsilateral and contralaterally.

AN, abducens nucleus ML, medial lemniscus

CP, cerebral peduncle MLF, medial longitudinal fasciculus
CTT, central tegmental tract PT, pyramidal tract

DSCP, decussation of the superior cerebellar peduncle  Pul, pulvinar

IC(SP), internal capsule, sublenticular portion RN, red nucleus

ICP, inferior cerebellar peduncle SN, substantial nigra

LGN lateral geniculate nucleus VCN, vestibulocochlear nerve

MCP, middle cerebellar peduncle VST, vestibulospinal tract
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(b) Heschl's gyrus
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Figure 5-14. (Continued)

it is thought that the superior olivary nuclei may be important in the localization of sound,
apparently responding to the slight time differential it takes for sound to arrive at the two
ears. However, this asymmetry of input is preserved all the way to the cortex, thus also
potentially allowing for some mediation of this effect at higher levels.

The above description fails to capture the full complexity of the auditory pathways at
the brainstem level. A few additional considerations may help. Although the eighth cranial
nerve generally is considered to be a pure sensory nerve (hearing and vestibular sense), there
are several motor components that can affect hearing. The nuclear complex surrounding
the superior olivary nuclei appears to be the source of an olivocochlear pathway that can
modulate sound by altering the sensitivity of hair cells in the organ of Corti. The ear’s
sensitivity can also be altered by the respective actions of cranial nerves V and VII via
differential tension on muscles controlling the tympanic membrane and stapes of the middle
ear. Also, although the pathways are not well defined, some auditory input probably reaches
the ascending reticular formation and those nuclei responsible for eye movements, such
as CN III and VI (probably via the MLF), and movements of the head or neck (colliculi



The Cranial Nerves 145

and CN XI). The former likely serves a general alerting function, while the latter probably
establish the anatomical bases for various reflexes, such as orienting the eyes and head to
auditory stimuli, especially when they are loud or unexpected.

As previously noted, the major proportion of fibers leaving the cochlear nuclei ends
up ascending in the lateral lemniscus to the inferior colliculi. At this level there is some
additional crossing of the fibers between the two colliculi. From each of the inferior colliculi,
ipsilateral connections are established with the medial geniculate nuclei via the brachium
of the inferior colliculi. In turn, the medial geniculate nuclei send projections (via the
sublenticular portion of the internal capsule) to the primary auditory cortex (Heschl’s gyrus)
located in the recesses of the lateral fissure in the temporal lobe. Unlike the visual, motor, and
somatosensory systems that are primarily crossed, the auditory system from the superior
olives to the cortex has a more extensive bilateral representation. The left auditory cortex,
however, still receives most of its input from the right ear; estimates of up to 40% of its
input is from the ipsilateral ear. This redundancy in the system, or the bilateral input to the
primary auditory cortex, assures that unilateral injury to Heschl’s gyrus produces minimal
clinical deficits. In order for cortical lesions to produce significant clinical deficits, bilateral
lesions to Heschl’s gyrus or a lesion that involves Heschl’s gyrus unilaterally with extension
to white matter connections to the contralateral Heschl’s gyrus are necessary.

Vestibular Division

The vestibular system provides two general types of information: (1) the orientation of
the head in space and (2) the movement of one’s body (head) through space (both the
direction of movement, as well as the sense of movement). As we have noted in earlier
chapters, the integrity of the vestibular system is critical to maintain normal motor functions
and for coordination, balance, or maintaining one’s equilibrium. The vestibular system
apparently provides highly reliable and accurate information regarding spatial orientation
and direction of movement, but is still probably very dependent on collateral inputs from
other sensory systems. One fairly common illustration of this fact can occur in scuba diving.
In very deep dives where neither the surface nor the bottom can be visualized and there
are no perceptual forces of gravity operating, it is extremely easy (and very disconcerting)
to become “disoriented” and literally not know which way is up. Equally distressing is to
unknowingly be diving along an incline, thinking it is a horizontal plane, then discover that
one’s bubbles are not “rising” but appear to be floating off in what now appears to be a
horizontal direction. A diver in such situations may experience “dizziness” or other signs
associated with vestibular disturbances.

The sensory organs for the vestibular system, located in the inner ear, include the three
semicircular canals, the utricle, and the saccule. The semicircular canals represent three
different planes or orientations in space and respond to angular acceleration and deceler-
ation. The utricle responds to gravitational forces and to horizontal linear acceleration. The
saccule responds to linear acceleration in the dorsal-ventral plane. As the fibers for the
vestibular system enter the brainstem, a few course directly to the flocculonodular lobe of
the cerebellum, while most synapse in the vestibular nuclei (superior, inferior, medial, and
lateral).

The vestibular nuclei give rise to both the ascending and descending MLF. The former
importantin ensuring that changes in the position of the head will resultin equal compensatory
movements of the eyes in order to maintain stability of the visual image despite movement
of the head in space. The connections between the vestibular nuclei, the cerebellum and the
spinal cord (via the descending MLF) are reciprocal. It has been noted that the vestibular
nuclei play a major role in maintaining body posture and equilibrium. While many motor
responses to vestibular stimulation arereflexiveinnature (e.g., excitation of antigravity muscles
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to maintain balance), the vestibular system also likely plays a significant role in the coordi-
nation of conscious motor activities. Finally, projections to the cortex may serve two (probably
more) basic functions.Direct connections with the visual system (e.g., eye movements through
the MLF) ensure that changes in the position of the head will result in equal compensatory
movements of the eyes in order to maintain stability of the visualimage despite movement of the
head in space. Finally, projections to the cortex may serve two (probably more) basic functions.
The vestibulocortical connections provide for conscious awareness of the orientation of one’s
body in space or movement through space, and thus allow for the conscious adjustment of
skilled movements (or perhaps, the conscious inhibition of certain reflex righting movements)
during the execution of particular activities.

Lesions of the Vestibulocochlear Nerve
Cochlear Division

The most common symptoms of damage or irritation to the auditory system are tinnitus and
hearing loss. Tinnitus is the perception of “ringing” in one’s ear, which may be characterized
by either high- or low-pitch sounds. A relatively common and benign cause of tinnitus
is medication (e.g., large doses of aspirin). Hearing is one of human’s most acute senses,
both in terms of absolute thresholds and in discriminating discrete, successive stimuli.
Different forms of auditory impairment can result from lesions to the central auditory
pathways (brainstem, thalamus, cerebral cortex) and peripheral systems. The peripheral
auditory system can be impaired due to buildup of wax in the outer ear canal, damage to
the eardrum, changes in the ossicles of the middle ear, and problems with the hair cells
of the inner ear. Despite its sensitivity, the eighth cranial nerve probably is the one cranial
nerve most likely to require specialty examination (by an audiologist) for more definitive
diagnoses. There are, however, several routine procedures that can be carried out at bedside
that can provide good preliminary hypotheses about the relative integrity of various parts
of this system.

The first step is to obtain some measure of absolute thresholds of hearing sensitivity in
each ear. This can be assessed in each ear by close, low-level stimulation that normally could
not be picked up by the opposite ear, for example, the ticking of a watch or by rubbing two
fingers together. Not uncommonly, the patient may have relative loss for certain frequencies,
but this probably is best examined by an audiologist. Certain types of higher-level (e.g.,
cortical) hearing problems such as discrimination or perception of sounds and unilateral
neglect will be covered in Chapter 9. If on routine clinical exam a hearing loss is suspected,
it is important to determine whether the deficit is due to nerve damage or is the result of
some type of conduction (air or bone) loss.

Two tests performed with a 512 Hz tuning fork (lower vibrations can be misinterpreted
as “sound”) can help make this distinction. The first test (Weber test) involves placing the
base of a vibrating tuning fork on the forehead (centered) or on the vertex of the skull.
Normally the sound is perceived as being equal in both ears or as coming from the center
of the head. If the sound localizes to one ear more than the other, it will suggest either a
conduction loss on the side to which the sound localizes or a neural loss in the opposite ear.

In the second (the Rinne test), the base of the tuning fork is placed on the mastoid process
immediately behind the ear (bone conduction). When the patient reports no longer hearing
the sound, the tuning fork (vibrating end) is held near the auditory canal (air conduction).
Normally, the perception should increase during the second step, as air conduction is more
efficient than bone conduction. If the patient hears better with the tuning fork pressed
against the mastoid process than when the tuning fork is held adjacent to the ear, the patient
likely suffers from an air conduction deficit. If the sound is reduced with either placement,
a sensorineural hearing loss is more likely.
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Vestibular Division

The most common symptoms of damage or irritation to the vestibular system (diseases of the
labyrinth or neural pathways) are nystagmus and vertigo, dizziness, and nausea or vomiting.
Nystagmus may be more or less constant or may be brought on by certain maneuvers (e.g.,
positional nystagmus). Causes of nystagmus are multiple and its vestibular origin perhaps
is most clearly established when it is accompanied by vertigo. With regard to the latter, it is
important to note whether the patient has any subjective symptoms of dizziness or vertigo
(the room or occasionally the patient himself or herself is perceived to be spinning or the
normal visual planes tend to be abnormally tilted). If present, these symptoms often are
associated with nausea and vomiting. If vestibular dysfunction is suspected, caloric testing
can be done, comparing the response obtained in the two ears. This test was explored
earlier in our discussion of eye movements and how it could be used to test the integrity
of the caudal pons or brainstem in the coma patient. In addition to providing a test of the
integrity of the vestibular portion of the eighth cranial nerve and vestibular nuclei (and their
connections with the centers for lateral gaze), the caloric test assesses the integrity of the
peripheral mechanisms (labyrinthine complex). If the system is intact, one should produce
nystagmus with the fast component to the side opposite the cold water stimulation. Although
a valuable diagnostic test, cold calorics generally are not performed on a conscious patient
due to the unpleasant side effects (e.g., nausea and vomiting). Although a variety of lesions
can affect cranial nerve VIII and its peripheral organs, acoustic neuromas (cerebellopontine
angle tumors involving the vestibulocochlear nerve) are one cause of slowly progressive
hearing loss associated with tinnitus and vestibular symptoms.

CRANIAL NERVE IX (GLOSSOPHARYNGEAL)

Major Functions: Muscles of Pharynx
Sensation to Throat
Taste
Classification: Special Visceral Efferent
General Visceral Efferent
Special Visceral Afferent
General Visceral Afferent
General Somatic Afferent
Nuclei: Nucleus ambiguus (SVE)
Inferior salivatory (GVE)
Solitary (SVA)
Solitary (GVA)
Spinal n. of V. (GSA)

The glossopharyngeal nerve, as its name implies, primarily is related to functions of the
tongue and pharynx. While it has both sensory and motor components, for all practical
purposes it is generally regarded as a sensory nerve, since it supplies only one small muscle
that has little clinical significance when lesioned (the stylopharyngeus muscle). While it is
possible to isolate some specific functions of cranial nerve IX, such as touch and taste on the
posterior one-third of the tongue, in practice cranial nerves IX and X typically are examined
as a unit by assessing the gag reflex. Cranial nerve IX supplies the afferent limb and cranial
nerve X supplies the efferent limb of this reflex response. The glossopharyngeal nerve enters
(and exits) the anterolateral portions of the rostral medulla just below cranial nerve VIII.
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Sensory Components

Cranial nerve IX mediates the sensation of taste from the posterior third of the tongue and
the pharynx. These fibers synapse in the rostral portion of the nucleus solitarius before
ascending (see cranial nerve VII). The more caudal portion of the nucleus solitarius receives
afferent fibers that monitor blood oxygen levels (from carotid body) and arterial blood
pressure (from carotid sinus), which are relayed to the hypothalamus. General somatic
sensations from the posterior part of the oral cavity (e.g., posterior third of the tongue,
upper pharynx) are mediate via glossopharyngeal connections with the spinal nucleus of
the trigeminal nerve. Other GSA fibers carrying tactile information from the ear also arrive
at the spinal nuclei of cranial nerve V by way of the ninth cranial nerve.

Motor Components

There are two targets for efferent motor pathway associated with cranial nerve IX. First, one
group of fibers innervates one of the muscles of the pharynx (the stylopharyngeus m.), which
assists in the elevation of the pharynx (although this also is accomplished to a somewhat
greater degree by the vagus nerve). The nucleus ambiguus is the source of these special
visceral efferents to the stylopharyngeus muscle. Second, the remaining efferent fibers of
cranial nerve IX innervate the parotid gland via the inferior salivatory nuclei. Thus cranial
nerves VII and IX share two common functions: (1) taste to the tongue (CN X may mediate
taste to the epiglottis) and (2) control of the salivary glands.

Lesions to the Glossopharyngeal Nerve

Touch and taste to the posterior third of the tongue can be used to assess the integrity of
cranial nerve IX. However, as the procedure is somewhat awkward and inconvenient, this
test typically is not done as part of most neurological exams. Therefore, most commonly
cranial nerve IX and X are tested together by checking the presence of the gag reflex, which
assesses the afferent input necessary for this response to occur (see Vagus Nerve).

CRANIAL NERVE X (VAGUYS)

Major Functions: Muscles of Pharynx and Larynx
Parasympathetic Control of Abdominal
and Thoracic Viscera
Sensation to the Throat

Classification: Special Visceral Efferent

General Visceral Efferent
Special Visceral Afferent

General Visceral Afferent
General Somatic Afferent

Nuclei: Nucleus ambiguus (SVE)

Dorsal motor nucleus of X (GVE)
Solitary nucleus (rostral) (SVA)
Solitary nucleus (caudal) (GVA)
Spinal nucleus of V (GSA)

Like the glossopharyngeal nerve, the vagus nerve is a mixed sensory and motor nerve.
From a clinical viewpoint, cranial nerve IX is considered more sensory and cranial nerve
X is considered more motor. Cranial nerve X is larger than cranial nerve IX and exits just
below the glossopharyngeal nerve in the rostral medulla. Although cranial nerves III, VII, IX,
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and X all carry parasympathetic fibers, the vagus nerve is the only cranial nerve mediating
parasympathetic functions that has target organs that lie outside of the cranial vault.

Sensory Components

The rostral portion of the solitary nucleus (n. solitarius) receives fibers from cranial nerve
X, which carry information about taste from the epiglottis. As with cranial nerve IX, the
caudal portions of the solitary nuclei also receive visceral sensory input from the trachea
and larynx via the vagus nerve, as well as from some of the viscera to which it supplies
efferent connections (e.g., lungs, esophagus, stomach, and intestines). Some general sensory
fibers of cranial nerve X carry tactile information from the oral cavity and from the ear.
This sensory input is conveyed to the spinal nucleus of cranial nerve V via the vagus
nerve.

Motor Functions

The vagus nerve also supplies the muscles of the soft palate and pharynx that mediate
swallowing. However, as in the case of its sensory input, the vagus nerve is the only cranial
nerve that supplies motor fibers to the larynx. All these efferent fibers, which are critical for
swallowing and motor speech, originate in the nucleus ambiguus. The other major efferent
pathway of the vagus nerve originates from the dorsal motor nuclei of cranial nerve X
that lie in the medulla. These fibers constitute the parasympathetic branches that supply
the thoracic and abdominal viscera. Some of the preganglionic parasympathetic fibers that
supply the heart appear to come from the nucleus ambiguus. These parasympathetic inputs
reduce the heart rate, constrict the size of the bronchioles, and stimulate peristalsis as well
as gastric, hepatic, and pancreatic activity.

Lesions of the Vagus Nerve

Since the vagus nerve provides most of the motor control to the muscles of the pharynx,
soft palate, and larynx, the integrity of cranial nerve X can be assessed by testing and
observing activities that directly require the use of those muscles. Hoarseness or dysphonia
may suggest difficulties with the larynx. Dysphagia (difficulty swallowing) may suggest
difficulties with the muscles of the soft palate and pharynx (in eating or drinking the patient
may complain that the food or water gets up into the nasal passages). One simple direct
test is to have the patient say, “Ahhh.” The examiner notes whether the palate elevates
symmetrically and whether the uvula deviates. With lesions affecting the tenth cranial nerve,
the palate will show reduced elevation (or fail to elevate) on the affected side, causing the
uvula to deviate to the unaffected side. Another direct test is to stimulate each side of the
palate and observe the gag reflex. Remember, the afferent side of the “gag reflex” is mediated
by the glossopharyngeal nerve, and the motor side by the vagus nerve. Thus, an absent or
diminished gag reflex does not indicate whether cranial nerve IX or X is involved. If the gag
reflex is intact, however, this argues for the integrity of both cranial nerves IX and X.

Cranial Nerves and Speech Production

While discussing motor functions of the larynx, pharynx, soft palate, tongue, and lips, a few
general comments about motor speech function are warranted. Speech requires the integrity
of various cranial nerves that mediate movement of the jaw (CN V), the lips (CN VII), the
tongue (CN XII), the soft palate and the pharynx (CN IX and X), and the larynx (CN X). All
of these motor systems must be intact for well-articulated speech. The afferent feedback from
these muscles also must be intact. Ultimately, the motor programming for the execution of
speech is derived from higher cortical centers, but these cortical commands must be executed



150 Chapter 5

at the level of the cranial nerves. To vocalize certain guttural sounds such as hard K or G
sounds or “Ahhh,” the soft palate must elevate and close off the nasal-pharyngeal passageway.
Failure of the palate to elevate produces a nasal quality to the voice. Phonation is carried
out by the larynx and articulation is carried out by pharynx, soft palate, tongue, lips, and
to a lesser extent the mandible. Lingual sounds are those that require maximal deviation of
the tongue, such as “D,” “L,” and “T.” Labial sounds are those that emphasize the actions
of the lips, such as “B,” “M,” and “P.” Thus, to test for proper elevation of the palate, the
patient can say “Ahhh”; to test for proper coordination of soft palate, tongue, and lips in
speech production, the patient may be asked to repeat “kuh, tuh, buh,” either singly or as
a group in sequence. In general, it is important to remember is that disturbances of speech
do not always translate into “cortical lesions”; disturbances at the level of the brainstem
(or cerebellum) also significantly can impact motor speech production (i.e., dysarthria).

CRANIAL NERVE XI (SPINAL ACCESSORY)

Major Functions: Turn Head

Lift Shoulders
Classification: Special Visceral Efferent (SVE)
Nucleus: Accessory (SVE)

The accessory (also known as “spinal accessory”) nerve is considered a pure motor nerve. It
supplies the sternocleidomastoid muscle, which assists in turning the head to the contralateral
side, and the upper trapezius muscle, which allows for lifting or shrugging of the shoulders.
Despite its apparent simplicity, this nerve has several unusual features. First, it is the only
cranial nerve that has its major nucleus in the spinal cord and whose fibers arise at the spinal
level. The accessory nucleus consists of cells in the lateral portion of the anterior horn of
the spinal cord at the level of C-1 through C-5. The rootlets emerge from the cord at these
levels, but then ascend through the foramen magnum before exiting as the 11" cranial nerve.
The cerebral source of activation for the trapezius is in the contralateral precentral gyrus.
The tracts for the cortical innervation of the spinal nuclei responsible for the contraction of
the sternocleidomastoid muscles have not been well defined. However, it has been suggested
that these connections are predominately ipsilateral. There is certain logic to this, since the
activation of this muscle causes the head to turn to face the contralateral hemispace. It also
is unclear whether a small group of fibers that originate in the caudal sections of the nucleus
ambiguus that supply the larynx should be considered part of the accessory nerve. These fibers
travel a very short distance with cranial nerve XI before joining the vagus nerve to the larynx.
Some authors believe that these fibers more properly belong to the tenth cranial nerve.

Lesions of the Spinal Accessory Nerve
Sternocleidomastoid

The normal contraction of the sternocleidomastoid muscle results in the turning of the head
to the opposite side. Hence, in testing the integrity of the muscle (nerve), the patient is asked
to turn his or her head against resistance to each side. Weakness when attempting to turn
the head to one side suggests a lesion of the contralateral 11" cranial nerve.

Trapezius

The upper trapezius serves to support the shoulders and upper back. Lesions affecting this
part of the nerve may result in a slight drooping of the shoulder. In formal examination,
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the patient is asked to shrug the shoulders against resistance, observing for asymmetries in
strength or changes in the position of the scapula (downward and outward rotation).

CRANIAL NERVE XII (HYPOGLOSSAL)

Major Function: Movement of the Tongue
Classification: General Somatic Efferent
Nucleus: Hypoglossal (GSE)

The hypoglossal nerve is considered to be a pure motor nerve. Like cranial nerve XI,
the hypoglossal nerve consists of multiple rootlets. The hypoglossal nerve is found in the
rostral medulla just a little below the abducens nerve (CN VI). It exits the medulla in the
anterolateral sulcus (between the pyramids and the olives), thus placing the hypoglossal
rootlets more anteriorly in the brainstem than cranial nerves IX, X, and XI, all of which exit
lateral to the olive.

The solitary function of cranial nerve XII is to control movements of the tongue. A
unilateral lesion involving the nucleus or nerve (i.e., a LMN lesion) will result in atrophy
on the side of the lesion and weakness of the muscles on that side. Because of the manner
in which the muscles operate the tongue when protruded, weakness on one side will result
in the tip of the tongue being deviated to the same side as the lesion when the tongue is
protruded. This is because as the tongue is pushed forward, the muscle on the intact side
of the tongue is unopposed by the muscle on the affected side.

Lesions of the Hypoglossal Nerve

The first step in attempting to identify a possible dysfunction of the hypoglossal nerve is
to simply observe the tongue for deviation (toward side of the lesion) on protrusion or for
atrophy or fasciculations. One also can test the strength of the tongue when pressed against
the inside wall of the cheek. Here one would look for weakness when asked to press on
the cheek opposite the lesion. Consistent with the findings in the peripheral musculature,
atrophy of the tongue and fasciculations are associated with lesions of the nucleus or nerve
(lower motor neuron lesion). In lower motor neuron lesion the tongue will deviate toward
the side of the lesions, whereas in an upper motor neuron lesion (because of the contralateral
representation) the deviation will be to the side opposite the lesion.

Endnotes

1. These components are sometimes referred to as “branchial motor” since they are derived
from the branchial arches: if we were fish, these would have developed into gills.

2. While a medial and (less frequently) an intermediate olfactory stria also are described,
most authors seem to agree that the lateral olfactory stria represent the major cortical
pathways for olfactory input. The medial and intermediate olfactory stria may have
very limited olfactory input, if any, to the subcallosal or septal area and to the region
of the anterior perforated substance.

3. Although perhaps one of the less frequently tested cranial nerves, detecting the
presence of anosmia may offer important clinical insights, especially following closed-
head injuries. Nils Varney (1988) reported that in one sample of head injury victims,
the presence of anosmia was very highly correlated with failure to maintain steady
employment, despite the relative absence of deficits on formal neuropsychological
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measures. Of course, the lack of vocational success within this group (along with their
anosmia) was likely due to lesions of the orbital frontal cortices.

4. Why is it that when you look in a mirror, the image appears reversed right to left, but
not up and down?

5. A lesion that selectively affects the lateral aspect of the chiasm (i.e., the fibers deriving
from the temporal portion of the retina) may produce a nasal field cut in the ipsilateral
eye. An internal carotid artery aneurysm that puts pressure on the lateral portion of
the chiasm might produce such a finding.

6. As an individual ages, the capacity of the lens to make this adaptation diminishes;
hence, the frequent need for bifocals beginning in the fourth or fifth decades.

7. Although anatomical documentation could not be found, we suspect that this crossing
of superior rectus fibers allows for synapses within the contralateral nucleus, thus
establishing a mechanism for conjugate upward gaze.
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CHAPTER OVERVIEW

The basal ganglia may well come to represent the “ugly duckling” of the central nervous
system. As knowledge of these structures has expanded, so too has our appreciation not
only of their functional but also of their structural complexity. From a structural standpoint,
new insights are constantly emerging with regard to their topographical boundaries, internal
cytoarchitecture, intrinsic and extrinsic connections, and neurochemical substrates. The basal
ganglia long have been viewed as being an integral part of the motor system. The identifi-
cation of specific feedback loops among the cortex, basal ganglia, and thalamus involving
both direct and indirect pathways, along with improved understanding of underlying neuro-
transmitter systems, have provided us with better insights into how these structures might
contribute to both normal and abnormal movements. Equally as exciting, however, has been
the relatively recent appreciation of the richness of basal ganglia connections, particularly
those to prefrontal and limbic cortices. The latter, forming what might be characterized
as independent neural networks subserving multiple cognitive and emotional behaviors,
suggest that the basal ganglia may play an intricate role in modulating much more than
simply motor expression. The concept of multiple feedback loops, especially those involving
what has become recognized as the ventral striatal and ventral pallidal systems, have offered
clues for a better understanding of a number of behavioral disturbances and psychiatric
disorders. Knowledge of these systems along with their neurochemical substrates likely
also holds the key to continued improvements in the treatment of both neurological and
psychiatric disorders.

In the course of this chapter, the reader will first find a review the basic anatomy of the
basal ganglia. Particular emphasis will be devoted to exploring their interrelationships with
other brain structures, forming what has been characterized as multiple and at least quasi-
independent neural networks, as mentioned above. Next, specific symptoms and neurobe-
havioral syndromes associated with lesions or functional disturbances involving various
components of these networks will be explored. While in this chapter special attention will
be paid to motor disturbances, the groundwork will be laid for trying to understand the
role of the basal ganglia in mental and emotional disorders, a topic that will be further
explored in Chapter 11. Finally, hypotheses regarding the potential role of the basal ganglia
in normal behavior, both with regard to motor and non-motor activities will be reviewed.
The reader is directed to Chapter 3 and Chapter 9 (Part III) for additional discussions of
the probable roles of the cerebellum and various cortical regions, respectively, in motor and
other behavioral expressions.

INTRODUCTION

The basal ganglia, in the general clinical connotation of the term, refers to a collection of
subcortical nuclear masses that traditionally have been associated with the “extrapyramidal”
motor system.! From a strict anatomical perspective, the term “basal ganglia” refers to
those nuclear masses of the telencephalon that lie beneath the cortical mantle. These include
the caudate nucleus, putamen, globus pallidus, claustrum, amygdala, and other basal-
frontal nuclei, such as the nucleus accumbens and substantia innominata.? However, it is
not uncommon for only the first three of these structures (the caudate nucleus, putamen,
and globus pallidus) to be mentioned when clinicians discuss lesions of the basal ganglia.®
All three structures have strong anatomical, neurochemical, and functional connections
with the cerebral cortex and thalamus. However, they also have significant connections
with other subcortical nuclei, particularly the subthalamus, ventral tegmental area, and the
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substantia nigra. These two latter areas represent the major sources of dopamine, one of
the neurotransmitters most frequently associated with this system. Lesions in any of these
areas can result in motor or other behavioral disturbances. Thus, when referring to the
“basal ganglia” as an anatomical entity, the most common connotation is probably that of
the caudate nuclei, putamen, and globus pallidus. However, when speaking of the basal
ganglia as a functional system, the subthalamus, ventral tegmental area, substantia nigra, as
well as parts of the thalamus proper are typically included.

There are several other terms that often are applied to portions of the basal ganglia
that require definition. Unlike the term “basal ganglia,” whose referents may vary, there
appears to be more consensual agreement with respect to the following appellations. The
term corpus striatum refers to the caudate nucleus, putamen, and globus pallidus.Thus it
is comparable to but more precise than the term “basal ganglia” in its most common usage.
In contrast, the terms striatum or neostriatum refer collectively to just the caudate nucleus
and putamen. These structures share similar histology and general patterns of connectivity
and in fact are joined anatomically in their most rostral aspects prior to being separated
by the fibers of the internal capsule. The nucleus accumbens, which appears to represent a
ventral extension of the rostral caudate and putamen (see below), is commonly referred to
as the ventral striatum. The putamen and globus pallidus also are grouped together and
referred to as the lentiform or lenticular nuclei, because of their wedge or “lens” shaped
appearance, both in coronal and axial sections. Finally, the globus pallidus is sometimes
known as the pallidum or paleostriatum (Table 6-1).

Just as there may be some confusion when considering the anatomy of the basal ganglia,
their functional significance is also a bit of a mystery.* As noted above, the basal ganglia
long have been considered an integral part of the motor system. Their major influence
on peripheral motor systems appears to be via the corticospinal or corticobulbar tracts
(i.e., the “pyramidal” system) by way of thalamocortical feedback loops or pathways. It
is predominately through these thalamocortical feedback loops that the basal ganglia are
believed to help “fine tune” cortically generated movements. As will also be noted, although
the consequences of lesions or disease to the basal ganglia on the motor system have
been well documented, there still is considerable debate when attempting to define their
contribution to normal motor activities.

In addition to the more traditional association between the basal ganglia and motor
functions, we also will see that a substantial portion of the afferent and efferent connections
of the basal ganglia extend well beyond the boundaries of the sensorimotor cortices. The
more recent discoveries of extensive connections with prefrontal and corticolimbic structures
suggest that the basal ganglia likely exert significant influences on cognitive, emotional, and

Table 6-1. Various Nomenclature for Basal Ganglia Nuclei

Term How Used Nuclei
Basal ganglia Broad anatomical Caudate, putamen, globus pallidus,
(exceedingly rare) claustrum, amygdala, frontobasalar n.
Basal ganglia Common anatomical Caudate, putamen, globus pallidus
Basal ganglia Clinical/functional Caudate, putamen, globus pallidus,
substantia nigra, subthalamus.

Corpus striatum Caudate, putamen, globus pallidus
Striatum (neostriatum) Caudate and putamen

Lentiform (lenticular) nucleus Putamen and globus pallidus

Paleostriatum (pallidum) Globus pallidus
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motivational systems. However, as with their motor functions, determining the nature and
scope of these influences is often difficult. Before addressing these functional issues, it might
be helpful to review the anatomy of these various nuclei and their interconnections.

ANATOMY

Caudate Nuclei

The caudate nuclei are two, deep, midline subcortical nuclear masses that developed into
elongated “C”-shaped structures as the brain developed and the telencephalon expanded
into its current state. The shape of the caudate nuclei resembles an elongated tadpole with
an enlarged portion or “head” located anteriorly or rostrally, a tapering body and a long,
slender “tail” that curves in a posterolateral and ventral direction. As can be seen in Figures 6-1
and 6-2(d-h), the head forms a distinct bulge on the lateral wall of the frontal horn of the
lateral ventricle, with the body maintaining a comparable position along the lateral wall
of the body of the lateral ventricle. The tail ends up lying in the dorsum or roof of the
inferior (temporal) horn of the lateral ventricle, terminating near the amygdala in the antero-
medial temporal lobe. When viewed in either a horizontal or coronal section, the head
of the caudate nucleus protrudes into the lateral wall of the anterior horns of the lateral
ventricles, creating their characteristic “boomerang” shape. The caudate is continuous with
the putamen in its most rostral aspect, but the caudate and putamen soon become separated
into distinct nuclei by the anterior limb of the internal capsule (Fig 6-1a). At this level,
the nucleus accumbens represents the ventral extension of the conjoining of these nuclear
masses. Throughout its course, the stria terminalis, a fiber pathway connecting the amygdala
with the hypothalamus and septal regions of the basal forebrain, lies adjacent to the caudate.

Putamen

As previously noted, the putamen, which is histologically similar to the caudate, is
continuous with the latter in their more rostral extensions (see Fig 6-2c, right side). Even
as the internal capsule cleaves these bodies, strands of gray matter linking the two still
may be appreciated traversing the internal capsule in Figure 6-1a. These strands are known
as the transcapsular striae or cell bridges. As can be seen in the accompanying figures, as it
progresses caudally, the putamen becomes clearly separated from the head of the caudate by
the anterior limb of the internal capsule. The external capsule and the claustrum border the
lateral aspect of the putamen. The globus pallidus lies on its medial surface, the two being
separated by the lateral (external) medullary lamina of the globus pallidus, which may be
seen in Figure 6-1c. Recall that the putamen and globus pallidus, which form a triangular
or wedge-shaped mass, are collectively referred to as the “lenticular” nuclei. This perhaps
can be seen most clearly on the axial sections (Figure 6-2) where the lenticular nuclei are
lateral to and bounded by the anterior and posterior limbs of the internal capsule. While
both the caudate and putamen receive considerable input from the cortex (see below), the
putamen receives a disproportionate share from the primary sensorimotor cortices, while
the caudate is more closely related to cortical association areas.

Globus Pallidus

The globus pallidus (literally, pale sphere) phylogenetically is an older structure (paleos-
triatum). As its name implies it has a somewhat “paler” appearance than other basal ganglia
structures as a result of the multitude of myelinated fibers traversing it. The globus pallidus
constitutes the medial portion of lenticular nuclear complex. It is separated from the putamen
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Figure 6-1. (Continued)
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CST, CBF, CPF

Figure 6-1. (Continued)
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Coronal sections through the basal ganglia. Brain images were adapted from the Interactive

Brain Atlas (1994), courtesy of the University of Washington.
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by the lateral medullary lamina and from the thalamus by the internal capsule. The globus
pallidus is divided into two components: a medial or internal segment (GPi) and a lateral or
external segment (GPe) by a medial (internal) medullary lamina. Although both segments
receive afferent input from the caudate and putamen, as will be seen later, the pattern
and functional significance of their other connections would appear to differ significantly.
For now, one might simply note that while the output of the external segment is directed
primarily to the substantia nigra and subthalamic nuclei, the medial or internal segment’s
main output is to the thalamus. The latter represents the primary source of the lenticulotha-
lamic fibers, which in turn constitute a major part of the cortical feedback loops via the
thalamus (see below).

Ventral Striatum and Ventral Pallidum

On coronal brain sections at the level of the anterior commissure and optic chiasm (see
Figure 6-1b), an area of gray matter can be found lying between the horizontal plane
of the anterior commissure and the ventral surface of the brain. With the exception
of the preoptic nuclei of the hypothalamus that occupy part of this region, this area
was once simply referred to as the substantia innominata, reflecting the anatomists’
uncertainty as to the specific origin or nature of these nuclei. Now it is recognized
that this area includes the basal nucleus of Meynert (the origin of multiple cholinergic
pathways), the extended amygdala,® as well as the ventral, posterior extension of the nucleus
accumbens or the ventral striatum and the ventral extension of the globus pallidus or
ventral pallidum. As we shall see, these ventral portions of the corpus striatum intimately
are associated with structures that are related to emotional processing and motivation
(Heimer, 2003). Furthermore, these ventral portions of the basal ganglia also contribute to
cortical feedback loops through the thalamus (see discussion of cortical circuits later in this
chapter).

Subthalamus

The subthalamus, which lies below or caudal to the thalamus around the lateral walls of
the third ventricle (Figure 6-1e,f), contains several discrete nuclear groups. These nuclear
groups include the zona incerta, field H of Forel, and the subthalamic nucleus of Luys.

o
<

Figure 6-1.

LGN, lateral geniculate nucleus PHG, parahippocampal gyrus
LV, lateral ventricle PP, prepyriform cortex
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MB, mammillary body RN, red nucleus
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Med, medulla SC, superior colliculus
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MTT, mammillothalamic tract STG, superior temporal gyrus
OC, optic chiasm STN, subthalamic nucleus

OT, optic tract SubT, subthalamus

OTG, occipitotemporal gyrus T, thalamus

P, putamen V, vermis (of cerebellum)
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(b)

Figure 6-2. Axial sections showing structures of the basal ganglia. Brain images were adapted from
the Interactive Brain Atlas (1994), Courtesy of the University of Washington.
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Figure 6-2. (Continued)
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This latter nuclear group is more or less continuous with the substantia nigra in its caudal
extension and plays an integral part in the corticothalamic feedback loops to be discussed
later.

Substantia Nigra

As noted in Chapter 4, the substantia nigra lies in the tegmentum of the rostral midbrain
just dorsal to the cerebral peduncles (Figure 6-1e,f and 6-2b,c). It is composed of two major
cellular groupings: the more medially located pars compacta and the pars reticularis, which
lies more laterally. The pars compacta, along with the adjacent ventral tegmental area, are
the source of the dopaminergic pathways. The pars reticularis is structurally similar to the
medial segment of the globus pallidus, and like the latter is a major source of efferent fibers
to the thalamus.

CONNECTIONS

Probably the most common perception of the functions of the basal ganglia relates to
their role in feedback loops that facilitate the smooth execution of movements or facilitate
transitions between individual motor acts. These feedback loops include the cortex, corpus
striatum, substantia nigra, and subthalamic and thalamic nuclei. However, as we later trace
several of these major pathways or connections, it will become clear that the role of the basal
ganglia is far more complex than initially thought and as noted above likely contributes to
various cognitive and emotional aspects of behavior. These pathways and the effects of their
disruption will be discussed below. First, it might be helpful to review the major inputs and
outputs of the corpus striatum and related structures.

Striatum (Caudate and Putamen)
Afferents

The primary input to the striatum is from the cerebral cortex via both the internal and
external capsules. This input is highly topographically organized and is not restricted to
regions that are directly associated with motor control, but comes from diverse cortical
areas, particularly association cortices. Both the caudate and putamen receive inputs from
sensorimotor areas of the cortex and from frontal, parietal, and temporal association areas.
These inputs, however, are differentially distributed such that the putamen receives the
majority of its input from sensorimotor cortex, while the caudate has more extensive input
from non-motor, association areas. The caudate receives projections throughout its length,
but a disproportional amount of fibers enter its anterior enlargement or “head.” The majority
of these latter fibers emanate from the tertiary or “prefrontal,” dorsolateral association
cortices, suggesting the caudate plays a role in the more cognitive aspects of motor or other
“executive” types of behavior. Hence, lesions of the caudate can result in “frontal-type”
cognitive deficits (Cummings & Benson, 1990).

In contrast, the orbital and mesial frontal cortices appear to project primarily to the ventro-
medial portions of the striatum, providing an anatomical basis for still further functional
differentiation within the striatum. Specifically, the nucleus accumbens receives its inputs
largely from structures associated with the limbic system. These sources include the anterior
cingulate gyrus, the basolateral amygdala, and parts of the parahippocampal gyrus. The
extended amygdala (including the bed nucleus of the stria terminalis) is structurally adjacent
to the ventral striatum and may influence it either directly or through the amygdala proper
via the stria terminalis. These connections may allow motivational influences to impact on
the basal ganglia (e.g., the emotional valence of stimuli; see Chapter 8).
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In addition to these more rostral inputs, the striatum also receives considerable input
from the pars compacta of the substantia nigra and from the adjacent ventral tegmental area.
Both of these areas represent dopamine projections. Serotonergic pathways from the raphe
nuclei in the brainstem also provide input to the striatum. Finally, as we shall see, in addition
to feedback loops from the cortex and substantia nigra there also is a thalamic loop. In this
case, the afferent connections primarily emanate from the intralaminar (e.g., centromedian)
and midline thalamic nuclei.

The cortical input to the striatum is largely if not exclusively glutaminergic and is
facilitatory or excitatory in nature. The dopamine pathways from the substantia nigra
(pars compacta) and ventral tegmental area appear to have either facilitatory or inhibitory
influences depending on their site of action. As will be seen in the following paragraph,
the striatum sends projections to both the internal and external sections of the globus
pallidus. The internal globus pallidus, in turn, projects directly to the thalamus, whereas
the cells of the external segment, although also eventually projecting to the internal
segment and onto the thalamus, do so largely by way of the subthalamus. The dopamin-
ergic pathways that project back to the striatal cells that in turn are destined for the
external segment of the globus pallidus utilize D, type receptors and are inhibitory
in nature. Those projecting to striatal cells destined for the internal segment of the
globus pallidus appear to be excitatory, utilizing D; type receptors (Albin, Young, &
Penny, 1989; DeLong, 1990; Mink & Thach, 1993). The possible clinical significance of
these anatomical differences will be discussed later in this chapter when these connec-
tions are reviewed in light of certain disease processes affecting the basal ganglia.
The serotonergic pathways from the raphe nuclei also tend to be inhibitory in
nature.

Efferents

The primary outputs of the striatum are to the ipsilateral globus pallidus and to the
substantia nigra. Projecting both to the internal and external segments of the pallidum, the
output of the striatum, like its input, remains topographically organized. These various
striatopallidal and striatonigral pathways are known to use gamma-aminobutyric acid
(GABA) in their chemical transmission and are thought to be inhibitory in nature.® Just
as depletions in dopamine have been associated with Parkinson’s disease, reductions in
GABA have been linked to Huntington’s disease, which is associated with degeneration
of the striatum, particularly the caudate nucleus. However, disturbances in neurochemical
transmission involving some of these same substances that largely have been associated
with the basal ganglia (e.g., dopamine, GABA, and serotonin) also appear to play a
major role in many psychiatric disturbances (see Chapter 11). Again, this reinforces the
notion that the various nuclei that make up the basal ganglia are more than just “motor”
structures.

Globus Pallidus
Preliminary Considerations

Before reviewing the connections of the internal and external segments of the globus
pallidus, a few preliminary observations may be useful. One, if not the major, role of
the basal ganglia is thought to be to modulate the activity of the cerebral cortex. In
accomplishing this, cortical information is funneled through the striatum to the thalamus
via the internal and external segments of the globus pallidus. The thalamus in turn
projects back to the cortex. While the pallidothalamic connections appear to be primarily
inhibitory in nature, the thalamocortical projections are thought to be mostly facilitatory.
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To keep it relatively simple, think for a moment about motor activity. In carrying out
motor actions, it is necessary that certain motor groups (e.g., the target and agonist
muscles) be facilitated, while other groups (antagonist muscles) be relaxed or inhibited.
However, since most if not all thalamocortical output is excitatory, one way to modulate
cortical activity would be to facilitate those thalamocortical connections to the agonist
muscles, while inhibiting similar connections to the antagonist muscles. The “direct” and
“indirect” pathways through the globus pallidus to the thalamus seem ideally suited to
this task.

“Direct” and “Indirect” Pathways

As can be seen in Figure 6-3, in the direct pathway there are direct connections between the
striatum (caudate nucleus and putamen) and the internal segment of the globus pallidus
(GPi) before the latter sends its output to the thalamus. By contrast, in the indirect pathway
the striatal nuclei first project to the external pallidal segment (GPe) and then detour
through the subthalamus, before going on to the GPi and eventually to the thalamus. By
tracing these connections it can be seen that by inhibiting the “inhibitory” pallidothalamic
neurons (i.e., “disinhibition”), as is the situation in the “direct” pathways, the net effect

Direct Pathway Indirect Pathway

ST  Subthalamus

SNC Substantia Nigra, Pars Compacta
SNR Substantia Nigra, Pars Reticulata
P Putamen

G.P.e Globus Pallidus, Externa

G.P. Globus Pallidus, Interna

CN  Caudate Nucleus

Figure 6-3. Direct and indirect cortical-basal ganglia-thalamic feedback loops. Abbreviations: (+)
facilitatory pathway; (—) inhibitory pathway.
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will be to disinhibit the facilitatory glutaminergic thalamocortical neurons, thus creating
an excitatory influence on those parts of the cortex. These connections then might serve to
enhance the activity of agonist muscles. On the other hand, if selected (inhibitory) pallidotha-
lamic neurons could be facilitated (as is the case in the “indirect,” striatosubthalamopallidal
pathways), the net effect on the targeted thalamic neurons will be inhibitory. Through this
latter arrangement, antagonist muscle groups effectively could be toned down (i.e., normally
excitatory thalamocortical feedback will be reduced).” Although greatly simplified, under-
standing these basic connections and their positive or negative influence on postsynaptic
junctions helps set the stage for the discussions to follow later.

Afferents

The main source of afferent fibers into the globus pallidus is from the caudate and putamen.
These fibers project to both the internal (medial) and external (lateral) segments of the
pallidum from which the direct and indirect thalamic pathways are respectively derived. The
other major identified source of pallidal input is from the subthalamic nucleus. Similar to the
corticostriatal projections, a strong topographical organization persists, with different corti-
caareas ultimately projecting to distinct portions of the globus pallidus. This topographical
organization is a pattern that, for the most part, appears to be maintained throughout
these corpus striatal feedback loops. The input to the globus pallidus from the striatum
is GABAergic and inhibitory, while the subthalamic-pallidal connections are glutaminergic
and facilitatory (excitatory).

Efferents

As previously mentioned, the striatum sends its efferent projections to both the external and
internal segments of the pallidum. In the more direct route, the internal segment sends the
majority of its efferent fibers directly to the thalamus. Whereas in the indirect pallidothalamic
pathway, the external segment establishes connections with the subthalamic nucleus before
it, in turn, sends projections back to the internal segment of the globus pallidus and then
on to the thalamus. Some of the more well-established pallidothalamic connections include
those to the ventral-anterior (VA), ventral-lateral (VL), and dorsomedial (DM) nuclei of the
thalamus. The fibers that travel to the VA and VL nuclei tend to originate in the putamen
and project back to the sensorimotor cortices. Conversely, the fibers that travel to the DM
nuclei generally represent caudate projections and send fibers back to the prefrontal regions
(see Chapter 7). The ventral striatum, which receives input from various limbic structures,
also projects to the magnocellular portion of the dorsomedial nuclei, which in turn projects
to the anterior cingulate region. Finally, other probable thalamic projections include those
to intralaminar nuclei (especially the centromedian and parafascicular nuclei) which project
back to the striatum.

The pallidothalamic fibers, all of which emanate from the internal segment of the globus
pallidus, can take one of two routes to the thalamus. The more dorsal portion of the
pallidum sends fibers medially and slightly caudally, traversing the internal capsule on
their way to the thalamus. This pathway is known as the lenticular fasciculus (field H2
of Forel) (Figure 6—4). By contrast, those pallidothalamic fibers leaving the more ventral
portion of the internal segment take a more caudal loop into the prerubral area before
joining up with the fibers of the lenticular fasciculus and with fibers ascending from the
cerebellum to form the thalamic fasciculus (field H1 of Forel). Those fibers that comprise
the descending loop prior to forming the thalamic fasciculus are known as the ansa lentic-
ularis. Both the fibers of the lenticular fasciculus and the ansa lenticularis are primarily
GABAergic, and hence, are inhibitory. The globus pallidus also sends a much smaller group
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Figure 6—4. Thalamic and lenticular fasciculi.

of fibers to the habenular nuclei (epithalamus) via the stria medullaris and to the midbrain
(pedunculopontine nuclei).

Subthalamus
Afferents

Several sources of input to this nucleus have been identified. The primary source of input,
in terms of number of fibers, appears to be fibers coming from the lateral or external
segment of the globus pallidus (via the subthalamic fasciculus). The subthalamus also
receives input from the cortex, particularly the sensorimotor regions. Input also is received
from the centromedian and parafascicular nuclei of the thalamus, the substantia nigra (pars
compacta), and the pedunculopontine nucleus in the brainstem.® Like most of the other
outputs of the globus pallidus, the pallidosubthalamic fibers are GABAergic and inhibitory.
As in the case of the corticostriatal connections, the cortical inputs to the subthalamus are
likely primarily glutaminergic (excitatory).

Efferents

The two primary outputs of the subthalamus are to the globus pallidus and to the substantia
nigra (pars reticulata). Projections to the globus pallidus are to both the internal and external
segments (Ma, 1997). The internal or medial segment completes the “indirect” feedback
loop to the cortex (cortex — striatum — globus pallidus, external division (GPe) — subtha-
lamus — globus pallidus, internal division (GPi) — thalamus — cortex). A smaller number
of fibers from the subthalamus appear to project back to the striatum. The efferent fibers of
the subthalamus are all primarily glutaminergic, and hence, have an excitatory effect on the
nerve cells to which they project.
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Substantia Nigra
Afferents

The most prominent inputs to the substantia nigra are those from the caudate and putamen.
These inputs are largely GABAergic. Additional inputs come from the subthalamus, globus
pallidus (primarily from the internal segment), and serotonergic fibers from the raphe nuclei.
The cortex also may send a small number of fibers directly to this nuclear group. Most of
the afferent connections are to the pars reticulata portion of the substantia nigra.

Efferents

The substantia nigra sends fibers back to the striatum, primarily from the pars compacta.
These nigrostriatal pathways represent the major source of dopaminergic input to the striatum. It
has been noted that these nigrostriatal connections may be either excitatory (D, receptors)
or inhibitory (D, receptors), depending on the subtype of striatal dopamine receptors on
which they synapse. Neurons in the caudate or putamen that project to the internal segment
of the globus pallidus appear to utilize primarily D,-type receptors. These synapses are
facilitatory. On the other hand, those nigral fibers that project back to striatal cells destined
for the external segment utilize D, receptors and tend to be inhibitory.

The pars reticulata portion of the substantia nigra represents the other major source
of basal ganglia output to the thalamus (along with the internal segment of the globus
pallidus). This (nondopaminergic) portion of the substantia nigra sends efferent fibers to the
ventral anterior and ventral lateral nuclei of the thalamus. The pars reticulata also projects
to the dorsomedial nucleus, which in turn projects back to prefrontal cortical areas. These
nigrothalamic fibers terminate in different areas of the thalamic nuclei than do the palli-
dothalamic pathways, suggesting they may be mediating different functions. Additional
efferent, nondopaminergic connections are sent to the superior colliculi and to the pedun-
culopontine nucleus (PPN). Recall that this latter nucleus (PPN) represents a confluence
of cortical motor and cerebellar and basal ganglia input. Finally, the pars compacta has
descending influences on the raphe nuclei (serotonergic) of the midbrain. Tables 6-2A and 6-2B
provide a summary of suspected neurochemical pathways in the direct and indirect systems.

FEEDBACK LOOPS

As noted, the striatum, particularly the caudate nucleus and the ventral striatum, and
nucleus accumbens receive substantial input from diverse cortical regions. Input to the
putamen is primarily from the sensorimotor cortices, including the supplementary motor

Table 6-2A. Direct Neurochemical Pathways

Pathway Transmitter (main type) Effect
Corticostriatal Glutaminergic Excitatory
Striatonigral GABAergic Inhibitory
Nigrostriatal Dopaminergic(D;) Excitatory
Striatopallidal GABAergic Inhibitory

(internal segment)
Pallidothalamic GABAergic Inhibitory
Thalamocortical Glutaminergic (?) Excitatory

(Net effect on cortical neurons: positive)




172 Chapter 6

Table 6-2B. Indirect Neurochemical Pathway

Pathway Transmitter (main type) Effect

Corticostriatal Glutaminergic Excitatory

Striatopallidal GABAergic Inhibitory
(external segment)

Striatonigral GABAergic Inhibitory)

Nigrostriatal Dopaminergic(D,) Inhibitory)

Pallidosubthalamic GABAergic Inhibitory

Subthalamopallidal Glutaminergic Excitatory
(internal segment)

Pallidothalamic GABAergic Inhibitory

Thalamocortical Glutaminergic (?) Excitatory

(Net effect on cortical neurons: negative)

area on the medial surface of the hemisphere. These latter corticostriatal pathways eventually
project back to these same sensorimotor areas via the VA and VL nuclei of the thalamus.
The remaining corticostriatal fibers largely come from association cortices in the frontal,
parietal, and temporal lobes. The majority of these connections appear to return to the
frontal association cortices. Given that these pathways originate from the cortex, project to
the striatum, and then back to the cortex (via the thalamus), these pathways are referred
to as corticostriatocortical loops. Five such corticostriatocortical pathways or loops have been
identified (Alexander, DeLong, & Strick, 1986) and are described below.

Motor Circuit

This loop likely originates from cortical neurons in the primary motor, supplementary motor,
primary somatosensory, and possibly in adjacent association cortices (Figure 6-5). Axonal
fibers project primarily to the putamen. As is probably true of all corticostriatal pathways,
there are both “direct” and “indirect” routes to the thalamus via the internal and external
segments of the globus pallidus, substantia nigra, and subthalamus. In the case of the “motor”
circuit, the primary thalamic projection areas are the ventral anterior (VA) and ventral lateral
(VL) nuclei, with the topographical organization being well maintained. These nuclei, in turn,
project back to the primary motor, premotor, and supplementary motor cortices. While this
system primarily projects back up to the cortex, some fibers exert an independent descending
influence on the spinal motor pathways via the pedunculopontine nuclei in the midbrain.

Oculomotor Circuit

It might be tempting to view this loop simply as a special subset of the motor circuit that
begins and ends in the primary and supplementary eye fields were it not for a few important
differences. First, some of its cells of origin appear to derive from the dorsolateral prefrontal
cortex. Second, while the putamen is the primary projection site in the neostriatum for the
motor circuit, the oculomotor pathway appears to converge primarily in the caudate nucleus.
From there fibers (again via direct and indirect routes) are sent not only to ventral anterior,
but also to the dorsomedial (DM) nuclei of the thalamus. Finally, whereas the motor circuit
has connections with the pedunculopontine nucleus of the midbrain, the oculomotor loop
establishes connections with the superior colliculi, which, as we have noted in Chapters 4
and 5, are important in oculomotor reflexes and eye movements. This system is apparently
important in executing voluntary eye movements or in conducting visual searches of one’s
environment.
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Figure 6-5. Proposed major cortical-basal ganglia circuits following Alexander, DeLong, and Strick
(1986).

Dorsolateral Circuit

Again, this is where we begin to diverge from the older concepts of the basal ganglia
as strictly a motor system. This “circuit” arises primarily from the dorsolateral frontal
association cortices, although some of the parietal and temporal association areas also
appear to contribute to the afferent side of this basal ganglia loop. Most of the frontal
association fibers travel to the head of the caudate, while the parietal and temporal cortices
likely project to the body and tail of this nucleus. After going through the usual pallidonigral
loops, this system projects both to the VA and DM nuclei of the thalamus. From there,
the majority of the thalamocortical fibers end up back in the dorsolateral or “prefrontal”
association cortices. Because of its connections, this loop is thought to play a role in the
higher cognitive or “executive” functions normally associated with this part of the brain
(see Chapter 9).

Lateral Orbitofrontal Circuit

This circuit appears to represent a transition between the dorsolateral loop described above
and the “limbic” loop to be described below. As the name implies, the origins of the
corticostriatal fibers appear to be generally in the frontal orbital regions, although this
system also may pick up some fibers from the anterior temporal cortices as well. Whereas
the dorsolateral circuit tended to project most heavily to the dorsal head of the caudate,
this system tends to utilize the more ventral or ventromedial portions of the head of the
caudate. Similar to the dorsolateral circuit, the primary thalamic areas on which these
fibers converge are also the VA and DM nuclei. However, their relative distributions
within these nuclei are different. The lateral orbitofrontal system tends to concentrate on
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the magnocellular portions of these nuclei, in contrast to the parvicellular layer of the VA
and probable more diffuse projection to the DM nuclei for the dorsolateral circuits. As
is typical of these circuits, the resulting thalamocortical projections are back to the lateral
orbitofrontal cortices. As we shall see later in discussing the limbic system and the frontal
cortex, these orbitofrontal areas probably are important in mediating basic emotional drives
such as those involved in self-defense (e.g., fight or flight) or appetitive instincts (e.g.,
sex attraction or hunger) and environmental contingencies or learned “social controls.”
Hence, disturbances of this circuit may manifest as behavioral changes (e.g., disinhibition,
emotional lability). Conversely, disorders of this system that lead to excess (as opposed
to deficient) activation might lead to over-control as opposed to diminished control. One
example of the latter is thought to be obsessive-compulsive disorders (OCD), which have
been linked with increased metabolism in this circuit (see: LaPlane et al., 1989; Insel, 1992;
Mega & Cummings, 1994; Modell et al., 1989; Stahl, 1988; Baxter et al., 1992; Zald & Kim,
1996a,b).

Limbic Circuit

In the limbic circuit, striatal input primarily is from allocortex (or juxta-allocortex), including
the anterior cingulate gyrus, medial orbitofrontal areas, hippocampal gyrus, and perhaps
some portions of temporal neocortex. The striatal and pallidal projections also are distinct.
In this case, the incoming fibers project to the region of the nucleus accumbens or ventral
striatum and from there to the precommissural pallidum. These areas then project to the DM
nucleus of the thalamus, which in turn projects back to the anterior cingulate and medial
orbitofrontal cortex.” As we shall see in later chapters, disruption of these areas often leads
to apathy or reduced drive or motivation and in extreme cases akinetic mutism. As was seen
with the lateral orbitofrontal circuits, disturbances of this system often have been linked
with psychiatric symptomatology, particularly OCD and certain features of schizophrenia.
While it has been suggested for some time that schizophrenia may be associated with either
an excess of dopamine or a hypersensitivity of dopaminergic receptors (see Chapter 11),
it also has been hypothesized that some of the negative features of schizophrenia (such
as apathy and withdrawal) may be the result of deficient neuronal activity in this medial
frontal region (Pantelis et al., 1992). Finally, it is also interesting to note that selective lesions
to the anterior cingulate gyrus have been found to be beneficial in relieving OCD symptoms
(Ballantine, 1986).

From the foregoing discussion it is evident that while the different corticostriatocortical
circuits utilize information from various sensory or posterior association areas, the thalamo-
cortical radiations are invariably back to the frontal regions of the brain.'” This organization
suggests that these systems primarily are geared to impact on or modulate the execution of
behavioral programs. As we shall see, this view is consistent with the current theories of
the role of the basal ganglia on higher-order behavior.

Tables 6-3 and 6—4 summarize the major feedback loops that have been identified
based on the different connections reviewed in the previous sections. Further specula-
tions regarding the possible significance of several of these connections will be discussed
following a review of some symptoms associated with lesions or dysfunction of this system.
It should be kept in mind that the structures and connections listed here only offer a very
broad, schematic representation of an exceedingly complex system. Each of the structures
within the system has connections with structures lying outside the system, thus creating
additional “open” circuits that can influence or be influenced by what takes place within
these loops. Finally, refinements and/or additions to this schema can be expected in the
future.
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Table 6-3. Major Feedback Loops Involving Basal Ganglia Nuclei

1. Cortical “direct” pathway: Cerebral cortex — striatum — medial globus pallidus —
thalamus — cerebral cortex*

2. Cortical “indirect” pathway: Cerebral cortex — striatum — lateral globus pallidus —
subthalamus — medial globus pallidus — thalamus — cerebral cortex

3. Cortical-nigral: Cerebral cortex — striatum — substantia nigra — thalamus — cortex

4. Midbrain: Pedunculopontine nuclei — subthalamus — globus pallidus and substantia nigra —
pedunculopontine nuclei

5. Internal striatal: Striatum — globus pallidus — thalamus — striatum

6. Striatal-nigral: Reciprocal, direct connections between the substantia nigra and the striatum

7. Subthalamic: Reciprocal, direct connections between the globus pallidus and the subthalamus

Table 6-4. Summary of Basal Ganglia — Cortical Feedback Loops

Circuit Cortical Origins Striatal/Thalamic Projections ~ Possible Functional Roles
Motor Sensorimotor Putamen/VA, VL Modulate voluntary

movements
Oculomotor Visual eye fields Caudate/VA, DM Voluntary eye movements,

visual search
Dorsolateral Prefrontal? P-T Caudate/VA, DM Higher cognitive,

executive functions
Lateral Orbito-frontal, Ant. Caudate/VA, VM Emotional, instinctual

Orbito-frontal temporal (ventral) drives and behavior

Limbic Ant. cingulate, medial N.accumbens/DM Drive, motivation

frontal, hippocampal

FUNCTIONAL CONSIDERATIONS

Having reviewed the better known structural associations of the basal ganglia, we might
ask, “What are their clinical significance?” Before offering some speculations in this regard,
it will be useful to review some of the more prominent symptoms and syndromes that have
been classically linked with lesions of these nuclear masses and/or their pathways. It is to
these that we now turn our attention.

Recognizing Disorders of the Basal Ganglia

Shortly after the turn of the century, S.A. Wilson described a disease that resulted from
a genetic deficiency in copper metabolism. This disease, which is known as hepatolen-
ticular degeneration, or Wilson's disease, was characterized by muscle tremors, rigidity, and
dystonia. This disease was observed to first affect the liver and secondarily the brain. The
lenticular nuclei, particularly the putamen, were most notably involved and Wilson was one
of the first to use the term “extrapyramidal” in relation to the particular motor disturbances
affecting the basal ganglia.

However, Wilson was not the first to identify a disease that was identified primarily
with the basal ganglia. Almost 100 years earlier, James Parkinson had described a slowly
progressive muscular disorder that bears his name. Parkinson’s disease, which also is
referred to as “paralysis agitans,” is associated with degeneration of the substantia nigra
(pars compacta), which results in depletion of dopamine. Parkinson’s disease is clini-
cally characterized by the tetrad of (1) a coarse resting tremor (particularly of the hands),
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(2) muscular rigidity and resistance to passive movement, (3) bradykinesia (slowness
of movement), and (4) diminished postural reflexes. Parkinson patients also commonly
manifest a slow shuffling gait, masked faces (a flat, expressionless face), micrographia
(small, cramped handwriting), and diminished volume and prosody (emotional intonation)
of speech. Memory loss and depression, although not uncommon, are less consistently
present, especially during the early and middle stages of the disease.

In the latter part of the 19th century, yet another physician, George Huntington, described
a disorder that bears his name, Huntington’s chorea. It was noted that Huntington’s chorea
tended to run in families (an autosomal dominant disorder with 100% penetrance) and was
characterized by bizarre and dramatic choreiform movements and mental deterioration. The
genetic defect subsequently identified as being linked with this disorder is an excessive
number of CAG (cytosine-adenine-guanine) trinucleotide sequences (>35) on chromosome
4, resulting in a mutant form of the huntingtin gene, which is responsible for producing
the huntingtin protein. The CAG sequence, in turn, is responsible for the production of the
amino acid glutamine and inserting it into the huntingtin protein. Thus the excessive number
of CAG sequences present in the gene results in an abnormally large huntingtin protein
containing an excessively large amount of glutamine, which is thought likely to have a toxic
effect on neurons, particularly the GABAergic spiny neurons of the caudate and putamen.
Perhaps for this reason, Huntington’s disease long has been thought to be associated with
relative depletions of GABA (Bird et al., 1973; Perry, Hanson, & Kloster, 1973) and marked
degeneration of the caudate nuclei. However, as will be noted in Chapter 11, changes in
other neurotransmitters are likely also involved. The degeneration in the head of the caudate
results in a flattening of the convexity of the anterior horns, a change that can be identified
on CT or MRI scan (Figure 6-6). Memory disorders and other mental and behavioral
changes, which commonly are associated with this disorder, may either antedate or develop
subsequent to the choreiform movements. It should be noted that although subcortical basal
ganglia structures primarily are involved in both Parkinson’s and Huntington’s diseases,
other areas of the brain, including the cerebral cortex, are likely to be affected.

Figure 6-6. (a) Bilateral degeneration of the caudate nuclei in Huntington’s disease. While some
generalized cortical atrophy is present, compare the shape of the anterior horns of the lateral ventricles
with that of (b) an age-matched control.
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These and other acquired movementdisorders (e.g., striatonigral degeneration, Sydenham’s
chorea, and hemiballismus) all have motor disturbances characterized by abnormal tone
and/or involuntary movements due to involvement of the basal ganglia. These disorders
commonly are referred to as diseases of the “extrapyramidal” motor system. This is because
the basal ganglia were once thought to exert an influence on the peripheral musculature (or
nervous system) that was somehow independent of the corticobulbar or corticospinal tracts or
“pyramidal” system. However, as we have seen, these basal ganglia structures do not have a
direct spinal pathway, but rather serve to modulate or influence cortical motor neurons that
eventually give rise to the corticobulbar or corticospinal (pyramidal) tracts.

Specific Symptoms Associated with Disorders of the Basal Ganglia

Chorea (choreiform movements) refers to sudden, brief (although continuous over time)
purposeless, unpredictable, involuntary jerks. These also have been described as “fragments
of voluntary movements” and may involve the hands, limbs, trunk, or face. Although often
bilateral, these abnormal movements may be restricted to one side of the body. Within these
limits, the distribution of the jerking motions will be variable and apparently random. These
abnormal movements are most commonly seen in Huntington’s or Sydenham’s chorea. In
Sydenham’s chorea the movements are more likely to be restricted to the limbs, whereas in
Huntington’s disease, the truncal musculature is more frequently involved.

Athetosis describes slow, irregular, writhing movements, predominately affecting the
distal portions of the upper extremities, although more proximal muscles of the shoulders,
hips, and trunk also can be involved. Athetosis of the facial muscles results in grimacing and
abnormal movements of the tongue. Again these movements are involuntary and interfere
with both active movement as well as the intention to keep a limb in a fixed position (at
rest). This type of movement disorder appears to result from the simultaneous contraction of
antagonistic muscles. Hypertonicity of the muscles is typically present. At times differenti-
ation of chorea from athetosis is difficult. Elements of both might be simultaneously present
and is referred to as choreoathetosis. Athetosis is commonly associated with cerebral palsy
in which the basal ganglia, particularly the striatum, are affected.

Ballismus is a sudden, involuntary, “flinging” or throwing motion of an extremity.
Although ballismus may involve both sides of the body, it more commonly is limited to one
side of the body (hemiballismus) and typically is associated with lesions of the contralateral
subthalamus. At times this disorder is thought to simply represent a particularly severe
form of chorea.

Dystonia is characterized by a slow, sustained, or prolonged involuntary contraction
of the trunk and proximal musculature, typically producing an abnormally contorted or
“twisted” posture. Dystonia may result from multiple etiologies and again, either may be
generalized or limited to certain, specific muscle groups. Examples of the latter include
spasmodic torticollis or blepharospasm (a forceful closing of the eyelids). In some cases,
the deformity may be limited to the distal portion of a single extremity. Hemidystonia may
result from focal lesions (contralateral) of the striatum and/or thalamus.

Tremors may have multiple etiologies (some nonpathologic) and predominately may
become manifest either at rest, in the performance of an action, or while maintaining a
posture against gravity. The latter, for example, often are seen in cerebellar system lesions or
chronic alcoholism. The type most commonly associated with basal ganglia disease is a resting
tremor with a frequency of approximately 4 to 6 cps. Typically associated with Parkinson’s
disease, the tremor generally involves the fingers and wrists, often resembling a “pill-
rolling” movement. This tremor typically disappears during intentional movements, although
other disorders of movement might be seen (e.g., bradykinesia, rigidity, micrographia).
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Table 6-5. Motor Symptoms Associated with Basal Ganglia Disease

Chorea: Brief, purposeless, unpredictable, involuntary movements

Athetosis: Slow, irregular, writhing movements, especially in distal upper extremities

Ballismus: Sudden, involuntary, flinging or throwing motion of arm

Dystonia: Slow sustained, involuntary contraction of trunk or proximal muscles

Resting tremor: 4 to 6 cps tremor while limb is at rest, most noticeable in fingers (“pill rolling”)
or hands

Rigidity: Increased muscle tone, resistive to passive movement, either “lead pipe”
(constant) or “cog-wheeling” (intermittent)

Bradykinesia: Slowness in initiating or executing voluntary movement

Rigidity frequently is found in Parkinson-type syndromes and is manifested as increased
muscle tone and resistance to passive movement. When the limb is passively moved, there
may be evidence of rapidly alternating resistance and relaxation (“cogwheeling”) or steady
resistance throughout the range of motion (“lead-pipe” rigidity), the former being the more
common. When rigidity is due to basal ganglia lesions, deep tendon reflexes (DTR) may
be normal, which helps to differentiate rigidity resulting from basal ganglia disease from
upper motor neuron spasticity that is associated with hyperactive DTRs and “clasp-knife”
rigidity on passive manipulation of the limbs.

Bradykinesia is characterized by slowness in the initiation and/or execution of voluntary
movement. There also may be a reduction in the number of movements manifested (hypoki-
nesia). Such patients may have difficulty in initiating walking and may walk with a slow,
short, shuffling gait without a normal swing to the arms. Since patients with bradykinesia
are slow to make postural adjustments, balance may be compromised. The face of such
individuals may show limited emotional expressiveness (masked face). Writing tends to
be slow and micrographic and speech is typically monotonic and decreased in volume
(hypophonic). Table 6-5 summarizes these various symptoms.

ETIOLOGY AND EFFECTS OF DISRUPTION OF NEUROCHEMICAL
PATHWAYS

Multiple syndromes involving the basal ganglia have been identified. These can result from
a variety of causes, including;:

Birth defects (cerebral palsy).

Genetic defects (dystonia musculorum deformans, Huntington’s disease).

Metabolic deficiencies (Wilson’s disease).

Infectious or inflammatory disease (Sydenham’s chorea).

Systemic disorders (systemic lupus erythematosus).

Drug toxicity (e.g., phenothiazines — Parkinson-type syndrome, overdose of
L-dopa — choreoathetosis).

7. Neurodegenerative disease (Parkinson’s).

8. Structural lesions (stroke, tumor).

AN N

Earlier in this chapter some of the well-known neurochemical pathways that interconnect
the various nuclear components of the basal ganglia and interface with the thalamus and
cortex were reviewed. As was suggested previously, our knowledge and appreciation
of the complexity of these pathways and their clinical significance is still quite limited.
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However, while recognizing these limitations, even a highly simplified outline of some
of the neurochemical mechanisms purported to underlie several of the more classic basal
ganglia disorders might add to a better understanding and appreciation of the symmetry
of this system. Because the chemical mechanisms and pathways that subserve the motor
symptoms have been studied in greater detail, these will serve as our model. Several of the
more common and well-studied syndromes and/or symptoms associated with lesions to
the basal ganglia, along with their suspected primary chemical mechanisms and pathways,
are reviewed below.!!

Parkinson’s Disease

It has been well established that parkinsonism is related to a degeneration of cells in the pars
compacta of the substantia nigra. This cell loss and neuronal pathology in the substantia
nigra results in a depletion of the neurotransmitter dopamine (Hornykiewicz & Kish, 1987;
Hirsch, Graybiel, & Agid, 1988). As was seen in Figure 6-3, dopaminergic pathways normally
exert a major influence on the striatum and this influence can be either facilitatory or
inhibitory, depending on the particular cells to which they project and the type of receptors
employed (D; versus D,). Recall that the “direct” striatothalamic pathways tend to have a
disinhibitory (i.e., a facilitating) effect on thalamocortical projections and the opposite is true
of the “indirect” pathway, which tends to inhibit thalamic neurons. If there is a reduction
in dopamine to the striatal (caudate or putamen) cells that project to the medial segment of
the pallidum as a result of diminished D, connections (“direct” pathway), these striatal cells
will show reduced rates of firing since dopamine tends to exert an excitatory influence on
them. Consequently, since the striatopallidal connections (GABAergic) are inhibitory, there
will be less inhibitory influences on the cells of the medial segment of the globus pallidus
(GPi), which means the firing rate of these GPi cells should increase. This, in turn, should
result in an increase in the normal inhibitory influence of the GPi on the VA /VL nuclei of
the thalamus. Since these thalamic nuclei are thought largely to exert a facilitatory influence
on the cortex, that influence will be diminished, resulting in diminished cortical excitation
(reduced motor activity of targeted agonist muscles?) (see also Chapter 11).

A comparable effect would be expected with a reduction of dopaminergic input to
the striatal cells projecting to the external pallidal segment (“indirect” pathway), but for
different reasons. Recall that earlier it was noted that the “indirect” striatothalamic pathways
are thought normally to exert an inhibitory influence on antagonist muscles as a way
of inhibiting unwanted motor activity. Since dopamine is thought to exert an inhibitory
influence on this “indirect” system via D, receptors, this means that dopamine normally
would have a modulating effect on this inhibitory system. Thus, if the supply of dopamine
is reduced, as in Parkinson’s disease, this would be expected to result in an enhancement
of the inhibitory influence of the “indirect” pathway as the normal inhibitory dopaminergic
influence on the D, receptors in the striatum is diminished. As can be seen from Figure 6-3,
this would lead to an even greater disinhibition of the subthalamus and an increased facili-
tatory influence on the medial segment (GPi). This, in turn, again means that the GPi would
tend to exert a greater inhibitory influence on the VA/VL nuclei, leading to decreased
thalamic output (reduced cortical excitation).'

However, at first glance, there would appear to be at least one major obvious flaw in
this scenario. As we saw above, given the differential effect that dopamine appears to have
on the striatal neurons that contribute to the direct and indirect pathways, a depletion of
dopamine should have the same end result for both the direct and indirect pathways, namely,
reduced cortical activation. While the majority of the motor symptoms associated with
Parkinson’s disease indeed involve diminished motor activation [e.g., difficulty initiating
movement (akinesia), slowness of movement (bradykinesia), decreased reflexes, “masked”



180 Chapter 6

facial expressions, and decreased speech volume], signs suggestive of increased or overflow
movements also are present (e.g., resting tremors and rigidity)." If the effect of dopamine
depletion is to reduce cortical activation in both the direct and indirect pathways, how are
we to explain the presence of tremors and the rigidity?

One potential explanation for this phenomenon hinges on the assumption that the various
neurochemical transmitters contributing to the proper functioning of the cortical — basal
ganglia — thalamic — cortical motor system normally are in a delicate balance. In the event
of significant dopamine depletion this “balance” (whether between the direct and indirect
pathways, the D, and D, receptors, or the interactions between dopamine and glutamate or
between dopamine and acetylcholine) is disturbed. Itis thisimbalance that may contribute both
to the hypokinetic and the hyperkinetic symptoms (see: Schmidt, 1995). In fact, it also has been
suggested that the relative overactivity of glutamate may be as much if not more of a factor
in producing symptoms in Parkinson’s disease than dopamine depletion itself (Carlsson &
Carlsson, 1990; Greenamyre, 1993; Starr, 1995; Lange, Kornhuber, & Riederer, 1997).1* On
the other hand, the fact that antimuscarinic (anticholinergic) drugs often are effective in
reducing the tremors and rigidity in Parkinson’s disease, suggests thata dopamine/cholinergic
imbalance may be important in the development of these latter symptoms (recall that acetyl-
choline is an important interneuron neurotransmitter within the striatum).

There are additional unanswered questions with regard to Parkinson’s and the model
presented above (Obeso, Rodriguez, & DeLong, 1997). For example, the medial or internal
segment of the globus pallidus tends to exert an inhibitory influence on the VA and VL
nuclei of the thalamus. If these thalamic nuclei in turn tend to have a facilitatory influence
on the motor cortex, then lesions to the internal segment of the globus pallidus, theoreti-
cally at least, should result in dyskinesias or overflow movements as a result of uninhibited
thalamic output. At the same time, lesions affecting the thalamus might be expected to
have a dampening effect on motor activity (i.e., produce bradykinesia or hypokinesia) as a
result of diminished thalamic output. However, this is not what typically happens. While
infarctions involving the basal ganglia (both the striatum and the globus pallidus) might
result in a parkinson-type syndrome (Inzelberg, Bornstein, Reider, & Korczyn, 1994; Reider-
Groswasser, Bornstein, & Korczyn, 1995), unilateral infarctions of the VA or VL (motor)
nuclei of the thalamus rarely lead to permanent, severe motor deficits. To the contrary, thera-
peutically designed, stereotaxic pallidal lesions in Parkinson patients tend to relieve, rather
than exacerbate some of the hyperkinetic symptoms of Parkinson’s disease (e.g., tremors
and rigidity). Lesions in the motor thalamus are even more effective in relieving these
hyperkinetic symptoms without worsening the hypokinetic symptoms. In fact, some seem to
improve in this respect, possibly as a result of reduced muscular rigidity.'> Parenthetically,
a newer, but more controversial, treatment approach to Parkinson’s disease involves the
transplantation of human embryonic cells from the pars compacta of the substantia nigra
into the brains of Parkinson’s patients. These transplanted cells provide a renewed, internal
source of dopamine.

Additional Behavioral Effects of Dopamine Dysregulation

Parkinson’s disease does not just affect the motor system. Affective disturbances along with
other cognitive disturbances often coexist and in some cases a dementia-type syndrome
may develop (Baev, 1995; Boller, 1980; Benson, 1984; Brown & Marsden, 1988, 1990;
Cummings, 1988, Huber & Cummings, 1992; Gabrieli, 1995; Jacobs et al., 1997;
Taylor et al, 1986). Recall that the basal ganglia have connections with most association
cortices, especially the frontal lobes. Also, in addition to the more well-known nigrostriatal
dopaminergic pathways, the ventral tegmental area (VTA) also provides strong dopamin-
ergic links to the limbic and prefrontal areas. In turn, these areas also have links to the
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basal ganglia (Cooper, Bloom, & Roth, 1991). Disturbances of these dopaminergic pathways
and/or of neurotransmitters that directly or indirectly impact on dopamine have been
implicated in various psychiatric conditions, most notably schizophrenia (Cooper, Bloom,
& Roth, 1991; Crow, 1980; Gray et al., 1991, Haber & Fudge, 1998; Davis, Kahn, Ko &
Davidson, 1991; Tassin, 1998). These findings have led to the development of the dopamine
hypothesis of schizophrenia (see Box 6-1; Chapter 11). While this hypothesis is now recog-
nized to be insufficient, in and of itself, to fully explain the etiology and symptoms of
schizophrenia, it does provide some insights into how the basal ganglia and its neurotrans-
mitters may impact on a range of mental disorders.

Box 6-1. Schizophrenia and the Dopamine Hypothesis

In the early 1950s chlorpromazine (Thorazine), being used as an antihistamine, was
noted to have antipsychotic effects. It subsequently was discovered that Thorazine and
related neuroleptics apparently had the capacity to block dopamine receptors, particularly
mesolimbic D, receptors. It also was discovered that chronic use of these neuroleptics
often led to the development of parkinsonian-type symptoms and conversely that
antiparkinsonian drugs (as well as amphetamines and cocaine, which tend to increase
dopamine availability) had a tendency to exacerbate psychotic symptoms. Additionally,
there were reports of increased densities of D, receptors in certain parts of the basal
ganglia in neuroloptic-free schizophrenic patients and elevated levels of homovanillic acid
(a metabolite of dopamine) in the cingulate and frontal cortices of autopsied schizophrenic
patients (Cooper, Bloom, & Roth, 1991). Findings such as these led to the assumption
that schizophrenia was likely related to either an excess of dopamine or a supersensi-
tivity of D, (and/or D,) receptors to the presence of dopamine. While not discarding
the importance of dopamine in the manifestation of schizophrenia, most researchers
currently believe that the dynamics of schizophrenia are probably much more complex
and likely involve numerous other neurotransmitter interactions. For example, many
of the newer, “atypical” antipsychotics, such as clozapine (Clorazil) and risperidone
(Risperdal) appear to exert antipsychotic effects through their ability to block serotonin
receptors (Meltzer, 1990, 1991).

Despite the obvious complexity of these systems, itis interesting to speculate how changes
in dopamine sensitivity might help account for schizophrenic symptoms. For example, if
we apply the analogy of the motor systems (especially the indirect pathways discussed
earlier) to the mesial frontal/limbic loops, it might be suggested that increased dopamine
activity (sensitivity) at D, synapticjunctions may resultin increased inhibition of the indirect
(inhibitory) pathways. This subsequent “disinhibition” of the thalamocortical connections
might then result in an overflow of sensory excitation (i.e., decreased filtering of irrelevant
stimuli) and/or the inability to inhibit competing or intrusive thoughts, both of which may
contribute to some of the positive symptoms of schizophrenia (hallucinations, delusions,
distractibility, nonlinear thinking). Some of the “negative” symptoms of schizophrenia
(apathy, flattened affect, and social withdrawal) have been associated with concomitant
decreases in mesocortical dopaminergic pathways as a result of negative feedback loops
(Davisetal., 1991), relative depletions of glutaminergic activity (Carlsson & Carlsson, 1990),
or enhanced serotonergic activity (hence, the effectiveness of drugs like Clozaril). Finally,
some of the side effects of the phenothiazines (e.g., tardive dyskinesia) are explained as
probably resulting from the “supersensitivity” of D, receptors in the striatal motor pathways
following chronic use of receptor blocking agents.
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Huntington’s Disease

As was noted earlier, Huntington’s disease is associated with degeneration of the striatum.
The pathological changes are most prominent in the head of the caudate and as noted earlier
can be visualized by the loss of convexity in the anterior horns of the lateral ventricles
(Figure 6-6). This degeneration leads to a dramatic loss of GABAergic fibers from the
striatum to the external segment of the globus pallidus and to the substantia nigra. In
many respects, the end result clinically is just the opposite of that seen in Parkinson’s. If
Parkinson’s disease primarily can be characterized as an underarousal of the motor system
or hypokinetic syndrome (e.g., bradykinesia, shuffling gait), Huntington’s is marked by
an overflow of movements or a hyperkinetic syndrome (chorea, athetosis, and ballismus).
A review of the neurochemical pathways in Figure 6-3 reveals why this may be the case.
If the GABAergic striatonigral pathways are generally inhibitory, the net effect of their loss
is to have a disinhibitory effect on the substantia nigra. Being disinhibited, the substantia
nigra thus is free to produce an excess of dopamine, which as we have just seen tends to
lead to excessive motor output.

Likewise, if the normal inhibitory action of the striatopallidal fibers to the external segment
(of globus pallidus) is lost or reduced, the normal inhibitory effect of the pallidosubthalamic
fibers will be increased (since their cells of origin will be disinhibited). With the increased
inhibition of the subthalamus, the excitatory influence it normally has on the medial portion
of the globus pallidus will be reduced, resulting in turn in the diminished firing of the
inhibitory pallidothalamic fibers. The now disinhibited thalamus is free to barrage the cortex
with excitatory impulses, creating the potential for excessive motor output (i.e., overflow
movements).

As will be discussed in greater detail in Chapter 11, increased dopamine has
been associated with psychiatric disturbances, particularly schizophrenic-type illnesses.
Huntington’s is no exception. Frequently, although not invariably, this disorder is associated
with marked behavioral disturbances early in the disease process, including blatant
psychosis, paranoid delusions, and hallucinations (Dewhurst et al., 1969; Garron, 1973;
Lishman, 1987; McHugh & Folstein, 1975; Shoulson, 1990). Mental or cognitive deterioration
also can be encountered in the early stages of this disorder (Barr et al., 1978; Brandt, 1991;
Butters et al, 1978; Caine et al., 1978). As in Parkinson’s, some of these non-motor changes
could be a reflection of more extensive, direct cerebral involvement, but the likelihood is that
many if not most of these effects are produced via basal ganglia connections with non-motor
association cortices, especially those associated with frontal and temporal-limbic systems.

Attempts to treat Huntington’s commonly have involved trying to produce an increase
in GABA in the CNS. However, oral administration of GABA compounds has been unsuc-
cessful, since GABA does not readily cross the blood-brain barrier. Another way to increase
CNS GABA would be to block dopamine receptors, but this means of treatment usually leads
to other complications. Until more effective treatments are found, recent efforts have focused
on identifying at-risk individuals before their childbearing years to reduce the expression
of this disease through genetic counseling. However, the pros and cons of this approach
have been debated because of the psychological impact of presymptomatic diagnosis on the
at-risk individual.

Hemiballismus

Unlike Parkinson’s and Huntington’s, hemiballismus is a symptom rather than a disease
or syndrome. Resulting primarily from a lesion affecting the subthalamus, hemiballismus
can be produced by a variety of conditions, including Huntington’s disease. Going back to
our earlier diagram, what might we expect given a lesion affecting either the subthalamic
fasciculus or the nucleus itself? In either case, the net result should be a reduction in
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excitatory input to the medial pallidum via the subthalamic fasciculus. As was the case
with Huntington’s disease where the inhibitory pathways to the external pallidal segment
were disrupted, the overall effect was to reduce the excitatory influence of the subthalamus
on the inhibitory pallidothalamic fibers, producing a disinhibitory influence on the VA/VL
thalamic nuclei. This in turn results in increased glutaminergic (excitatory) stimulation of the
motor cortex, hence possibly creating the necessary environment for overflow phenomena
such as involuntary ballistic movements. These mechanisms also help explain why such
symptoms can present as part of the manifestations of Huntington’s disease, as well as why
overdoses of L-dopa also can lead to extraneous motor activity.

ROLE OF THE BASAL GANGLIA IN NORMAL BEHAVIOR

The preceding review focused primarily on motor symptoms associated with disturbances
of the basal ganglia and was intended to offer some insight into the function of these
subcortical nuclei. Although we now have reason to suspect that the basal ganglia also play
an important role in a wide variety of cognitive and behavioral functions, the precise role of
the basal ganglia nuclei in these latter areas are not clear. Nonetheless, it may be useful to
review what we know, or at least suspect, about the role of the basal ganglia in both motor
and non-motor behaviors.

Motor Behavior

One of the first questions to ask is whether as a group the basal ganglia (i.e., the caudate,
putamen, globus pallidus, subthalamus, and substantia nigra) have a role or do they subserve
multiple roles in the overall scheme of the central nervous system? Another way of phrasing
the question may be to ask whether the sum of the activity of the basal ganglia is ultimately
directed to the execution of motor response programs or are they also responsible for
cognitive and emotional activities independent of specific motor activities? While it might
be desirable to discover a single rubric under which all the activities of the basal ganglia
could be subsumed, this goal is not likely to be fulfilled in the near future. For now, the
best we may be able to do is to search for pieces of the puzzle.

Perhaps the logical place to start is in the area of motor activity: “What role do the basal
ganglia play with regard to motor behavior?” First, most authors seem to agree that the basal
ganglia probably are not primarily responsible for formulating or initiating motor responses
(that being primarily the role of the prefrontal and agranular frontal cortices; see Chapter 9).
However, the basal ganglia would appear to have the potential to facilitate the activation
of some motor responses, while at the same time having an inhibitory influence on others.
Most investigators seem to agree that the basal ganglia likely play a role in the following
aspects of motor behavior:

—_

Preparation for specific motor responses.

Smooth transitioning from one motor response to another.

3. Inhibiting movements or sets of actions that might interfere with the proper execution
of the primary intended action.

4. Monitoring the direction, speed and amplitude of movements as a means of preparing
for the next movement.

5. Initially learning and, later, smoothly executing series or patterns of movements

6. Possibly adapting to the internal and external (environmental) demands being placed

on the organism and/or comparing planned or intended actions with outcome.'®

N
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Table 6-6. Comparison of Symptoms of Cerebellum vs
Basal Ganglia Disease

Cerebellum Basal Ganglia

Loss of balance/equilibrium Slowness of movement
Ataxia/Asynergy Chorea/athetosis/ballismus
Intention tremors Resting tremors

Hypotonia Hypertonia/rigidity

So how does all this translate into everyday motor activities? A useful model might be
that of driving a car. Assume you are driving along the interstate. You are in a relaxed mood,
singing along with the radio, or indulging in your “fantasy de jour” as you drive. Almost
unconsciously you are making occasional, minor adjustments in your steering to stay in your
lane, perhaps even negotiating gentle curves in the road without giving them any thought.
At this point, connections between the visual system and the frontal agranular cortices are
clearly operative, as is the cerebellum (as witnessed by the smooth, delicate movements
of the steering wheel). What may be less apparent is the role played by the basal ganglia
under these circumstances.'” However, suppose that suddenly the car in front of you begins
to behave erratically. Your singing or fantasizing stops abruptly, your posture becomes
more erect, your grip on the steering wheel tightens slightly, and you become conscious of
the brake pedal, even though you may not immediately take your foot off the accelerator.
You are preparing for the possibility of having to make rapid adjustments in your motor
response based on a change in external events and your own internal state of apprehension.
You have inhibited certain potentially distracting activities (singing or daydreaming) and
are ready to facilitate others (applying the brake, making a defensive steering maneuver).
It is these actions and preparations for further actions based on situational demands that
likely require substantial involvement of the basal ganglia. If you become too tense (freeze
up) or remain too relaxed, you may not be able to respond in an optimal manner. It is these
preparations or setting the tone for possible actions that may represent contributions of the
cortical-basal ganglia interactions.

In summary, the basal ganglia probably are important in the planning and preparation
of an action. They facilitate responses of the organism by setting the stage for the initi-
ation and execution of a given action.”® The fact that overflow movements (e.g., resting
tremors, chorea, athetosis, and rigidity) also are a frequent accompaniment to basal ganglia
disorders suggests that one way the basal ganglia might prepare for action is by selec-
tively inhibiting or modulating muscular tone or activity that is inappropriate to carrying
out the target action. In contrast, the cerebellum may be responsible for the actual smooth
execution of the action once it has been initiated. Deficits resulting from cerebellar lesions
generally are observed only during the process of trying to carry out a complex motor
activity (e.g., maintaining one’s balance when walking or a smooth rhythm while writing).
At the same time, there appears to be certain areas of functional overlap between the
cerebellum and the basal ganglia. For example, both seem to play a part in maintaining what
Luria (1966) described as the “kinetic melody” of a motor response (i.e., the fact that each
segment or part of the action flows smoothly and orderly, without hesitation or delay, from
the previous segment). Either cerebellar or basal ganglia lesions can disturb this “kinetic
melody.”

The key concepts to remember here are parallel processing and modulation. Both are
consistent with the notions of feedback loops discussed earlier. It is useful to keep in mind
that the cortex, basal ganglia, cerebellum, as well as a few other brainstem structures (such
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as the pedunculopontine nuclei, the red nuclei, and the inferior olivary nuclei) are all compo-
nents of the motor system and act in concert with one another. Disruptions in more than
one location at times may produce functional disturbances that may appear very similar.
In their excellent review of some of these studies, Marsden and Obeso (1994) conclude that
two of the more likely roles of the basal ganglia are to:

1. Monitor and facilitate the sequencing of cortically initiated motor responses by facil-
itating target or agonist actions and exercising an inhibitory influence on conflicting
or “unwanted motor activity.”

2. Interrupt (e.g., exert inhibitory influences and/or cease facilitating) activities that may
no longer be appropriate given changes in either the internal or external milieu.

Non-Motor Behavior

The next question is, “What role do the basal ganglia play with regard to emotional control,
cognition, or other “higher cortical functions?” Two general sources of anatomical evidence
were reviewed earlier that suggest that the basal ganglia have much broader roles than
simply ensuring that there is a smooth transition from one motor component to the next
when executing a movement. One bit of evidence supporting the role of the basal ganglia in
higher cortical functions is the fact that the parietal and temporal association cortices provide
substantial input into the striatum. Other compelling evidence is the discovery of the dorso-
lateral, lateral orbitofrontal, and medial frontal circuits, which for the most part originate
and project back to these cortical regions after converging on basal ganglia structures.
These pathways, which were reviewed above, are generally associated with higher-level
integrative and executive abilities, including the control of emotions, motivations, or drive
states. Additional evidence touched upon earlier was the fact that in certain disease states
(e.g., Parkinson’s, Huntington'’s), various cognitive and affective disturbances frequently are
reported. Some common psychiatric disorders, such as mood disturbances (Mayberg, 1994;
Mayberg et al., 1988; Starkstein et al., 1987), schizophrenia, obsessive-compulsive, and
other stress-related disorders, also have been linked with disturbances of the basal ganglia
and related systems (Horger & Roth, 1996; Mega & Cummings, 1994; Swerdlow, 1995;
Miguel, Rauch, & Leckman, 1997; Saint-Cyr et al., 1995; Zald & Kim, 1996a,b; Saxena, Brody,
Schwartz, & Baxter, 1998). Discrete lesions of basal ganglia nuclei, as well as of those
thalamic nuclei that constitute an integral part of the cortical-basal ganglia circuits described
above, also have been associated with specific cognitive deficits such as aphasia (Robin &
Schienberg, 1990; Damasio et al., 1982). Finally, in clinical practice it is not uncommon to find
problems in learning or memory, visual-spatial skills, or higher-order “executive” functions
in patients who have suffered lacunar infarcts involving the basal ganglia, although damage
to nearby association or projection pathways also may contribute to the observed deficits
(Alexander et al., 1987; Cappa et al., 1983; Naeser et al., 1982).

As described above, in addition to exerting some type of modulating influence with
regard to sensorimotor activities, it would appear that the basal ganglia also perform a
comparable function in relation to the cognitive and affective activities of the brain. Through
the motor, oculomotor, dorsolateral, orbitofrontal, and cingulate “circuits” outlined earlier,
the basal ganglia are not only in a unique position to integrate motor and sensory input
with regard to motor activities, but also to integrate sensory input and its emotional valence,
along with internally generated drive states to influence the executive command centers of
the frontal lobes. As part of these latter “circuits,” critically placed lesions within the basal
ganglia may induce deficits comparable to cortical lesions involving these same circuits, that
is, frontal, anterior cingulate lesions. In general, this is what frequently has been found. As
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Table 6-7. Cortical versus Subcortical Dementia (Early Stages)

Chapter 6

Dimension

Cortical dementia

Subcortical dementia

Physical appearance
Motor system
Response speed
Speech

Writing

Language

Memory

Cognition

Affect
Personality

Insight

Typically robust, physically active
Generally no change

Normal, except perhaps when
difficulties are encountered
Good articulation, generally fluent

Graphically intact, spelling, paraphasic
errors

Word finding diff., paraphasic errors,
difficulty comprehending complex
commands

Difficulty learning, delayed recall
poor, cuing or recognition may be of
little help

Attention may be good, impaired
problem solving, abstraction (not
aided by extra time; perceptual,
construction difficulties (due to V-S
integration deficits)

Normal to mildly anxious or irritable
Usually little change

Normal to mildly impaired (early only)

Weak, more sedentary, stooped
posture

Major change: Tremors, dyskinesia,
chorea, gait disturbances

More commonly slowed, even
when response is correct

Dysarthric, slowed, occasionally
hypophonic

Dysgraphic (motorically), spelling
or paraphasic errors are more rare

(?)Slow to respond, but expressive
and receptive language grossly
intact

Slow learning, esp. if active
strategy involved, weak delayed
recall, cue or recognition helpful

Attention inconsistent, slow to
problem solve, improves if given
extra time, perception intact,
construction impaired due to
graphic problems, poor planning
or impulsivity

More likely to appear depressed,
apathetic

May appear more disinhibited,
inappropriate

More likely to show change;
indifference

Note: Not all symptoms will be present in all patients, especially in the earlier stages of either type of dementia

process.

is the case with frontal cortical lesions, bilateral insults, although more rare, tend to produce
more dramatic results.
Probably the blatant manifestation of these influences finds its expression in what has

been termed the subcortical dementias (Albert et al., 1974; Cummings, 1990). Although the
etiology of this general syndrome can be quite varied (for review, see Cummings, 1990) and
may involve numerous subcortical structures, as well as the cortex itself, lesions affecting
the basal ganglia and/or adjacent white matter pathways is common to most of these condi-
tions. Huntington’s disease, which was described earlier, is a quintessential example of
this type of dementia in which there is early, bilateral involvement of the caudate nuclei,
along with motor, behavioral, and cognitive symptoms. Because of their extensive connec-
tions with the frontal lobes (dorsolateral, orbitofrontal, and cingulate circuits), most of the
“subcortical dementias” that typically impact these cortical — basal ganglia — thalamic
— cortical pathways share many of the features of “frontal dementias” (Gustafson, 1987;
Neary et al., 1988). Thus, in addition to symptoms of motor or “physical” disability,
such patients commonly will manifest personality or behavioral changes (e.g., apathy,
lability, and disinhibition) and cognitive changes more suggestive of “cognitive stickiness”
(e.g., bradyphrenia, difficulty shifting mental sets, impaired concentration, and difficulty
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retrieving information). Such symptoms may be contrasted to the more frank cognitive
lacunae (e.g., aphasias or agnosias) commonly observed in the more posterior cortical
dementias, such as Alzheimer’s.”” Table 6-7 presents some of the more common features
that may help distinguish a predominately cortical dementia from a dementia in which there
is early and substantial subcortical pathology.

Even though our understanding of the role of the basal ganglia in either motor or
cognitive/emotional behaviors is still incomplete, it is nonetheless important to appreciate
the complexity and range of their connections (both cortical and subcortical), as well as the
range of behavioral disturbances associated with lesions affecting them. Such knowledge
forces us to think not only in terms of specific nuclei, lobes, or structures, but also in terms
of cerebral systems. Recognizing that the basal ganglia (as well as other structures) are part
of larger functional systems, we learn to ask, “How does a disruption of this nucleus impact
on the larger functional system of which it is a part, and how does that differ from disturbances to
other parts of this functional system?” As we begin to think in this manner, we come closer to
understanding how the brain is most likely organized and how it operates.

Endnotes

1. The extrapyramidal nature of these motor influences is now in question, as is the exclusive
“motor function” of these nuclei.

2. As will be discussed, these areas are thought to represent ventral extensions of the
putamen and globus pallidus, respectively, and appear to represent important connec-
tions to limbic structures, and hence, may play an important role in affect and neuropsy-
chiatric behaviors.

3. Although the tail of the caudate nucleus terminates in the vicinity of the amygdala, a
structure more closely associated with the olfactory system and other “limbic” struc-
tures, no direct connections are known to exist between the two (however, as will be
seen, indirect connections may exist via the ventral striatum). The claustrum, a narrow
band of gray matter lying between the putamen and the insular cortex and separated
from them by the external and extreme capsules, respectively, is known to have recip-
rocal connections to the cortex, particularly the posterior or sensory cortices, but its
functional significance remains obscure.

4. As one joke goes, “How are the basal ganglia and a college dean alike?” The answer is: “Both
take up a lot of space, but no one seems to know exactly what it is that they do.”

5. This includes the bed nuclei of the stria terminalis lying ventrolateral to the anterior
horns of the lateral ventricles.

6. In addition to GABA, the striatopallidal fibers destined for the internal segment
contain the peptide, substance P, while those projecting to the external segment contain
enkaphalin. Also, while most of the neuronal fibers exiting the striatum are GABAergic
and inhibitory, those that remain as internal association fibers (striatal interneurons)
are largely cholinergic and excitatory.

7. Although the “direct” and “indirect” pathways are described here in relation to motor
functions, recall that the neostriatum, especially the caudate nucleus, receives projec-
tions from widespread areas of the cortex. Thus, similar patterns of facilitation or
relative inhibition also may influence cognitive and perceptual activities. Likewise, as
will be seen, selective disruptions of specific aspects of these systems may help account
for some of the symptoms seen in certain disease states (e.g., the rigidity in Parkinson’s
disease; the involuntary, “overflow” movements in Huntington’s disease; or possibly
even the difficulty in filtering out irrelevant, extraneous thoughts or stimuli).
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8.

10.

11.

12.

13.

14.

15.

16.

17.

Chapter 6

The pedunculopontine nucleus is located in the area of the decussation of the superior
cerebellar peduncles, which is a particularly crucial location for involvement in a motor
feedback loop. In this location, the pedunculopontine nucleus has access to input from
the motor cortex, globus pallidus, substantia nigra, and the cerebellorubrothalamic
pathway.

. Given what we know about the afferent and efferent connections between these various

cortical areas, particularly the anterior cingulate gyrus, one might speculate that other
thalamic nuclei also might be involved in these circuits.

While it is possible that feedback loops project back to the posterior association cortices,
so far none apparently have been identified.

For reviews of the chemical pathophysiology and additional syndromes associated with
lesions of the basal ganglia, see: DeLong (1990); McDowell and Cedarbaum (1991);
Weiner and Lang (1989); Wichmann and DeLong, (1993).

Given these relationships, the opposite situation (i.e., increased dopaminergic activity)
should result in increased cortical activation or arousal. In fact, this is what seems to
occur with the administration of dopamine agonists, such as amphetamines.
Miyawaki, Meah, and Koller (1997) suggest that parkinsonian tremors may be associated
with changes in serotonin levels.

Lesions of the subthalamic nuclei in experimentally induced parkinsonism in monkeys
improved the symptoms of tremor and rigidity in these animals; this was taken as
an indication that these “indirect” pathways were critical to the development of these
hyperkinetic-type symptoms (DeLong, 1990). What makes this finding even more inter-
esting is that, as previously noted, lesions of this nucleus in normal persons commonly
produces overflow symptoms (e.g., hemiballismus).

See Marsden and Obeso (1994) for a more detailed review and explanations for these
findings.

For additional reviews of proposed functions of the basal ganglia, see Albin, Young,
and Penny (1989); Alheld, Heimer, and Switzer (1990); Ciba Foundation (1984);
Cote and Crutcher (1991); DeLong (1990); DeLong and Georgopoulos (1981); Denny-
Brown (1962); Gunilla, Oberg, and Divac (1981); Marsden (1987); Yahr (1976).

The roles played by the basal ganglia versus the cerebellum in such routine movements
is not always well differentiated. Certainly some of the functions normally attributed
to the basal ganglia (e.g., ensuring smooth transitions from one movement to another)
also would seem to describe the operation of the cerebellum. Clinically, how do they
differ? While some of the differences in the symptoms manifested by the two are
presented in Table 66, there may be a more fundamental way of viewing this problem,
which has to do with learning. To stick with this same analogy, think back to when
you first learned to drive. Chances are, even though the road may have been straight
and unobstructed, you likely were making constant and excessive excursions of the
steering wheel, a process that required your full and undivided attention. However,
as you became more accustomed to driving, the steering adjustments became much
more refined and you were able to relax, perhaps now more easily dividing your
attention between the road and finding a better station on the radio. During the initial
learning phase, a much more conscious process, the basal ganglia probably were much
more important in the planning, preparation, and execution of these skills. However,
with practice, normal driving rapidly became much more automatic. Under these
circumstances, many of the routine movements or adjustments more easily could be
controlled by the cerebellum (i.e., they became less coarse and more precise). Thus, while
the basal ganglia probably continue to be important in maintaining overall muscular
tone, the facilitation and inhibition of agonist and antagonist muscle groups and the
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initiation and sequencing of individual muscle groups (especially when executing
highly specific, fully conscious, goal-directed activities), the cerebellum can assume
considerable control over those overlearned, repetitive elements that have become
largely automatic (Passingham, 1993). However, both patients with cerebellar and basal
ganglia disturbances can show deterioration in carrying out skilled tasks that require a
fluid transition between one element and the next.

18. Increased electrical activity can be detected in the basal ganglia just prior to the initi-
ation of an action, and as has been noted certain disease states (e.g., Parkinson’s) are
characterized by difficulty initiating (and occasionally stopping) movements.

19. While Alzheimer’s patients also may manifest “frontal” signs, they usually occur
somewhat later in the disease process.
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7

THE THALAMUS

Composed of multiple nuclear grouping, each with its own individual pattern of afferent
and efferent connections, the thalamus both structurally and functionally occupies a central
position in the brain. It essentially represents a relay station for just about all sensory
information traveling from peripheral receptors to the cortex. As such, it is in an ideal
position to monitor and influence cortical input. As seen in previous chapters and further
explored here, specific thalamic nuclei also represent the final common pathway in most,
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if not all, cortical-subcortical feedback loops. These connections are thought to allow the
thalamus to play an integral role in modulating ongoing behavioral programs involving
motoric, cognitive, and emotional expression. Finally, the thalamus is thought to play key
roles in cortical arousal and selective attention, both necessary to efficient execution of those
behavioral goals or programs.

In the course of this chapter, we will review the anatomy of the thalamus, with particular
emphasis on identifying its nuclei, their connections and pathways by which they commu-
nicate with others parts of the central nervous system, and their apparent individual
contributions to the functions of the whole. As we shall see, these various nuclei can be
divided into various groupings based both on anatomical and functional parameters. We also
will review the behavioral deficits that might be expected in the events of lesions involving
these nuclei, perhaps most commonly the result of hypertensive disease. Finally, the chapter
will begin and conclude with an exploration of the probable functional contributions of this
core structure.

DIVISIONS OF THE THALAMUS

The Diencephalon

The diencephalon consists of the dorsal thalamus or thalamus proper, the hypothalamus,
the subthalamus, and the epithalamus. The thalamus proper is the dominant structure of
the diencephalon in terms of size and lies on either side of the third ventricle (Figure 7-1).
The hypothalamus, which lies on the anteroventral aspect of the thalamus proper, largely is
associated with modulating internal homeostasis and primitive drive states. The hypotha-
lamus will be discussed in greater detail in the next chapter along with other limbic structures
with which the hypothalamus has close anatomical and functional associations. The subtha-
lamus, which traditionally has been linked, along with the substantia nigra, to the basal
ganglia, was discussed in the previous chapter. However, as was noted, these structures also
have extensive connections with the thalamus proper as part of their cortical feedback loops.

Figure 7-1. (a) Coronal and (b) axial brain sections and (c) axial and (d) mid-sagittal MRI images
showing thalamus. Abbreviations: CC, corpus callosum; F, fornix; Mid B, midbrain; T, thalamus.
Figures (a) and (b) were adapted from the Interactive Brain Atlas (1994), courtesy of the University of
Washington.



The Thalamus 197

(b)

(©

Figure 7-1. (Continued)
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Figure 7-1. (Continued)

The Epithalamus

The epithalamus consists of the pineal body (gland) and the habenular nuclei. The pineal
body apparently has some neuroendocrine functions and is thought to help regulate
circadian rhythms, at least in some species. In man, its functional contributions are not
clear. The habenular nuclei are represented by small prominences on the posteromedial
surface of the thalamus proper. Each nucleus consists of a medial and lateral segment
and is interconnected by the small habenular commissure that lies just dorsal to the
base of the pineal body and the posterior commissure. Afferent inputs to the medial
aspects of the habenular nuclei primarily come from the septal nuclei via the stria medullaris
of the thalamus, while the globus pallidus, hypothalamus, and basal forebrain provide
additional input to the more lateral portions. Both the medial and lateral segments of
the habenular nuclei likely receive input from the midbrain tegmentum (e.g., seroton-
ergic and dopaminergic fibers from the raphe nuclei and ventral tegmentum). The major
output of these nuclei is to portions of the midbrain, including the interpeduncular nuclei,
raphe nuclei, substantia nigra (pars compacta), reticular formation, and periaqueductal
gray. These connections are made via the fasciculus retroflexus (habenulointerpeduncular
tract).

While the functional significance of the habenular nuclei is still somewhat ambiguous,
they have been thought to establish a major link between limbic structures, the basal ganglia,
and the midbrain. Consequently, the habenular nuclei have been postulated to be involved
in the regulation or modulation of various neurochemical transmitters, in the autonomic
responses to olfaction, eating and mating behaviors, sleep cycles, pain, and in positive and
negative reinforcements (Sandyk, 1991).

DORSAL THALAMUS

Anatomical Structure

The dorsal thalamus or thalamus proper, which is the main focus of the current
chapter, is a paired oval mass that surrounds the third ventricle and lies medial to
the posterior limb of the internal capsule (see Figure 7-1) Its anteroventral surface is
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continuous with the hypothalamus, while more posteriorly it lies above the zona incerta
and the subthalamic nuclei and eventually over the red nucleus of the midbrain. The
thalamus is composed of a number of discrete nuclear groups that can be differentiated
on the basis of structural and functional considerations. From a structural perspective,
each half of the thalamus is separated into three major divisions by a more or less
vertical sheet of myelinated fibers called the internal medullary lamina. This lamina
creates a medial and a lateral division and then, as a result of its bifurcation near
the anterior pole of the thalamus, this lamina produces an anterior division. There
also are a few other thalamic nuclei that do not fall neatly into these three divisions.
Figure 7-2 schematically illustrates the general location of the major thalamic nuclei
within these broad divisions. However, prior to reviewing the anatomy of the thalamus
in greater detail, it may be useful to provide a very brief functional overview to serve
as a conceptual framework while considering the connections of the various thalamic
nuclei.

Preliminary Functional Considerations

There is some uncertainty as to the extent and /or manner in which the thalamus contributes
to higher-order behaviors. Based on an analysis of its connectivity and the effects of
clinical lesions, several general hypotheses are possible. First, all sensory input (with the
exception of olfaction) is relayed through the thalamus prior to entering the cortex. This
arrangement might allow the thalamus to influence the processing of sensory information in
a number of ways, For example, depending on internal or external circumstances, including
immediate behavioral goals or intentions, the thalamus might either dampen or facilitate
certain sensory inputs prior to their transmission to the cortex. The thalamus also might
play a role in the preliminary processing (e.g., integration or decoding) of incoming sensory
information.

In addition to receiving direct sensory inputs, as has been seen, the thalamus is a
critical component of the extensive feedback loops for motor, cognitive, and emotional
systems that project from the cortex to the basal ganglia (and cerebellum) and back to
the cortex via discrete thalamic pathways. As will be seen later in this chapter, disrup-
tions at any point along the subcortical portions of these pathways, including the thalamus

Interthalamic connection
(Massa Intermedia)

Reticular nucleus
Medial dorsal nucleus
Internal medullary lamina

Anterior nucleus

Internal medullary lamina

Lateral dorsal nucleus

Ventral anterior nucleus Ventral posterolateral nucleus

Ventral posteromedial nucleus
Ventral lateral nucleus .
Centromedian nucleus
Lateral posterior nucleus

Ventral posterolateral nucleus Pulvinar

Medial geniculate body
Lateral geniculate body

Figure 7-2. Schematic showing relative location of various thalamic nuclei.
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itself, may produce effects that are qualitatively similar to deficits produced by lesions
directly affecting the cortical projection sites. In addition to these extensive subcortical
feedback loops, some thalamic nuclei receive input directly from the cortex and project
directly back to those discrete cortical regions. In either case, it is believed that the
thalamus plays a major role in activating or arousing the cortex. As has been demon-
strated by PET scan studies and electrical mapping of the cortex, all cortical areas are
not equally excited or aroused at the same time. Depending on task demands and
environmental or contextual changes, attention to different aspects of the stimuli or
different types of information processing/responses may be required. The end result can
be constantly shifting sites of primary cortical activation (or relative cortical inhibition).!
Thus, thalamic feedback loops or systems may be important in the relative facilitation
of specific cortical zones depending upon the circumstances, needs, and intention of the
organism.

Finally, while most thalamic nuclei have very specific, topographical cortical projec-
tions, others have overlapping or more diffuse projections. At least one thalamic nucleus
(reticular) does not project back to the cortex at all. Rather, this latter nucleus projects
back to the other nuclei of the thalamus. Thus, the thalamus has the potential to
provide very specific or more diffuse modulation of the cortex or even modulation of the
modulators.

At this point, it may be helpful to review, in greater detail, some of the major divisions
or nuclei of the thalamus, along with their major afferent and efferent connections. The
latter are schematically summarized in Figures 7-3 and 7-4. The reader should be aware
that the following descriptions do not include all afferent or efferent pathways and for
some nuclei, especially the smaller midline and intralaminar nuclei, the pathways have
not been well established. It also should be noted that while the nomenclature used is the
most common, other authors occasionally will use alternate terms and strategies in defining
specific thalamic nuclei.

Mammiliary body
{via mammillothalamic tract)
Hippocampal formation

(via Fornix) Frontal association cortex

Inferior temporal cortex
(including amygdala & olfactary regions)
Basal ganglia

Diffuse cortical &
thalamic regions

Globus pallidus &
substantia nigra
(via lenticular fasciculus
& ansa lenticularis
Premotor, supplementary
motor & frontal eye
field cortices

Cingulate gyrus & posteromedial
temporal cortex

Superior parietal lobule

Parieto-temporo-occipital
association cortices
Superior collliculi

Medial & lateral geniculates
Dentate nucleus

(cerebellum)
Globus pallidus, substantia nigra
& primary motor cortex

Inferior colliculus
Lateral lemniscus

Retina

Medial lemniscus (via optic tract)

Spinothalamic tracts
Trigeminothalamic tract &
Mesencephalic tract of

Figure 7-3. Major afferent connections of the thalamic nuclei. Note: Trigeminothalamic tract and
mesencephalic tract of V project to the ventral posteromedial nucleus (see Figure 7-2).



The Thalamus 201
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Figure 7-4. Major efferent connections of the thalamic nuclei.

Anterior Division

The anterior division’s principal nucleus is the anterior nucleus. Its primary afferent input
is from the mammillary bodies via the mammillothalamic tract, which in turn had received
input from the hippocampus via the fornix. The hippocampus also contributes fibers to
the anterior nucleus prior to entering the mammillary bodies. The output of the anterior
nucleus primarily is to the cingulate gyrus. Because of these various connections, the
anterior nucleus was considered to be an integral part of Papez’s circuit and the limbic
system, which will be reviewed in greater detail in Chapter 8. The anterior nucleus also
appears to have reciprocal corticofugal or afferent connections with the cortical areas to
which it projects, in this case, the cingulate gyrus. Actually, most authors assume that
most thalamic nuclei have reciprocal connections with the cortical areas to which they
project.

Medial Division

The medial division essentially is made up of one large nuclear mass, the dorsomedial
nucleus, although the much smaller and less well-defined (in humans) midline nuclei
sometimes are included in this division. The dorsomedial nucleus receives its input primarily
from the frontal lobes, with some additional input from the inferior temporal cortex,
including the amygdala, entorhinal region, and olfactory areas. As noted in Chapter 6, this
nucleus also receives input from the basal ganglia and is part of the dorsolateral, orbitofrontal,
and limbic circuits with much of the input from the latter two circuits coming via the ventral
striatum and nucleus accumbens. Since the majority of the output of the basal ganglia is to
the frontal lobes, it should not be surprising that the dorsomedial nucleus projects back to
the frontal association cortices.
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Lateral Division

The lateral division of the thalamus is the largest division and contains nuclei that are
frequently divided into a “lateral” (more dorsal) and a “ventral” tier. The nuclei that make
up the dorsal tier include the lateral dorsal nucleus, lateral posterior nucleus, and the
pulvinar. The ventral tier nuclei include the ventral anterior nucleus, ventral lateral nucleus,
ventral posterior nucleus, and the posterior nuclear complex. These nuclei and their known
(or suspected) primary connections are discussed below.

Dorsal Tier Nuclei

Lateral Dorsal Nucleus This nucleus is located adjacent to the posterior portion of the anterior
nuclear group and appears to have somewhat similar connections. It receives input from
the cingulate gyrus, as well as from the posteromedial temporal regions and projects back
to the cingulate gyrus. It appears to be more extensively connected to the more posterior
portions of the cingulate cortex than the anterior nucleus and to the mesial portion of the
parietal lobe (precuneus), but its exact connections are uncertain.

Lateral Posterior Nucleus This dorsal tier nucleus lies posterior to the lateral dorsal nucleus
and the afferent connections of this nuclear group also are somewhat ambiguous. It appears
to receive input from the superior colliculus and pretectal regions, as well as projections
from the parietal lobe. The main efferent projections likely are back to the parietal lobe,
especially the somatosensory association areas (eg, areas 5 and 7).

Pulvinar The pulvinar represents the largest of the thalamic nuclei in man. It receives input
from the retina, superior colliculus, both the medial and lateral geniculates, and from the
parietotemporooccipital (PTO) association cortex. It projects back to the association cortices
of the parietal, temporal, and occipital lobes. Although the pulvinar commonly is listed with
the dorsal tier of nuclei, this huge nucleus for the most part forms the entire posterior cap
of the thalamus.

Ventral Tier Nuclei

Ventral Anterior (VA) Nucleus Whereas the thalamic nuclei thus far discussed largely project
to either association cortices or limbic cortex (cingulate gyrus), the nuclei that constitute the
ventral tier of the lateral division are more closely associated with primary and secondary
sensory and motor areas. The most anterior of the ventral group, the ventral anterior and
the ventral lateral nuclei, are intricately involved with motor systems. Input to the ventral
anterior nuclei is from the substantia nigra and the globus pallidus via the lenticular
fasciculus and the ansa lenticularis and from the premotor, supplementary motor, and
frontal eye fields in the cortex. While the VA nucleus may receive some input from the
cerebellum, the latter projects primarily to the ventral lateral nucleus. The ventral anterior
nucleus, in turn, projects back to the motor association cortex (area 6), the frontal eye fields
(area 8), and to the supplementary motor cortex on the medial surface of the frontal lobe.

Ventral Lateral (VL) Nucleus Similar to the ventral anterior nucleus, the ventral lateral
nucleus also receives input from the globus pallidus and the substantia nigra and also from
the primary motor cortex. The ventral lateral nucleus also receives substantial input, partic-
ularly in its more caudal region, from the contralateral dentate nucleus of the cerebellum
via the superior cerebellar peduncle and thalamic fasciculus. Its major output is back to
the primary motor (area 4) and premotor cortices. The projections to the precentral gyrus
(primary motor cortex) apparently derive primarily from that portion of the nucleus that
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receives cerebellar input. Both the VA and VL nuclei retain their discrete topographical
arrangement as they project to the cortex.

Ventral Posterior Nucleus The major input into this nucleus is cutaneous with somatosensory
feedback from the head and body, as well as the sense of taste. The ventral posterior
nucleus typically is divided into two parts: the ventral posterior lateral (VPL) and the
ventral posterior medial (VPM) nuclei. The VPL nucleus receives somatosensory sensa-
tions from the body (via the medial lemniscus and spinothalamic tracts), while the VPM
nucleus receives input from the head and face, including taste, via the trigeminotha-
lamic tracts and the mesencephalic tract of V. In turn, the major cortical projection for
these nuclei is to the primary somatosensory cortex (areas 3, 1, 2). In addition, there are
some projections to the secondary somatosensory cortex in the parietal operculum, and
probably to the more anterior sensorimotor cortices. As in the case of VA and VL, a strict
topographical representation is maintained both at the thalamic and cortical projection
sites.

Posterior Nuclear Complex Lying just posterior to the ventral posterior nucleus and dorso-
medial to the medial geniculate nucleus on the ventral aspect of the pulvinar, this small
nuclear group inconsistently is represented in listings of thalamic nuclei. Like VPL and VPM,
it also receives somatosensory inputs but primarily, if not exclusively, from the spinotha-
lamic tracts. Unlike the somatosensory projections to the ventral posterior nuclear group,
there is not the same point-to-point somatotopic organization and there even may be some
degree of bilateral representation. Cells in this nucleus may be preferentially sensitive to
noxious stimuli, and hence, this area not only may be important for the perception of
pain but also may be a primary source of thalamic pain syndromes. The cortical projection
sites for this nucleus appear to be both the primary and secondary somatosensory cortices,
as well as portions of the insular cortex. In keeping with the general pattern of thalamic
organization, the posterior nuclear complex likely receives reciprocal input from these same
cortical areas.

The next two thalamic nuclei to be discussed, the medial and lateral geniculates, both
represent highly specific, sensory relay stations between auditory and visual inputs and
their respective cortical projection areas. Collectively, these nuclear groups sometimes are
referred to as the metathalamus. Both are seen as prominences on the ventrolateral aspect
of the pulvinar; hence, the terms medial (MGB) and lateral (LGB) geniculate bodies. As
its name implies, the LGB is located more laterally, lying just above and medial to the
hippocampal formation on a coronal section.

Medial Geniculate Nucleus (MGN) The major input to the MGN is from the auditory
system (ie, cochlear nuclei, superior olivary nuclei, lateral lemniscus, and inferior
colliculi) via the brachium of the inferior colliculi. These inputs contain bilateral
auditory information, although the contralateral representation is slightly more (approx-
imately 60% vs. 40%). Another primary source of afferent fibers is from the auditory
cortex to which it projects. Efferent fibers exit the MGN via the auditory radia-
tions and project to the ipsilateral primary auditory cortex (area 41 and probably
part of 42 or, Heschl’s gyrus) which lies in the temporal operculum. Just as the
somatosensory and motor projections maintain a topographical representation on the
cortex, so too do the auditory radiations, except in this case there is a tonotopic
organization.
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Lateral Geniculate Nucleus (LGN) The input to the lateral geniculates is readily visualized.
In dissecting the brain, it is relatively easy to follow the optic tracts as they leave the
chiasm to their termination in the LGN. As reviewed in Chapter 5, the optic tracts consist
of crossed (nasal half of contralateral eye) and uncrossed (temporal half of ipsilateral eye)
postganglionic retinal fibers. Because of this arrangement, each LGN receives fibers that
represent visual input from the contralateral visual field. The retinotopic organization of the
cells, as well as the arrangement of crossed versus uncrossed fibers (for contralateral visual
field perception) are maintained in the lateral geniculates. The main efferent output of the
LGN is to the primary visual or calcarine cortex (area 17) via the optic radiations, which
travel in the association pathways underlying the temporal and parietal cortices. Similar to
other thalamic nuclei, reciprocal afferent connections are established from the striate (visual)
cortex back to the LGN. Finally, the lateral geniculates also send a small segment of fibers to
the superior colliculi and pretectal regions of the midbrain, as well as to other diencephalic
areas (e.g., the suprachiasmatic nucleus). Unlike the medial geniculate nuclei that receive
the majority of their input from the inferior colliculi, the LGN appear to receive no input
from the superior colliculi. The latter project to the pulvinar nuclei, which are involved in
visually guided behaviors.

Other Thalamic Nuclei and Designations

In addition to the anterior, medial, and lateral nuclear groups, there are several other
smaller nuclear groups in the thalamus: the intralaminar nuclei, the midline nuclei, and
the reticular nuclei.

Intralaminar Nuclei

These thalamic nuclei lie within the internal medullary lamina of the thalamus. The two
most prominent of the intralaminar nuclei are the centromedian and parafascicular nuclei.
The centromedian nucleus often clearly is visible as a central oval mass in the posterior
thalamus on coronal section, with the parafascicular nucleus constituting its more medial
extension. These nuclei likely receive input from ascending somatosensory fibers as well as
from the reticular system and the globus pallidus. In turn, their efferent output is to diffuse
areas of the cortex and back to the basal ganglia (neostriatum and subthalamic nuclei). In
part because of these connections to somatosensory, reticular, and diffuse cortical regions,
these nuclei are thought to play a role in generalized cortical arousal, especially in response
to external stimuli.

Midline Nuclei

The midline nuclei often are included with the dorsomedial nucleus as part of the medial
division of the thalamus. Lying adjacent to the lateral walls of the third ventricle, these
small nuclear groups are among the smallest and least well defined of the thalamic nuclei.
Although it is thought that these nuclei are connected with the basal forebrain and the
limbic system, relatively little appears to be known about their functional correlates.

Reticular Nuclei (of the Thalamus)

The reticular nuclei represent a thin sheath of gray matter that lies between the posterior
limb of the internal capsule and the external medullary lamina of the thalamus. The reticular
nuclei receive input from diffuse cortical areas via collaterals from the multiple corticotha-
lamic fibers entering the body of the thalamus as well as from fibers exiting the thalamus.
These nuclei, unlike most others, do not project back to the cortex; rather they project to
other thalamic nuclei and possibly to the reticular formation of the brainstem. Because of
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these connections, this nucleus is thought to perhaps exert a modulating influence on the
other thalamic nuclei.

In addition to the above structural divisions of the thalamus, the various thalamic nuclei
also have been classified functionally on the basis of their cortical projections, or lack thereof.
The following summary represents one such functional schema.

Specific Relay Nuclei

These are nuclei that project to those areas of the cortex that have very “specific” sensory or
motor functions and/or evoke relatively localized cortical responses on stimulation of the
thalamic nuclei.

Specific relay nuclei Cortical projection sites
Lateral geniculate Visual cortex
Medial geniculate Auditory cortex

Ventral posterior lateral =~ Somatosensory cortex
Ventral posterior medial ~Somatosensory cortex
Ventral lateral Motor cortex

Ventral anterior Premotor cortex

Association Nuclei

These are nuclei that do not receive major input from the ascending (sensory) tracts and
generally project to “association” cortices.

Association nuclei Cortical projection sites

Pulvinar PTO association cortex
Lateral posterior Parietal association cortex
Lateral dorsal Cingulate gyrus and precuneus
Dorsomedial Prefrontal cortex
Anterior Cingulate gyrus

Nonspecific Nuclei

These nuclei project to wide areas of the cortex.

Nonspecific nuclei Projection sites
Intralaminar Diffuse cortical areas
Midline Probably limbic structures

Subcortical Nuclei
These nuclei do not project to the cortex.

Nucleus Projection sites
Reticular Other thalamic nuclei

THE INTERNAL CAPSULE

Communications between one region or structure of the brain and another are established
primarily through what might be thought of as axonal “superhighways.” These can be
classified into three major types: projection pathways, association pathways, and commis-
sures. The latter pathways will be discussed in greater detail in Chapter 9. Here the focus
will be on the internal capsule, which represents the major projection pathway in the brain.?
In addition, other corticofugal fibers (e.g., corticopontine, corticobulbar and corticospinal
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tracts), the internal capsule contains both corticothalamic and thalamocortical connections.
These latter thalamocortical connections represent not only the means by which sensory
information is filtered to the cortex, but also feedback loops from motor and association
cortices through the basal ganglia, as well as from the cerebellum via cerebellothalamocor-
tical pathways.

The internal capsule itself can be divided into five sections.

1. Anterior limb, which lies between the head of the caudate and the lenticular nuclei.

2. Genu or knee, which is the “bend” seen on axial or horizontal sections (see Figs 7-1b;

7-5).

Posterior limb, which lies between the lenticular nuclei and the thalamus.

Retrolenticular portion, which is the posterior continuation of the posterior limb.

5. Sublenticular portion, which represents the most caudal and ventral curvature of
the capsule. Because of this curvature, it is not possible to see all parts of the internal
capsule in any one brain section.

i

Knowledge of the general location of the above-mentioned corticofugal and corticopetal
fiber tracts within the internal capsule is often clinically relevant. For example, a lesion
encroaching on the posterior aspects of the internal capsule might explain the concurrence
of both motor and visual symptoms. While the general schema of these pathways within
the internal capsule are presented in Figure 7-5 and described below, their specific locations
are not always very precise. Most do not occupy discrete sections of the internal capsule,
but rather seem to overlap or interdigitate with one another, while others remain somewhat
conjectural. In general, however, the various ascending and descending pathways within
the internal capsule are organized as follows:?

1. Anterior limb: Dorsomedial nuclei — prefrontal cortex; anterior nuclei — cingulate
gyrus; and frontopontine connections.

2. Genu: Corticobulbar (influencing the cranial nerve motor nuclei) and corticoreticular
fibers; ventral anterior and ventral lateral nuclei — premotor and motor cortices.

3. Posterior limb: Additional frontopontine connections; lateral dorsal nuclei —
posterior cingulate gyrus and precuneus gyrus; the corticospinal tracts with the
upper extremities being located more anterior than the trunk and lower extrem-
ities; corticorubral connections; ventral posterior medial and ventral posterior lateral
nuclei — somatosensory cortex; lateral posterior — somatosensory association cortex;
pulvinar — PTO association cortex (the pulvinar projections probably continue into
and constitute part of the retrolenticular aspect of the capsule).

4. Retrolenticular portion: Pulvinar — PTO cortex; corticotectal tracts; lateral genic-
ulate body — occipital cortex (beginnings of the optic radiations, especially parietal
portions).

5. Sublenticular portion: LGB — occipital lobes (temporal radiations); temporooccipi-
topontine fibers; and medial geniculate body — auditory cortex.
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Figure 7-5. Divisions of the internal capsule (IC) containing various thalamic, cortical, and subcortical
projection fibers.Abbreviations: Ant n., anterior nucleus; DM n., dorsomedial nucleus; IC, internal
capsule; LD n., lateral dorsal nucleus; LP, lateral posterior nucleus; PTO c., parietal-temporal-occipital
association cortex; VA & VL n., ventral anterior and ventral lateral nuclei; VPM & VPL n., ventral
posterior medial and ventral posterior lateral nuclei.

FUNCTIONAL CONSIDERATIONS

As was noted in the beginning of this chapter, the role of the thalamus in the regulation or
expression of behavior remains ambiguous. Perhaps stated more precisely, the functional
roles of individual thalamic nuclei have not yet been completely determined. However, it is
almost certain that different nuclei subserve different functions. Based on their cortical and
subcortical connections and the presence of different anatomical feedback loops, it has been
suggested that in general individual nuclei may be important in:

Altering cortical (subcortical) tone or arousal

Modulating and directing attention

Filtering (gating), modulating, decoding (perhaps even elementary perception) of
sensory input

Facilitating relevant motor response channels

Recruiting cortical (subcortical) circuits critical to ongoing cognitive activity

These speculations regarding the role of the thalamus in regulating and modulating behavior
are derived from the fact that: (1) the ascending reticular activating system of the brainstem
impacts upon the thalamus; (2) the thalamic nuclei, in turn, have direct and for the most
part topographical projections to the cortex; (3) virtually all sensory input is relayed to the
cortex via the thalamus, and (4) the thalamus and widespread regions of the cortex have
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multiple thalamic feedback loops, both directly and via other subcortical nuclei (e.g., basal
ganglia, limbic structures, and hypothalamus). While an understanding of these afferent and
efferent connections provide clues to the functions of the thalamus, the more convincing
evidence is derived from studying the effects of lesions. However, this approach also has
some limitations, especially when studying the thalamus.

As suggested above, because of the diversity of their connections, we are obliged to
think in terms of individual nuclei rather than of the thalamus as a whole when consid-
ering its functional correlates. However, an infarction or hemorrhage, the more common
thalamic lesions, easily may extend beyond the boundaries of a particular nucleus, as do
the penetrating vessels that supply the thalamus. Therefore, thalamic lesions tend to cross
nuclear boundaries and often intrude upon adjacent structures, pathways, or spaces as well
(e.g., encroaching upon the internal capsule or lenticulothalamic fibers or bleeding into
the ventricles). Even in small, discrete lesions, in vivo identification of the specific nucleus
involved may be difficult, despite current MRI technology. Surgical lesions (e.g., for the
remediation of movement abnormalities, such as in Parkinson’s disease) have provided
some insight into the functions of the thalamus but those surgical lesions have involved
relatively few nuclei, and as noted in the previous chapter some of effects are not always
easily explicable. Despite these limitations, some clinical correlations are possible.

As will be discussed in greater detail in Chapter 10 the blood supply to the thalamus
primarily is supplied by four penetrating arteries derived from the posterior circu-
lation [tuberothalamic, paramedian, inferolateral (or geniculothalamic), and the posterior
choroidal]. The anterior choroidal artery, which is a branch of the internal carotid, and
the posterior choroidal artery may supply the lateral geniculates and parts of the pulvinar.
However, it should be noted that there often are significant differences in the descriptions
provided by various authors of the arterial blood supply for specific nuclei. Furthermore,
not only do the vessels themselves not always respect nuclear boundaries, there also may
be variations in the distributions from one individual to another.

Table 7-1 lists some of the more commonly cited distributions and symptoms associated
with hemorrhages or infarctions of these arteries. Again, these data should be interpreted
with considerable caution for several reasons. First, as noted above, not only do clinical
lesions vary considerably in terms of size and shape, but also their localization can be
approximated only with current technology. Second, with the exception of those few nuclei
that have been subjected to frequent surgical lesioning for the possible relief of motor
disorders, there are relatively few pure clinical cases of highly discrete, well-documented,
naturally occurring thalamic lesions in the literature with comprehensive clinical data. As
will be discussed in greater detail below, while some thalamic lesions may produce very

Table 7-1. Thalamic Vascular Syndromes

Tuberothalamic VA, VL, Ant? Motor weakness;* somatosensory disturbances;* memory and
speech disturbances?
Paramedian DM, Midline Memory deficits; dementia or mental confusion; disturbance

of consciousness;* gaze palsy; contralateral neglect;
visual-spatial disturbances

Inferolateral VPL, VPM, CM?  Somatosensory disturbances; ataxia; motor weakness,*

Post. choroidal Pulvinar, LGB? Optokinetic disturbances; visual field defects; aphasia (with
(left-sided lesions); neglect; motor weakness*

Ant. choroidal LGB, Pulvinar? Visual field defects; motor weakness and somatosensory
deficits*

* See text.
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gross, obvious symptoms, others manifestations are likely to be more subtle and may require
very comprehensive and sophisticated clinical investigations to uncover their effects. Finally,
as noted, thalamic lesions often extend beyond its boundaries. For example, disturbances
of consciousness (and mortality) commonly are found with larger hemorrhagic lesions
that bleed into the ventricles. Somatosensory disturbances, including spontaneous pain
(Dejerine-Roussy syndrome) are among the more frequently cited symptoms following
thalamic lesions. Transient motor symptoms, such as hemiparesis, can occur, but permanent
deficits are more likely the result of invasion of the genu or posterior limb of the internal
capsule.

Summary of Functional Correlates

Given these limitations, what can be said about the symptoms and functions of the thalamus
or its nuclei? Probably the easiest place to begin is with those nuclei that have been
designated as sensory relay nuclei: VPL, VPM, and the medial and lateral geniculates.
There appears to be fairly strong evidence that destruction of the VPL nucleus produces
contralateral somatosensory deficits in the trunk and extremities, with similar losses in the
face and anterior portions of the head with lesions affecting VPM. Lesions to these nuclei
may lead to deficits in all tactile modalities, including mechanical pressure (touch), pain,
temperature, proprioception, and vibration. Lesions that affect the integrity of the lateral
geniculate nucleus will produce a contralateral homonymous hemianopia or partial field
defect, depending on the extent of the lesion. Conversely, because of the bilateral represen-
tation of hearing, unilateral lesions of the medial geniculate nucleus do not produce any
dramatic sensory losses. Taste and olfaction likewise should be unaffected. Recall that only
olfactory input makes its way to cortical structures without first going through the thalamus.
As suggested earlier, lesions that are restricted to the thalamic “motor” nuclei (primarily
VA and VL) do not typically result in either permanent loss of spontaneous movement or
in abnormality of movement (dyskinesias).* It would appear that such lesions likely affect
more subtle aspects of motor learning or programming, although the exact nature of these
effects have not yet been clearly delineated in humans.

Several thalamic nuclei project to cortical association cortices (e.g., dorsomedial, lateral
posterior or pulvinar) or to allocortex (anterior, lateral dorsal). As a general rule, lesions
involving these nuclei produce deficits that are similar in nature, if not always in degree,
to those encountered with lesions to the cortical sites to which they project. Thus lesions to
these nuclei may result in such “cortical” syndromes as neglect, visual-spatial disturbances,
cognitive or “intellectual” changes, memory impairments, or aphasic deficits (if the dominant
thalamus is involved). As might be expected, smaller, more circumscribed lesions will more
likely result in less profound and more transient deficits than larger, more destructive
lesions. Similar to bilateral cortical lesions, bilateral thalamic lesions (although relatively rare)
produce more extensive deficits. Discrete lesions of the midline, intralaminar, or reticular
nuclei are exceedingly rare and difficult to identify; hence their clinical effects in humans
are virtually unknown.

Endnotes

1. As noted in Chapter 6, the majority if not all thalamocortical connections are glutamin-
ergic, and thus likely facilitatory. While it should be noted that “positive connections”
to certain heteroreceptors or “inhibitory” interneurons may result in overall inhibition,
it would appear that the primary influence of the thalamus on the cortex is to facilitate
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or recruit areas or pathways important in a given behavioral context. At the same
time, other cortical areas not so engaged may experience relative inhibition when their
respective thalamic afferents in turn have been subjected to pallidal-thalamic inhibitory
influences.

2. The smaller external and extreme capsules lie laterally to the putamen and claustrum,

respectively, but their compositions are less clear. The external capsule contains some

corticostriate (projection) fibers, while the extreme capsule likely consists mostly of

association fibers between the insula and other cortical regions.

In a few instances, the exact location of these fiber pathways has not been confirmed.

4. While contralateral dystonia has been identified in a limited number of cases in which
the lesion was apparently restricted to the thalamus, in these instances the lesion tended
to be isolated to the posterior or midline nuclei rather than to VA or VL (Lee &
Marsden, 1994).

@
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CHAPTER OVERVIEW

If the phrase “an enigma shrouded in a mystery” ever could be used to describe a portion of
the central nervous system, then it might most aptly apply to the notion of the limbic system.
As will be discussed, even considering the collection of phylogenetically older cortical
type tissues that largely comprise Broca’s “limbic lobe” as a meaningful functional system

213
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repeatedly has been challenged. Part of the difficulty lies in the number of structures, their
myriad connections, and the diversity of ascribed functions that would be represented by
such a system. The problem appears twofold. First, is there sufficient functional cohesiveness
to classify these limbic structures as a “system,” as, for example, we might speak of a motor
or a visual system? Second, there is the matter of boundaries; once we start including struc-
tures, where does one stop? Different authors have taken different stands on whether or
not these structures should be construed as constituting an integrated system. Regardless,
most authors will concede that this collection of allocortical tissues (along with the hypotha-
lamus with which they are strongly connected) is critically important for a host of behaviors
essential for the preservation of both the individual and the species. Listed among such
behaviors typically are internally and externally stimulated drive states, emotional respon-
siveness, and the ability to encode into memory those life experiences relevant to those drive
or emotional states.

Much of this chapter will focus on delineating those structures that are thought to play a
central role in emotion, motivation (including basic biological drives), and memory. While
the reader should attend to their basic anatomical features, even more critically the reader
is encouraged to develop a working knowledge of their interconnections and a general
understanding of their relationship to neocortical areas. Such knowledge and understanding
in turn will be critical to appreciating their suspected behavioral and clinical correlates. A
major goal of the authors, and presumably the readers, throughout this text.

As suggested by the opening sentence, the overall contribution of the “limbic system” or
limbic structures to human behavior is still largely conjectural. Nevertheless, as clinicians and
scientists it is incumbent upon us to develop and continually refine theories to help elucidate
our understanding of brain-behavior relationships. Such knowledge not only is sought for
its own sake, but also as a means of better understanding and appreciating pathological
disease states. In trying to approach this goal, the apparent functional significance of each
of these structures will be explored on an individual basis, based both on their cortical and
subcortical connections, and behavioral correlates as derived from clinical and experimental
studies. Having reviewed the structural and functional aspects of each of these individual struc-
tures, the chapter will conclude by summarizing a broader theoretical model of the potential
role of limbic structures (“system,” if you will) in the evolution of the brain and behavior.

INTRODUCTION

The first five chapters of this book focused almost exclusively on sensory and motor
processes in relatively well-defined anatomical systems. Chapters 6 and 7 on the basal
ganglia and the thalamus introduced systems concerned not only with sensorimotor
functions, but also with what might be considered “higher-order” phenomena such as
emotions and cognition. As we approach this chapter and the next on the cerebral cortex,
there will be a continuing shift from more elementary sensory input and motor effector
systems to an increasing focus on superordinate concepts involving emotion, motivation
(drive), goals, intentions, perception, learning, memory, and cognition. From a historical
perspective, it has not been that long ago that these latter processes often were ascribed to
an entity (i.e., the soul) that was thought to operate independently of the central nervous
system. Because of the controversies that have surrounded these more recently evolved
brain structures and the speculative nature of their functional organization, it might be
informative to depart from the format used in the preceding chapters. Here we will begin
by looking at how the “limbic system” and its behavioral correlates have been viewed
historically, even within the last century.!
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HISTORY OF THE “LIMBIC SYSTEM”

In 1878, Broca defined the band of neuronal tissue that lies under the cortical mantle and
more or less surrounds the upper part of the brainstem (the thalamus) as le grande lobe
limbique. This area, which comprises a much larger percentage of the total brain in lower
animals, was thought to be associated largely with the sense of smell, and hence, became
known as the rhinencephalon (smell-brain). It included parts of the parahippocampal and
cingulate gyri and the subcallosal area of frontal lobes (Figure 8-1).

In 1937, James Papez published a paper entitled, “A proposed mechanism of emotion.” In
it he describes a circuit (later referred to as Papez’s circuit) that he felt served as the probable
neurological substrate of emotional expression and, along with the contribution of the
cerebral cortex, the neuronal basis for the subjective experience of emotion. This circuit was
proposed based on what Papez observed to be a relatively direct series of interconnections
between areas of the brain that had been implicated in emotional behaviors. Papez had
noted, for example, the emotional disturbances that were commonly associated with rabies,
a disease that selectively affects the hippocampal region (and cerebellum). Similarly, he
noted behavioral or affective changes following lesions in the area of the cingulate gyrus,
the mammillary bodies,? and the anterior nuclei of the thalamus. He also had noted that
the precuneus (part of the medial parietal lobe that was thought to be an extension of the
cingulate gyrus) was the one area of the brain that showed the greatest sex difference (being
larger in males). As this also was an area that bordered on the sacral representation in the
paracentral lobule, he figured this must be the area of the cortex where the sex organs were
localized.?

Papez proposed that emotions could arise either from psychic origins (i.e., from one’s
cognitive or intellectual awareness of a situation) or from sensory input. With regard to the
former, he suggested the following neural substrate. Cortical or psychic information first
might be communicated to the hippocampal formation (e.g., via the cingulum, a pathway
that connects the cingulate gyrus and other deep cortical structures with the hippocampal
regions). From observations of animals and patients affected with rabies, it appeared that
the hippocampal formation clearly was involved in the formation of emotions. Impulses
then were thought to have been sent from the hippocampal formation to the mammillary
bodies via the fornix. The earlier works of Bard (1928) and the study of “sham rage” in
animals deprived of their cortex and basal ganglia had suggested that the hypothalamus was
the likely source of “emotional expression.” From the mammillary bodies, it was proposed
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Figure 8-1. “Le Grande Lobe Limbique” as adapted from Broca’s original 1878 drawing of an otter’s
brain. Broca’s “callosal gyrus” is now termed the cingulate gyrus.
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that impulses were sent to the anterior nucleus of the thalamus via the mammillothalamic
tract and then from there to the cingulate gyrus. According to Papez, the cingulate gyrus
was considered to be the primary receptive site for the subjective experience of emotion.
From the cingulate gyrus this “emotional coloring” of the psychic experience could then be
relayed to the cortex (Figure 8-2).

External sensory inputs (e.g., the sight of a snake, the roar of a lion) were thought to take
on emotional tones through similar pathways. Papez recognized that most sensory input,
except for olfaction, was transmitted to the cortex via the thalamus. However, he indicated
that while the thalamus was relaying sensory impressions to the cortex, simultaneously
the hypothalamus (again, the main source of emotional expression) also received sensory
input from “primitive” sensory centers in the subthalamus. The hypothalamus, having
imbued these sensory stimuli with an affective tone, conveyed this now emotionally charged
information to the cingulate gyrus via the anterior nucleus of the thalamus as outlined
above. Finally, these data were relayed on to the cortex, which concurrently was receiving
a perceptual impression of the stimuli. These converging inputs thus attached “subjective
emotional experience” (which only could be accomplished in the cortex) to the specific
sensory stimulus.

This pathway (hippocampal formation — fornix — mammillary body — mammillotha-
lamic tract — anterior thalamus — cingulate gyrus — and back to the hippocampus via the
parahippocampal gyrus) was the groundwork for what later came to be known as Papez’s
circuit and served as the major starting point for descriptions of the “limbic system.” The
importance of Papez’s paper was that:

1. For the first time, it attempted to lay down a systematic neurological substrate for
emotional behavior.

2. It emphasized the close connection between the structures of the limbic lobe of Broca
and the hypothalamus.

3. It served as an added impetus for research into the role of these structures or
“systems” beyond olfaction.

While Papez’s circuit probably is the more familiar, Yakovlev (1948) proposed a second
limbic circuit that involved additional basolateral connections. This latter limbic circuit

Papez's Circuit
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Figure 8-2. Papez’s circuit.
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incorporates the dorsomedial nucleus of the thalamus, orbitofrontal cortex, temporal
pole, and amygdala. Figure 8-3 illustrates the differences between the two proposed
circuits. Functionally, Yakovlev’s circuit would appear to be more related to the visceral
aspects of emotional-affective processing. However, components of both circuits have been
implicated in the neural substrates underlying learning and memory (Goldberg, 1984;
Victor, Adams, & Collins, 1989; Zola-Morgan & Squire, 1993). It is important to
note that both Yakovlev’'s and Papez’s papers describe circuits consisting of closed
loops; hence, lesions that disrupt any portion of these circuits, including the white
matter connections, would be expected to disrupt the behavior mediated by these
circuits.

In 1949, 12 years after Papez published his paper, Paul MacLean (1964) published a
very interestingly written article in the journal, Psychosomatic Medicine in which he further
developed the role of Papez’s circuit in mediating the basic visceral responses of the
organism, including such activities as the four “F’s” (feeding, fighting, fleeing, and “fooling
around”). He referred to this interconnected series of structures described by Papez as the
visceral brain.* The main thrust of his paper was to establish this “visceral brain” as the
source of the “unconscious” motivation or dynamics that underlie psychosomatic disorders.
As he explained it, the cortex of this system (e.g., the hippocampal formation) is less well
developed than that of the cerebral hemispheres. As a result, the hippocampal formation is
forced to process all this visceral information (e.g., the need for food, fear, and sexual grati-
fication, most of which began in infancy) at a very primitive, highly symbolic, nonverbal
level. He also speculates that:

“[I]f the visceral brain were the kind of brain that could tie up symbolically a number of unrelated
phenomena, and at the same time lack the analyzing ability of the word brain to make a nice discrimi-
nation of their differences, it is possible to conceive how it might become foolishly involved in a variety
of ridiculous correlations leading to phobias, obsessive-compulsive behaviour, etc...Considered
in light of Freudian psychology, the visceral brain would have many of the attributes of the
unconscious id...the visceral brain [may not be] unconscious, but rather eludes the grasp of the
intellect because its animalistic and primitive structure makes it impossible to communicate in verbal
terms.”

Yakovlev's Circuit
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Figure 8-3. Yakovlev’s circuit.
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THE CONCEPT OF A “LIMBIC SYSTEM”

Since the time of Papez (1937), Yakovlev (1948), and MacLean (1949/1964), additional
clinical data have served to strengthen the concept of these limbic structures as a system
that likely plays a major role in such basic behaviors as motivation (drive), affective arousal,
emotional responsiveness, and learning and memory. For example, in some of the early
studies in intracranial self-stimulation, a number of sites within this “system” have been
demonstrated to have extremely positive reinforcing valences for the organism when self-
stimulation procedures were made available, with some sites apparently being negatively
reinforcing (Olds, 1958; Olds & Forbes, 1981). Destructive lesions and electrical stimulation
involving various structures within this system were found to be capable of producing
marked changes in the organism’s pattern of emotional and social behaviors, including
(1) aggressiveness or passivity; (2) increased or reduced sexuality; (3) fear and panic,
emotional indifference (e.g., loss of previously established fear responses); or, on more rare
occasions (4) positive emotional responses. (Bard, 1928; Kluver & Bucy, 1939; Terzian &
Ore, 1955; Downer, 1961; Trimble, 1984, Doane, 1986, Rolls, 1986, 1990; LeDoux, 1991;
Joseph, 1992). Seizure foci or tumors located in the anterior temporal and basal frontal
regions frequently are associated with psychiatric symptomatology (Gloor, 1990, 1991; Gloor
et al., 1982; Hermann & Chambria, 1980; Strauss et al., 1982; Sweet et al., 1969) In addition,
psychosurgical procedures employed to reduce pathological anxiety (e.g., severe, intractable
obsessive—compulsive disorders) or uncontrollable aggressiveness typically targeted limbic
structures or their frontal connections (Diering & Bell, 1991; Valenstein, 1977).

On the other hand, other authors, most notably Brodal (1981), argued that there is no
firm logical or scientific basis for maintaining the notion that these structures should be
considered to represent a specific functional-anatomical “system.” His argument is based,
in part, on the fact that despite being composed of phylogenetically older cortical tissue,
there are considerable anatomical differences among the various structures. He and more
recently Kotter and Meyer (1992) and Kotter and Stephan (1997) note the anatomical and
functional disparities often present in the description of the “limbic system” by various
authors. Kotter and his colleagues suggest, however, that while the “limbic system” should
be viewed as a hypothetical concept rather than a clear, empirically defined anatomical
(or neurobehavioral) construct, the concept of a “limbic system” may have constructive
“heuristic and didactic aspects,” as long as its current limitations are recognized. This
position is shared by Nieuwenhuys (1996), who points out that most, if not all, functional
systems within the brain are characterized by some degree of anatomical uncertainty.

This chapter will not presume to resolve this debate. Rather it will focus on exploring
(1) the basic anatomy and major afferent and efferent connections of certain key “limbic”
structures, (2) the functional correlates most commonly associated with these structures,
and (3) how their collective organization and complementary functions may contribute to
the overall teleological goals of the organism. Before proceeding with an exploration of
individual structures and their interrelationships, a few general principles that may facilitate
our understanding of these relationships will be reviewed.

GENERAL ORGANIZATIONAL PRINCIPLES

As noted above, even among those who subscribe to the meaningfulness of the construct,
there is no universal agreement as to what structures constitute the “limbic system.”
However, practically all anatomical definitions of the limbic system begin with the hypotha-
lamus and include several other more primitive structures that have substantial direct
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connections with the hypothalamus. Most commonly mentioned in this regard are the
amygdala, the hippocampal formation, and the septal nuclei. Other primitive areas that
have been less frequently included are the anterior and habenular nuclei of the thalamus,
the preoptic region, the substantia innominata, and the pyriform cortex.®

A second level of structural organization involves those areas defined as paralimbic struc-
tures (Mesulam, 1985). These areas, which are designated as mesocortex, include cortex within
the temporal poles, the more caudal portions of the orbitofrontal cortex, the remaining
portions of the parahippocampal gyrus, and the cingulate gyrus. While not having direct
connections with the hypothalamus, these paralimbic regions have extensive connections
with other limbic areas listed above and are thought to serve as an important link between
them and the isocortex.

For the purposes of this chapter, only the following structures will be reviewed in detail:
the hypothalamus, amygdala, septal nuclei, hippocampal formation, and cingulate gyrus.
Although less consistently listed as part of the limbic system than the other four, the cingulate
gyrus was included for both historical and practical reasons. Not only was the cingulate
gyrus part of Broca’s “grand limbic lobe,” but it was an integral part of Papez’s circuit
and MacLean'’s original definition of the “limbic system.” From a practical standpoint, as
we shall see, many of the functions associated with this very prominent cortical structure
appear to be directly related to the general functional constructs typically associated with
the limbic system. Finally, again out of both historical and practical considerations, we also
briefly will review the olfactory system and its relationship to limbic functions.

GENERAL FUNCTIONAL PRINCIPLES

As is the case with the anatomy, historically there has been less than a clear consensus
regarding the primary function(s) served by the “limbic system.” The “smell brain,” the
“visceral brain,” the source of emotion and psychic energy, as well as the substrate of
learning and memory are among the various designations that have been emphasized over
the past century with regard to these collections of cortical and subcortical structures. Like
the blind men and the elephant, each probably reflects an important element, but even
collectively it is unlikely that they capture the true essence of the beast. While unraveling
the mysteries of the “limbic system” is obviously still a work still in progress, there is much
to be learned from what has been discovered thus far. Throughout this chapter, the probable
functions of individual structures will be reviewed. But first, by way of introduction, the
following represents a preliminary look at what are thought to be the major function(s)
collectively subserved by these structures.

If there is one feature that is central to the notion of a “limbic system” it would have
to be the control and regulation of drive states. As with all organisms, the most common and
fundamental example of this is maintaining internal homeostasis. Without this, the organism
simply does not survive. For the most part being reflexive or instinctual in nature, the drive
states controlling these autonomic and visceral functions appear to reflect the most primitive
core of the “limbic system.” Beginning with the hypothalamus, the need for reciprocal
control mechanisms readily becomes apparent. If the pupils dilate or the heart accelerates
in response to a threatening stimulus, there needs to be an opposing action that results in
pupillary constriction or cardiac deceleration when the threat is removed. Similarly, if eating
and drinking are stimulated by low blood sugar or decreased osmotic pressure in arterial
blood, there then needs to be some mechanism to inhibit these responses once these values
are normalized.
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However, as organisms evolved, behaviors and social structures became more complex.”
The repertoire of animal behavior no longer was simply relegated to eating, sleeping,
reproduction, and internal homeostasis. Beginning with birds, and even more evident in
mammals, there was a tendency to care for the young over longer periods of time, social
bonds and hierarchies became more intricate, social signaling or communication became
more flexible and elaborate, and as noted by MacLean (1986) “play behavior” developed along
with increased cortical development, particularly the cingulate gyrus. In addition, these
more highly developed organisms appeared to have considerably more freedom or latitude
in terms of behavioral responses to their environment. Behaviors became less ritualized
and increasingly subject to modification as a result of “personal” experience (learning), a
development that may be related to hippocampal expansion.

As part of this overall development, behavior not only became less “mechanical” and
more individualistic (i.e., shaped by experience), but also more “emotional” (i.e., charac-
terized by subjective arousal and drive states as positive and negative valences became
experientially associated with specific stimuli). As we shall see, the amygdala apparently
plays a major role in establishing these associations. This evolution of emotional respon-
siveness provided organisms with the means for richer and more adaptable responses to the
natural environment, as well as the development of true social groups.® Table 8-1 provides
a brief listing of several important functions served by emotions.

As the development of emotion allowed for more variable and complex drive states, the
more primitive biological needs and impulses were still there and needed to be addressed.
Thus, in addition to regulating internal drives, the organism needed to develop a means of
regulating affective responses to external stimuli and the interactions or conflicts between
the two. This was accomplished through an elaborate system of behavioral checks and
balances involving diencephalic, endocrinological, limbic, and eventually cortical mecha-
nisms. Such controls would have teleological significance not only for the individual, but
also for maintaining order as social group interactions within the species became more
complex. For example, while aggression and predatory behavior may be essential to meeting
certain basic biological needs necessary for the survival of the individual (e.g., obtaining
food) or even to maintaining the genetic viability of the species, unless controlled and
directed, unrestricted aggressive or predatory behaviors might prove detrimental both for
the individual and for the species.’

Finally, concurrent and conflicting emotions or drive states eventually would be supple-
mented by competition between more immediate versus long-range or even “abstract”
plans or goals. As the cerebral cortex continued to develop, especially the frontal executive

Table 8-1. Role of Emotions?

1. Preparation of the body for action through the initiation of an appropriate autonomic response.
2. Provides a flexible and efficient means of responding to a given stimulus that is largely based on
the individual’s experience.

3. Provides drive or motivation to respond.

4. Facilitates the communication of one’s mood state and response propensity (e.g., anger,
aggression).

. Facilitates social bonding, as well as communication.

. Influences the cognitive evaluation of stimuli and resulting judgments.

. Facilitates and enhances memory storage for specific events.

. With the assistance of memory, provides persistent motivation and direction, even in the absence
of a specific stimulus.

9. Triggers the recall of specific memories.

[N Ie ) |

? Adapted from Rolls (1995).
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Table 8-2. Proposed Functions of the “Limbic System”

Maintenance of homeostasis: Primarily reflects MacLean’s (1949) emphasis on the limbic system as
the “visceral brain,” but may be expanded to include regulatory control over a broad range of
behaviors that insure that one’s basic biological needs are met.

Motivated and goal-oriented behaviors: Besides basic homeostatic mechanisms, reflects any
affective valences (emotions) attached to real, imagined, recalled, or anticipated situations that
result in a propensity to respond in a particular manner (drive state).

Survival of the individual: Requires responding not only to homeostatic demands, but also to
external (e.g., “threatening”) stimuli. Depending on the organism and situation this may elicit
“fight or flight” responses with accompanying sympathetic arousal.

Survival of the species: Includes sexual activities, maternal and paternal behaviors, social bonding
(including affective expressions and/or vocalizations),'! and modulation of aggressive impulses
(especially between members of the same social group).

Learning and memory: Although not included in Nieuwenhuys’ definition, memory and emotions
are intimately linked, establishing learned emotional associations that are critical for future drive
states and survival.

system, certain advantages were provided if the organism could modify, control, or inhibit
immediate emotional tendencies or basic urges in lieu of future or alternate, higher-order
goals. Conversely, the drive (motivation) to achieve more abstract or distant goals required
tapping into or recruiting more primitive brain mechanisms. All these latter changes
coincided with the development of what Mesulam (1985) refers to as the “paralimbic”
system, which could modify the expression of these behaviors depending on external circum-
stances.'’

A definition of the limbic system offered by Nieuwenhuys reflects the probable functional
role(s) of the “limbic system. He states, [the limbic system] “is concerned with specific motivated
or goal-oriented behaviors, directly aimed at the maintenance of homeostasis and at the survival of
the individual (organism) and of the species” (Nieuwenhuys, 1996, p. 574). The major functional
implications of this definition are presented in Table 8-2.

The preceding paragraphs provide a brief overview of the possible roles of the limbic
system in behavior. At the conclusion of this chapter, some of these functions will be
discussed in greater detail, along with the possible interrelationships of various limbic struc-
tures and other neural systems. First, however, we will review the major anatomical and
functional aspects of the individual structures within this system, including their intercon-
necting pathways. Figure 8—4 provides a highly schematic perspective of some of the major
structures and pathways that will be discussed below. The reader should keep in mind
that this limbic network is exceedingly complex and the functional role(s) of individual
structures is still incompletely understood. Also, as noted above, there still is the more basic
debate as to whether “the limbic system” is a viable construct, and if it is what structures
constitute it. The reader is invited to draw his or her own conclusions.

NEUROANATOMY OF THE LIMBIC SYSTEM

Hypothalamus
Location and General Anatomy

The hypothalamus represents that portion of the diencephalon that lies below and slightly
anterior to the main body of the thalamus proper. It essentially surrounds the lower aspect of
the third ventricle (see Figures 6-1b,c,d; 6-2c,d). The anterior boundary of the hypothalamus
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Figure 8—4. Schematic showing some of the major limbic structures and pathways.

is marked by the rostral edge of the optic chiasm ventrally and by the anterior commissure
dorsally. The posterior extent of the hypothalamus generally is identified with the caudal or
posterior extent of the mammillary bodies, which are part of the hypothalamus. Dorsally,
the hypothalamus extends to the hypothalamic sulcus, a shallow indentation in the walls
of the third ventricle. Despite its relatively small size (representing less than 0.5% of the
total brain mass), the impact of the hypothalamus on behavior and normal bodily function
is incalculable.

The hypothalamus is not a homogeneous structure, but rather a collection of numerous,
discrete, bilateral nuclei. The hypothalamus commonly is divided into three anterior—
posterior zones, a medial zone, and a lateral zone (Figure 8-5). The most anterior zone is
represented by the nuclei above and immediately around the optic chiasm, among which
are the medial and lateral preoptic nuclei and the supraoptic and suprachiasmatic nuclei.
The middle zone is the area above the tuber cinereum and the infundibulum, which is the
connection between the hypothalamus and the pituitary. Among the nuclei of note in this
region are the dorsal and ventral medial nuclei and a good portion of the lateral nuclei,
which will be discussed in greater detail below. The posterior section of the hypothalamus is
the area that includes the mammillary bodies and the posterior hypothalamic nuclei. Finally,
as mentioned, the hypothalamus also can be divided into medial and lateral zones. This
latter division roughly is accomplished by a vertical line passing through the descending
columns of the fornix. This separation will become meaningful as the effects of lesions in
the ventromedial versus the lateral nuclei are discussed.

Afferent and Efferent Connections

Consistent with its role in governing multiple and diverse aspects of behavior, the hypotha-
lamus has direct connections with the brainstem, the remaining diencephalic nuclei, many
of the limbic structures, as well as the orbital frontal cortex. Structures that may not be
directly connected to the hypothalamus have ample opportunity to influence, or be influ-
enced by this center for emotional, autonomic, and endocrinological activity via indirect and
neurochemical connections. For our present purposes, it will be sufficient to review only a
few of the more well known pathways, but keep in mind there are additional hypothalamic
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3rd Ventricle
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Figure 8-5. (a) The approximate boundaries of the anterior, middle, and posterior divisions, and
(b) the medial and lateral zones of the hypothalamus (shaded). Hypothalamic cells immediately
adjacent to the third ventricle represent a paraventricular zone. Abbreviations: A, amygdala; AC,
anterior commissure; can, accumbens nucleus; CN, caudate nucleus; CP, cerebral peduncles; Fc,
columns of the fornix; Fecrus, crus of fornix; Inf, infundibulum; MB, mammillary body; OC, optic
chiasm; ON, optic nerve; OT, optic tract; P, putamen; Pit, pituitary gland; S, septal nuclei; SN, substantia
nigra; SubT, subthalamus; T, thalamus.

connections beyond those discussed here. It is also important to remember that while some
fiber tracts may be designated as primarily afferent or efferent, most probably contain recip-
rocal connections. This rule applies not only to hypothalamic connections, but also to most
connections among the limbic structures.

As we have seen, one of the major pathways in Papez’s circuit was the fornix. This very
large and prominent subcortical fiber tract provides a major link from the hippocampal
formation in the medial aspect of the temporal lobe to the mammillary bodies of the hypotha-
lamus. As this tract loops around and over the dorsal thalamus and then recurves forward
and ventrally to enter the mammillary bodies, it also gives off fibers to the anterior nucleus
of the thalamus and to the septal regions. Two other major pathways into the hypothalamus
from the temporal region are the stria terminalis and the ventral amygdalofugal pathway.
These tracts appear to consist primarily of afferent fibers entering the hypothalamus (and
preoptic areas) from the amygdala. Similar to the fornix, the stria terminalis loops around and
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over the dorsolateral surface of the thalamus, whereas the ventral amygdalofugal pathway is
more direct. This latter pathway merges with another very large fiber system that provides
input into the hypothalamus, the medial forebrain bundle (MFB). However, the MFB is akin
to a major freeway system, carrying two-way traffic connecting the orbital frontal cortex,
including olfactory and septal areas, the lateral hypothalamus, and the brainstem. Through
this system the hypothalamus not only receives input from these areas, but also contributes
fibers that provide efferent feedback as well.

In addition to the efferent fibers the hypothalamus contributes to the medial forebrain
bundle, there are two other hypothalamic pathways that are well known for their efferent
connections from this nuclear complex. One is the mammillothalamic tract, which figures
prominently in Papez’s circuit. This tract originates from the medial portion of the
mammillary bodies and terminates in the anterior nuclei of the thalamus (which, in turn,
projects to the cingulate gyrus). Another is the mammillotegmental tract, which connects the
hypothalamus with the brainstem, particularly with the mesencephalic (midbrain) reticular
formation (see Figure 8—4). This latter tract starts out with the mammillothalamic tract as the
fasciculus mammillaris princeps, or the mammillary fasciculus, but then branches caudally
to the brainstem.

Another, more indirect route from the hypothalamus to the brainstem is represented
by the stria medullaris thalami. As noted, the hypothalamus has reciprocal connections
with the septal nuclei. The septal nuclei, in turn, give rise to the stria medullaris, which
adheres to the dorsomedial surface of the thalamus on its way to the habenular nuclei on the
posterior dorsal aspect of the thalamus. From the habenular nuclei, a tract (the habenuloin-
terpeduncular tract or the fasciculus retroflexus) proceeds to the interpeduncular nuclei of
the midbrain. Finally, although it likely also contains reciprocal ascending fibers, the dorsal
longitudinal fasciculus provides efferent feedback to the periventricular and periaqueductal
gray of the brainstem. Other direct and/or indirect connections are established between the
hypothalamus and other brainstem nuclei (e.g., dorsal motor nuclei of the vagus nerve, the
nucleus ambiguus, and the nucleus solitarius), as well as with the preganglionic neurons
that lie in the lateral horn of the thoracic cord. Table 8-3 outlines some of these hypothalamic
connections.

Table 8-3. Major Hypothalamic Tracts®

Tract Connections
Medial forebrain bundle (MFB) Orbital and midline frontal cortex, septal nuclei, midbrain
tegmentum (A&E)
Fornix Hippocampal complex (A)
Stria terminalis Amygdala (A)
Ventral amygdalofugal pathway Amygdala (via MFB) (A&E)
Mammillary peduncle Midbrain reticular formation (A)
Mammillary fasciculus
Mammillothalamic tract Anterior nucleus of the thalamus (E)
Mammillotegmental tract Midbrain reticular formation (E)
Dorsal longitudinal fasciculus Periventricular and periaqueductal gray of brainstem (A&E)
Stria medullaris thalami Habenular nucleus of the thalamus, via septal nuclei (E)
Hypothalamospinal tracts Sympathetic nuclei in lateral horns of the spinal cord (E)

? While most pathways likely contain both afferent (A) and efferent (E) connections, the designations above refer
to those tracts that are typically thought to be either primarily afferent (A), primarily efferent (E), or appear to
have a balance of afferent and efferent fibers (A&E).
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Among other possible functions, these various pathways provide a means for intercon-
necting the hypothalamus with the parasympathetic and sympathetic autonomic nervous
systems, orbital and medial frontal cortices, limbic structures, as well as the brainstem
reticular formation. The latter includes nuclei that are responsible for the production of
neurotransmitters important in homeostatic activities (e.g., the raphe nuclei, a source of
serotonin, which among its other roles is involved in sleep) and sympathetic arousal
(e.g., locus coeruleus, a source of norepinephrine).'? Thus, the hypothalamus not only plays
a role in regulating autonomic arousal to internal emotional states and/or external, affec-
tively provocative stimuli, but also allows for internal changes in homeostasis to influence
arousal and affective drive states via its cortical-limbic and reticular connections.

The Hypothalamic—Pituitary Connection

While the various neuronal pathways discussed above enable the hypothalamus to be
informed of the internal and external environment and to effect bodily changes to meet
the demands imposed by these environmental changes, these connections do not represent
the only means by which the hypothalamus can effect change. In addition to neural input,
the hypothalamus is bathed in a very rich supply of capillary vessels. Many of the neurons
in the hypothalamus have very sensitive chemoreceptive capacities that allow them to
monitor and respond to changes in the blood. For example, by monitoring an increase in
the osmotic pressure in the blood, the supraoptic nuclei can signal a release of antidiuretic
hormones, which increase the reabsorption of water by the kidneys. The release of this agent
(vasopressin) actually is accomplished by hypothalamic neurons that axonally transport this
hormone to the posterior lobe (neurohypophysis) of the pituitary gland where it is absorbed
in the blood. Disruption of this process (e.g., by a lesion to the anterior hypothalamus) could
lead to diabetes insipidus. The relationship between the hypothalamus and the pituitary
gland is exceedingly complex; however, for our present purposes, a relatively simplified
account should suffice.

The pituitary gland lies in a recess at the base of the skull called the sella turcica. The
pituitary gland is connected to the hypothalamus by the infundibulum or pituitary stalk
(Figure 8-6). The pituitary gland can be divided into a smaller posterior portion, the neuro-
hypophysis, and a larger anterior section, the adenohypophysis or the pituitary gland
proper. The neurohypophysis is really a continuation of the diencephalon. The axons of the
supraoptic and paraventricular hypothalamic nuclei continue into this posterior region of
the pituitary via the infundibulum or the hypothalmohypophyseal tract and directly release
hormones produced by the hypothalamic neurons into the bloodstream (see Table 8—4
for hypothalamic—pituitary hormones).. The two hormones thus released are vasopressin
(discussed above) and oxytocin. The latter is important for uterine contractions and the
production of milk. By contrast, the hypothalamus does not have direct, neural connec-
tions with the anterior lobe of the pituitary. It releases hormones that are transported by
the vascular system to the adenohypophysis (anterior lobe) and where they stimulate the
glandular cells in the anterior pituitary. The adenohypophysis in turn releases its own
hormones. Among the hormones released by the anterior pituitary are:

ACTH (adrenocorticotrophic hormone) which stimulates the adrenal gland)

TSH (thyrotrophic hormone) which stimulates the thyroid gland

FSH (follicle-stimulating hormone) which is important in the production of sex
hormones

LH (luetinizing hormone) which is important in reproduction

STH (somatotrophic hormone) which stimulates growth

Prolactin which stimulates lactation
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Figure 8-6. Hypothalamic—pituitary connections. The posterior portion of the pituitary (neurohy-
pophysis) is innervated by hypothalamic neurons that transport the hypothalamic hormones (oxytocin
and vasopressin) down their axons to be released into capillary beds of the posterior pituitary from
where they enter the general circulation. By contrast, the capillary beds of the anterior pituitary (adeno-
hypophysis) are supplied with hypothalamic hormones (either “releasing” or “inhibitory factors”) via
a blood portal system from capillary beds in the hypothalamus itself. Once released into the adenohy-
pophysis, these hypothalamic hormones then stimulate pituitary cells to synthesize and secrete their
own (pituitary) hormones, which then are released into the bloodstream. Note: Some hypothalamic
hormones inhibit the production/secretion of pituitary hormones.

Thus, lesions to the hypothalamus can have profound effects on widespread organ systems
via disruption of hormonal systems.

Functional Correlates

Trying to delineate the precise function(s) of any limbic or any other brain structure is
difficult at best. This is especially true of the hypothalamus. Located deep within the brain,
it is not readily accessible to study. More importantly perhaps, as has been pointed out,
it is not a homogeneous structure but rather a collection of many individual nuclei with
extensive, often overlapping direct and indirect connections to most brain systems and
with indirect effects on distant organ systems via neurochemical influences. Most of our
information about the hypothalamus has come from experimentation with animals (lesion or
stimulation studies) or from analyzing the behavioral effects of naturally occurring lesions
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Table 8—4. Hypothalamic-Pituitary Hormones
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Anterior Pituitary: Adenohypophysis

Pituitary Hormone
Growth hormone
(GH)

Thyroid stimulating
H. (TSH)

Adenocorticotropic
H. (ACTH)

Prolactin

Follicle stimulating
H. (FSH)

Luteinizing H. (LH)

Hypothalamic Regulating Hormone®

Growth hormone-releasing
hormone

Somatostatin (inhibits release of

GH)

Thyrotropin releasing H.

Corticotropin-releasing H.

Prolactin releasing H.

Dopamine (inhibits release of
prolactin)

Gonadotropin releasing H.

Same as for FSH

Posterior Pituitary: Neurohypophysis

Hypothalamic
Hormone
Oxytocin

Vasopressin (ADH)

Hypothalamic Source”

Magnocellular hypothalamic

nuclei (primarily supraoptic and
anterior paraventricular nuclei)

Same as for oxytocin

Main Functions

Causes liver and other cells
to secrete IGF-I (a growth
promoting hormone);
Stimulates protein
synthesis

Prompts thyroid to secrete
thyroxine and
triidothyronine, resulting
in increasing the metabolic
rate

Causes adrenal cortex to
release cortisol, which
mobilizes glucose,
promotes protein
catabolism, prepares body
to cope with stress

Stimulates development of
mammary glands, milk
production

Promotes secretion of
estrogen, progesterone in
females and testosterone
in males; ovulation and
spermatogenesis

Similar to FSH; ovarian,
sperm maturation

Main Functions

Uterine contractions during
childbirth; stimulates milk
production

In response to increased salt
concentrations in blood,
increased vasopressin
production causes kidneys
to increase H,O retention;
in response to low blood
volume/pressure, causes
arterioles to constrict,
increasing blood pressure.

? Most hypothalamic releasing hormones come from the arcuate nuclei and adjacent paraventricular nuclei.
b Unlike the hormones released to the adenohypophysis, these travel in vesicles down hypothalamic axons where
they are released directly into the capillary beds of the neurohypophysis and from there directly into general

circulation.
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in humans. Among the problems with the former method are that data derived from animal
subjects not always may be directly translatable to humans, and even under experimental
paradigms one is never certain that the effects of the surgical lesion is confined to the
particular nucleus and/or connecting fibers. Adjacent fiber systems and/or neighboring
neurons also may be affected.”® Similarly, stimulation of an area may not represent its
normal physiologic operation and/or may involve other structures that are either physically
adjacent or connected by neural networks. Additionally, the behaviors that we generally
observe are highly complex, and therefore the same brain region may contribute to various
behavioral patterns in different ways. In humans, naturally occurring lesions seldom respect
anatomical boundaries, and even when they appear to be localized to a discrete region we
are still faced with the same limitations described above. Actually, these problems are not
peculiar to the study of the hypothalamus and generally apply to lesion studies throughout
the CNS. With these caveats in mind, it may be useful to list a few of the syndromes
associated with hypothalamic lesions in humans and to review a few of the experimental
findings that offer some tentative hypotheses regarding the functional significance of the
hypothalamus.

Lesions in the anterior portion of the hypothalamus are likely to result in hyperthermia
(failure of the body’s cooling mechanisms), while more posterior lesions generally are
responsible for hypothermia (a failure of heat conservation). As has been mentioned, lesions
involving the supraoptic and/or paraventricular nuclei can result in diabetes insipidus
or other electrolyte disturbances. Anterolateral lesions are more likely to result in distur-
bances of the parasympathetic ANS, while the sympathetic division more commonly is
affected by posteromedial lesions. Chronic overeating and obesity, along with inadequate
sexual development, has been associated with lesions in the ventromedial aspect of the
hypothalamus (see below). Other disturbances in sexual or reproductive functions, as well
as sleep disorders, have been associated with various hypothalamic lesions. Acromegaly
(gigantism), Cushing’s syndrome (obesity of abdomen, shoulders, neck and face, along with
other metabolic and endocrine disturbances), and hypopituitarism (dwarfism) all have been
associated with tumors of the hypothalamus and pituitary gland. Among the more common
tumors in this area are acidophil cell adenomas, chromophobe adenomas, and craniopharyn-
giomas.

Because these and other tumors that affect the hypothalamus and/or the pituitary gland
grow in the area of the optic chiasm and optic tracts, visual disturbances, with or without
accompanying headaches, are not uncommon. Emotional changes, from rage to increased
sexual activity to apathy, also have been attributed to hypothalamic lesions. Less commonly,
amnestic disturbances have been linked with discrete lesions that appeared to be centered in
the hypothalamic regions (e.g., mammillary bodies, columns of the fornix, or the mammil-
lothalamic tract); however, these regions frequently have been implicated in amnestic
disorders with more diffuse lesions, such as in Korsakoff’s syndrome.

Numerous, classic experiments in animals have revealed that lesions restricted to lateral
hypothalamic nuclei will result in an anorexic syndrome [loss of eating (aphagia) and
drinking (adipsia) responses] which may be so severe that the animal may die if not force-fed
and hydrated. Conversely, lesions placed in the ventromedial nuclei of the hypothalamus
typically will result in an animal that tends to overeat and becomes obese. The results of
stimulation studies show the opposite effects of ablation studies. In these studies, stimu-
lation of the ventromedial nuclei typically produces cessation of eating, while stimulation
of the lateral nuclei leads to eating behavior even when the animal appears satiated.

Disturbances of eating and drinking are not the only behaviors associated with these sites.
In addition to becoming obese and hypoactive, animals with lesions in the ventromedial
nuclei typically will demonstrate aggressive and attack behaviors with minimal provocation
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(e.g., simply the presence of the experimenter)."* On the other hand, stimulation in the region
of the ventromedial nuclei can have a quieting or calming effect. By contrast, lesions of the
lateral hypothalamic (as well as the posterior nuclei) nuclei often have a quieting influence,
whereas stimulation is more likely to elicit attack behavior. Perhaps contrary to what might
be anticipated, stimulation in the region of the lateral hypothalamic nuclei (actually in many
parts of the limbic system, including the medial forebrain bundle) seems to be “pleasurable”
to the animal, since it will work tirelessly to deliver stimulation to this area. In contrast,
stimulation of the ventromedial nuclei appears to have aversive properties, as the animal
will actively attempt to avoid such stimulation. For reviews of these phenomena, see Olds
and Forbes (1981), Isaacson (1982), and Joseph (1990, pp. 92-98).

Behavioral disturbances following hypothalamic lesions are not necessarily confined to
those described above or to the sites listed. Neither are the behavioral manifestations as
simple and straightforward as might be suggested by the above descriptions. The expression
of such behaviors often changes over time and may vary depending on environmental or
other physiological circumstances (Isaacson, 1982, Chapter 2). Comparable behavioral distur-
bances following hypothalamic lesions also occasionally can be found in human subjects
as a result of injury or disease. The point of the above descriptions is to demonstrate the
role of the hypothalamus in the expression of very primitive and basic responses of the
organism to its environment. In fact, rage-like behavior can be exhibited by some animals
(most commonly demonstrated in cats) deprived of all brain tissue except for the hypotha-
lamus and brainstem; this phenomenon is referred to as “sham rage,” since it is thought
that the animal could not experience a normal rage reaction in the absence of these higher
brain centers.

In summary, the hypothalamus would appear to be directly involved in a wide range of
behaviors that are critical for both the survival of the individual and for the survival of the
species. Although they are not mutually exclusive, for the sake of simplicity, some of the
activities in which the hypothalamic nuclei appear to play a significant role include:

1. Maintaining a homeostatic, internal environment (e.g., oxygen, temperature, and
water regulation; circadian rhythms; food intake and utilization).

2. The monitoring and control of the endocrine system (e.g., growth, protein synthesis,
sexual responsiveness, and reproduction).

3. Control of the autonomic nervous system, balancing the actions of the sympathetic
and parasympathetic branches to meet the demands of both the internal and external
environment (e.g., stress or threat).

4. Emotional expression: While the subjective experience of emotions and the selection of
an emotional response that is appropriate to external stimuli requires the cooperation
of “higher neural networks” (e.g., cortex and other limbic structures), the hypotha-
lamus appears capable of generating basic affective or drive states.

5. Arousal: It appears likely that arousal involves both ascending (external sensory
stimulation — reticular system — hypothalamus) and descending (cortical activity
— hypothalamus — reticular formation) capabilities. In addition, cortical input is
crucial for the mediation of conscious arousal and attention.

6. Memory: This is probably the least well-documented aspect of possible hypothalamic
function. While lesions of certain nuclei (particularly the mammillary bodies) and their
nuclear connections (e.g., mammillothalamic tracts) have been associated with distur-
bances of learning and memory (e.g., Korsakoff’s syndrome), the critical lesion(s)
producing disturbances of memory are still a subject of some debate (Verfaellie &
Cermak, 1997; Victor, Adams, & Collins, 1989).
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Amygdala
Location and General Anatomy

When viewing the ventral surface of the brain, a small eminence approximately 12 to
15mm in length is noted on the anteriomedial surface of the parahippocampal gyrus.
This protrusion is known as the uncus and marks the general location of the underlying
amygdala (see Figures 5-4b; 6-1b—e; 6-2a—c). The amygdala, like the hypothalamus, is not a
homogeneous structure but rather consists of a number of smaller nuclear groups. For most
practical purposes, it can be divided into three major components: the corticomedial, central,
and the basolateral groups. As we saw in Chapter 5, the corticomedial group has strong
connections with the olfactory system. The smaller central group has been closely linked to
the hypothalamus and brainstem and is thought to be important for generating autonomic
responses. As we shall see, the large basolateral group’s extensive connections with the
cerebral cortex and the hippocampus appears to reflect its role in attaching emotional
significance to external stimuli and learning.

Afferent and Efferent Connections

The amygdaloid complex is subject to extensive cortical and subcortical influences. These
include afferent and/or efferent connections with:

1. Olfactory system, including basal-orbital frontal and anterior-medial temporal
allocortical areas

Other basal-medial nuclei

Ventral striatum

Hypothalamus

Brainstem

Thalamus

Allocortex and juxta-allocortex

Neocortex

© N UL

In contrast to the corticomedial group’s large input from the lateral olfactory stria, the
basolateral group does not receive direct input from the olfactory system (it may receive
indirect olfactory information from the surrounding primary olfactory cortices).

The amygdala has fairly extensive interconnections (afferent and efferent) with a number
of basomedial frontal areas. These include the region in the vicinity of the anterior
commissure known as the substantia innominata (which, in turn, includes the nucleus
basalis of Meynert), the septal nuclei, the bed nuclei of the stria terminalis, and the nuclei
of the diagonal band of Broca. The fiber pathways that connect the amygdala to these
areas include a shorter, more direct route: the ventral amygdalofugal pathway and the stria
terminalis, a long, looping fiber tract that follows the curvature of the lateral ventricles,
dorsally over the thalamus (see Figures 6—1a,b; 8—4).

Connections between the amygdala and the basal ganglia are thought to be primarily
efferent. These projections generally are to the ventral or “limbic” portions of the striatum,
including the nucleus accumbens (see Figure 6—1a). These latter connections constitute a
major part of the “limbic feedback loop” discussed in Chapter 6, and would appear to have
significant implications for a variety of psychiatric syndromes (Heimer, 2003).

There also are extensive reciprocal connections between the nuclei of the amygdala
(particularly the central and corticomedial groups) and the hypothalamus and brainstem.
The majority of these connections are via the ventral amygdalofugal pathway. The
amygdalofugal inputs extend from the hypothalamus to nuclei of the midbrain, pons,
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and medulla, with some fibers continuing on to the spinal cord. These efferent pathways
are thought to be important in generating appropriate autonomic or visceral responses to
emotionally charged situations.

Thalamic input to the amygdala (primarily to the central group) comes largely from
the midline nuclei, whereas amygdalothalamic connections are largely from the basolateral
group and are projected mainly to the dorsomedial nucleus. It should be recalled that the
dorsomedial nucleus, in turn, projects back to the prefrontal cortices.

As previously noted, the corticomedial amygdala receives input from the more
“primitive” primary olfactory cortices along the more rostral, medial portions of the temporal
lobe. In addition, the juxta-allocortex (from the parahippocampal and cingulate gyrus)
appear to project primarily to the more medial or basal portions of the basolateral group.
On the output side, there are substantial connections from the amygdaloid complex to
the entorhinal cortex and from there to most parts of the hippocampal formation (except
perhaps for the dentate gyrus). While the amygdala receives some afferent input from the
hippocampal formation, it would appear to be considerably less than the efferent fibers it
sends back to this region.

Finally, the more lateral portions of this group appear to receive input from frontal
and posterior association areas of the neocortex, as well as the insula. These connections
provide the amygdala access to both frontal control and executive functions, as well as to
“processed” sensory information. There also are reciprocal connections from the amygdala
back to the cortex, although perhaps not always to exactly the same areas from which they
came. Most, if not all, areas of the frontal lobes appear to receive extensive efferent input
from the amygdala. These connections would seem to ensure that the amygdala plays a
significant role in both frontal and limbic feedback loops. As discussed in Chapter 6, these
cortical loops have been implicated in mediating basic drives and goal-oriented behaviors,
both of which often depend on emotional arousal.

In addition to these various connections with other outside structures, the various nuclear
groups within the amygdala also have their own internal connections or communication
networks. Thus, while the basolateral group does not have direct access to the olfactory
system, it receives input from the corticomedial group. There also are reciprocal connections
between the two amygdaloid nuclear complexes by way of the anterior commissure."

Functional Correlates

The short answer to the question of the functional significance of the amygdala is that
it appears to play an important role in the attachment and/or recognition of emotional
valences associated with our sensory experiences. At least this is believed to be one of
its major roles (Everitt & Robbins, 1992; Gaffan, 1992; LeDoux, 1989; Rolls, 1995). Before
proceeding, however, the reader’s attention is directed to a book, The Amygdala: Neurobi-
ological Aspects of Emotion, Memory, and Mental Dysfunction (Aggleton, 1992). This book is
nearly 600 pages in length. Works of comparable size are available on the hypothalamus,
cingulate gyrus, and the hippocampus (Cohen, 1995; Haymaker, Anderson, & Nauta, 1969;
Isaacson & Pribram, 1986; Kato, 1995; O’Keefe & Nadel, 1978; Reichlin, Baldessarini, &
Martin, 1978; Vogt & Gabriel, 1993). These references are pointed out merely to emphasize
the complexity involved in trying to comprehend the behavioral correlates of any of these
structures, much less the interactions of all the discrete behavioral systems from the cortex
to the brainstem. It also is offered as a forewarning to the reader that the brief summary
presented here in no way portends to offer anything near a complete explanation of the
role of the amygdala in behavior. The same caveat obviously applies to the other limbic
structures to be discussed.
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Before attempting to review a few of the more common findings or theories regarding
the possible functional significance of the amygdala, it also is helpful to remind ourselves
of the inherent limitations in such a task. As was the case with the hypothalamus, the
amygdala is not a homologous structure, but rather has multiple nuclei, each of which
has its own unique connections and most likely its own behavioral correlates. While there
is some commonality of findings in the literature, significant differences may be found
depending on various factors. Such factors include the size and exact location of the lesion
(or parameters of stimulation), the environmental context and/or time period in which the
behavior is observed, and even the species that are the subject of study.

At about the same time that Papez was describing a subcortical circuit to help explain
the neuroanatomical substrates of emotion, Kluver and Bucy (1939) were investigating the
effects of bitemporal lesions in monkeys. They described the following behavioral syndrome
that still bears their names. One of the more striking things they noted was that although
these animals appeared to have no significant problems with visual acuity or visual discrim-
ination per se, they nonetheless appeared to have a type of visual agnosia for objects, which
they characterized as a psychic blindness. This behavior was manifested in two ways. First,
whereas normal, intact primates tend to rely heavily on visual feedback to explore and
identify things in their environment (including small objects), these lesioned animals tended
to repeatedly explore objects by smelling or by placing them in their mouths (termed, hyper-
orality). Second, previously “feared” objects, when introduced into view, no longer elicited
avoidant or aversive responses in these animals. This seemed to be true whether the “object”
in question was one that appeared to be genetically programmed to elicit such a response
(e.g., a snake) or one that may have been “learned” through experience (e.g., the net or
glove used to catch or handle the animal). In these bitemporal-lesioned animals, the normal
“fear response” was absent. These animals tended to “explore” (touch, handle, orally incor-
porate) any and all objects within their environment. This behavior (termed hypermetamor-
phosis) occurred regardless of the stimulus’s previous capacity to elicit a withdrawal or fear
response.

In addition to the loss of a normal fear response to visual stimuli (e.g., the sight of
an unfamiliar human), Kluver and Bucy found that their bilaterally lesioned monkeys not
only would tolerate physical contact with humans, but also actively facilitate such contacts
(an extremely atypical response for rhesus monkeys). In addition to a loss of fear, these
animals evidenced a marked reduction in normal aggressiveness, even when another animal
attacked them. Finally, another behavioral abnormality demonstrated by these animals was
an increase in sexual interest or sexual responsiveness, which was inferred by their increase
in autosexual, homosexual, as well as heterosexual activities (hypersexuality).

While the original lesions produced by Kluver and Bucy (1939) were extensive, incor-
porating much of the lateral and medial temporal cortex as well as the hippocampus,
subsequent studies have demonstrated that many of the observed changes in emotional and
social behavior could be produced by lesions limited to the amygdala. For example, years
later, Downer (1961) sectioned both the interhemispheric commissures and the optic chiasm
in monkeys (see also Chapter 9 under “Disconnection Syndromes”), thus ensuring that the
input to each eye remained isolated to the same hemisphere. Subsequent lesions then were
confined to the amygdala in these animals, but only on one side. The amygdala on the
other side was left intact. Such animals would show a normal fear response to appropriate
visual stimuli when viewed through the eye on the side of the intact amygdala, but no
such response when only using the eye ipsilateral to the amygdalectomy. In addition to
amygdalectomies resulting in an abolished or an attenuated fear response to a previously
conditioned stimulus, such lesions also have been shown to interfere with the subsequent
postsurgical development of such conditioned fear responses (Blanchard & Blanchard, 1972;
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Davis, 1992; LeDoux, Cicchetti, Xagoraris, & Romanski, 1990). Thus, the amygdala appears to
be important not only for establishing associations between stimuli and associated reinforce-
ments (i.e., affective contingencies), but also for prompting behavioral responses to those
stimuli based on previously established affective associations (Gray, 1995: Rolls, 1995).
In a related finding, it was demonstrated that following lesions of the amygdala in
humans, the ability to recognize emotional expressions in faces was compromised, while
facial recognition per se remained intact (Adolphs, Tranel, Damasio, & Damasio, 1994,
1995).

In addition to reducing the potential for conditioned fear responses, many of the other
behavioral disturbances observed in the Kluver-Bucy syndrome are not limited to monkeys
(Kling & Brothers, 1992). For example, reduced aggressiveness or an increase in docility also
can be found following lesions confined to the amygdaloid nuclear complex in rats, cats,
monkeys, and humans. In fact, based on the findings of Kluver and Bucy and others, surgical
lesions of the amygdala have been used as a means of reducing aggressive or assaultive
behavior in humans (Terzian & Ore, 1955; Narabayashi et al., 1963; Aggleton, 1992).
Although infrequently employed now, such procedures, known as psychosurgery (surgery
whose primary purpose is to effect changes in behavior or affect), typically involve(d)
lesioning of limbic structures, pathways that interconnect limbic structures, or disconnection
of the frontal lobes from the limbic system (frontal leucotomies) (Diering & Bell, 1991;
Valenstein, 1977).

While lesions of the amygdala tend to have a “calming” effect for most animals,
possibly by raising the threshold for affective responding (“emotional blunting”), stimu-
lation generally has the opposite effect. Depending on a number of variables, including
the specific site of the stimulation, the species involved, and the environmental circum-
stances, stimulation may lead to (1) a cessation of ongoing activities and increased alertness
or watchfulness, (2) fearlessness or escape behaviors, and/or (3) aggressiveness or attack
behaviors (Ursin & Kaada, 1960; Egger & Flynn, 1963; Zbrozyna, 1972). Often such stimu-
lation is accompanied by increased sympathetic activity. It is interesting to note that violent
behaviors associated with seizures are extremely rare,' although occasionally reported
(Ferguson, Rayport, & Corrie, 1986; Mark & Ervin, 1970). On the other hand, subjective
feelings of fear, anxiety, or impending doom are not uncommon auras in patients with
seizures, particularly those associated with temporal lobe foci (Gloor, 1972; Spiers, Schomer,
Blume, & Mesulam, 1985)."7

Finally, there has been an ongoing debate within psychiatry for at least the past 30 years
as to the possible relationship between seizure disorders, specifically those whose foci are
in the temporal lobe (thus whose impact likely would include the amygdala), and certain
behavioral or psychiatric disturbances. Most commonly, it has been argued that when
compared with baseline populations or to patients with seizure disorders where the seizure
focus is non-temporal, patients with right “temporal lobe epilepsy” tend to have a higher
incidence of manic—depressive-type disorders, whereas left temporal focal lesions increase
the probability of schizophreniform-type psychoses. It also has been argued that the presence
of chronic seizure disorders with temporal lobe foci increase the likelihood of various
behavioral or “personality” features such as hyperreligiosity or increased preoccupation
with moral issues, decreased sexual interest, increased irritability, excessive rumination,
obsessiveness, and/or cognitive-emotional rigidity. While on the whole there does appear
to be some relationship between certain types of seizure disorders, increased incidence of
psychopathology, and interictal behavior,'® this entire area of research remains controversial
(Bear & Fedio, 1977; Reynolds & Trimble, 1981; Sherwin, 1981; Bear et al., 1982; Hermann and
Whitman, 1984; Spiers et al., 1985; Post, 1986, Adamec & Stark-Adamec, 1986; Stark-Adamec
& Adamec, 1986).
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Septal Area
Location and General Anatomy

The septal region is located in the posterior, inferior, and medial portion of the frontal lobes,
immediately rostral to the anterior commissure and just below the rostrum of the corpus
callosum (see Figure 6-1a; 6-2c—e). This area represents a somewhat poorly defined set of
nuclei. Hence, in humans and other higher-order primates, the terms septal area or septal
region often is substituted and refers to this general anatomical location without further
subdivision into specific individual nuclei [although a more medial and a lateral division
are often identified (Andy & Stephen, 1968)]. Note: Care should be taken to avoid confusing
the septal area or nuclei with the septum pellucidum. The septum pellucidum consists of
two thin sheaths of tissue that provide the medial separation of the anterior horns of the
lateral ventricles and do not contain any nerve cells.

Afferent and Efferent Connections

At an earlier point in the evolution of the central nervous system, the septal nuclei probably
were contiguous, or nearly so, with the posterior portion of the hippocampal gyrus. As
the telencephalon (cerebral cortex) gradually expanded, these two structures anatomically
were separated and came to occupy their present relative positions in the primate brain.
However, several long C-shaped pathways carrying fibers to and from the septal area still
reflect the evolutionary and functional relationships of these two structures. As previously
noted, one of these C-shaped pathways is the stria terminalis, a fiber tract curving around
and over the dorsolateral aspect of the thalamus carrying both afferent and efferent fibers
between the amygdala and septal areas. The other, the ventral amygdalofugal pathway,
establishes a more direct route between the amygdala and the septal area. Another major
C-shaped pathway that also already has been discussed is the fornix. While it is primarily
considered an efferent pathway from the hippocampal formation to the mammillary bodies,
it also gives off collaterals (known as precommissural fibers) to the septal nuclei as it begins
its descent to the hypothalamus. The fornix also carries afferent fibers from the septal area
back to the thalamus and hippocampus.

The hippocampal gyrus also appears to have another dorsal connection with the septal
region. There is a small gray band of tissue, the indusium griseum, which runs from the
hippocampal region anteriorly along the dorsal surface of the corpus callosum (between the
corpus callosum and the cingulate gyrus). Embedded within this band of neural tissue are
two fiber tracts, the medial and lateral longitudinal striae (of Lancisi), which also make
connections with the septal region. There is one final C-shaped or curved dorsal pathway
that also was mentioned in conjunction with the hypothalamus, the stria medullaris thalami.
This pathway, which is found on the dorsomedial surface of the thalamus, appears to be
primarily an efferent fiber tract from the septal nuclei to the habenular (epithalamus) and
other midline thalamic nuclei. From the habenular nuclei (which, in turn, also receive input
from the hypothalamus and the basal ganglia) projections are carried to the interpeduncular
nuclei of the brainstem (via the fasciculus retroflexus) and on to other brainstem nuclei that
are important for mediating autonomic arousal.

In addition to the long, curved dorsal pathways discussed above, other, more ventral
pathways interconnect the septal nuclei with the basal frontal cortex, amygdala, hypotha-
lamus, and brainstem. In addition to the amygdalofugal pathway, two other previously
noted fiber tracts provide ventral connections between the septal nuclei and the surrounding
basilar frontal cortex, hypothalamus, and brainstem. These are the diagonal band of Broca
and the medial forebrain bundle (MFB). As a result of connections to these cortical, subcor-
tical, and brainstem sites, the septal area, like the amygdala, would appear to have access to
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executive, emotional, sensory, and visceral information. Thus, as was true of the hypotha-
lamus and the amygdala, the septal nuclei have substantial connections not only with
“limbic” structures but also with the frontal lobes, the thalamus, and the brainstem.

Functional Correlates

If one reviews the literature on lesion and stimulation studies of the septal nuclei in
mammals, it would appear that in many respects the results are directly opposite those found
in the amygdala (DeFrance, 1976). One of the more dramatic phenomena to be witnessed in
a physiological psychology laboratory is the sight of a 180-pound graduate student being
chased up a chair by a white rat that may barely go over one pound. For anyone who may
not be familiar with them, white laboratory rats, as opposed to their free-roaming ancestors,
are typically rather docile creatures (scientists who routinely work with them generally
prefer it that way). However, if the septal nuclei of one of these animals are destroyed by
stereotaxic lesions, a major behavioral change may be seen. Left undisturbed, the rat may just
sit there, appearing perfectly normal. However, given the proper provocation, sometimes
as minimal as blowing on its fur or gently tapping on its back with a pencil, it may launch
a full-fledged attack on the source of this “assault.”

While this response to septal lesions is not limited to rats, neither is it invariably seen in
all species. Even when initially present, the full effect is typically temporary and generally
accommodates over time or with increased handling (Brady & Nauta, 1953; Ahmad &
Harvey, 1968; Paxinos, 1975). In fact, most animals eventually will show a decreased
tendency to respond aggressively, but this may be in part dependent on the specific nature
of the stimulation or provocation. However, even this initial increased aggressiveness may
be blocked by lesions of the amygdala, which as we have seen tend to reduce aggressiveness.
Conversely, stimulation of the septal area has been shown to inhibit or abort aggressive
behavior (Rubenstein & Delgado, 1963; Siegel & Skog, 1970).

In contrast to the social withdrawal that often can be seen with amygdala lesions, septal
lesions can lead to what appears to be an increased need for social contact. At times,
this will take the form of seeking physical contact or closeness with either inanimate
objects or with representatives of other species that are normally actively avoided (Meyer,
Ruth, & Lavond, 1978). In humans, such behavior occasionally has been described as social
stickiness where, following lesions that encroach on the septal area, an individual may
have difficulty responding to normal cues to maintain appropriate boundaries in social
interactions (Joseph, 1990). Such behavior also might appear to be inconsistent with the
aggressive tendency noted above, except if both are viewed as a failure to inhibit or modulate
emotional/social behavioral responses. Such an interpretation also might be consistent
with the observation that while passive-avoidance learning is typically impaired, active—
avoidance learning is either unaffected or may be slightly enhanced. However, given the
range and variability of behavioral responses both within and between species that can
be found following lesions in the septal area, caution is advised against attributing any
unimodal function, including response inhibition, to the septal nuclei.

In addition to inhibiting aggression, stimulation of the septal region in humans has been
reported as “pleasurable” (Olds, 1958; Heath, 1959). Given a choice, the septal region is one
area where animals may work to provide continuing stimulation, although again this effect
may vary depending on the exact placement of the stimulating electrode. It is possible that
such stimulation results in the release of endogenous opioid peptides from amygdaloid—
hypothalamic areas. Stimulation of the septal region at times also will produce certain
autonomic changes, a finding consistent with its anatomical connections to the hypothalamus
and brainstem.
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Hippocampal Formation
Location and General Anatomy

When viewing the ventral surface of the brain, one can identify the gyrus that lies on
the most medial aspect of the temporal lobe. This area, separated from the more lateral
occipitotemporal or fusiform gyrus by the collateral sulcus, is the parahippocampal gyrus
(see Figure 5-4b). It even appears visually distinct from the adjacent cortical gyri in the
fixed brain, having a somewhat broader and flatter appearance. The hippocampal formation
is located within the parahippocampal gyrus. While not visible on the ventral surface,
the hippocampal formation is very distinct on both coronal and horizontal sections (see
Figures 6-1e-g; 6-2b—g). It can be seen as an enfolding of tissue on the medial surface of the
parahippocampal gyrus along the hippocampal sulcus lying on the floor of the temporal
horns of the lateral ventricles. Viewed in cross section, it has a spiral-type appearance, not
unlike what is seen in a cinnamon roll. The hippocampal formation is divided into several
anatomical subdivisions: the subiculum, the dentate gyrus, and the hippocampus proper
(Figure 8-7)." The hippocampus proper derives its name from its resemblance to the shape
of a seahorse [it is also referred to as Ammon’s horn(from the Egyptian god with ram’s horns)
for the same reason], although as can be seen the dentate gyrus and the subiculum also
take on a similar curved appearance. The hippocampus proper traditionally is divided into
four contiguous sections based on slight differences in cellular structures. These sections, as
seen in Figure 8-7, are referred to as CA1l through CA4 (with “CA” being an abbreviation
for “cornu ammonis” or Ammon’s horn). In what appears to be a remnant of the expansion

(a)

Ccs

Figure 8-7. (a) Cross section of the hippocampal formation and parahippocampal gyrus. (b) The
phylogenetic and ontogenetic development of the hippocampal formation as a result of the enfolding of
the medial temporal cortex (adapted from P. Gloor, 1997). (c) through (e) The hippocampal formation
in progressively deeper sagittal MRI images, and (f) on an axial cut at the level of the midbrain.
Abbreviations: Al, alveus; CA1 — CA4, contiguous sections of the hippocampus proper; CS, collateral
sulcus; DG, dentate gyrus; E-RC, entorhinal cortex; FDS, fimbriodentate sulcus; Fm, fimbria; HS,
hippocampal sulcus; LVyy, lateral ventricle, inferior horn PreS, presubiculum; ParS, parasubiculum;
Sub, subiculum; WMP, white matter pathway.
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of the cortex around the diencephalic core, the most caudal portion of the hippocampal
formation is continuous with the indusium griseum, which is a thin band of gray matter
that lies over the medial surface of the corpus callosum. It extends from the hippocampus
to the region of the septal nuclei. Finally, unlike the neocortex, which consists of six layers
(see Chapter 9), the hippocampal formation is classified as allocortex, which consists of only
three layers. The presubiculum and parasubiculum constitute a transitional zone between
the hippocampal formation (allocortex) and the entorhinal (neocortical) tissue.

Afferent and Efferent Connections

Although some of the following will be a repetition of pathways and connections
discussed elsewhere in this chapter, the major afferent and efferent fiber tracts intercon-
necting the hippocampal formation with other brain centers will be reviewed from the
focal point of the hippocampus. Generally speaking, the connections of the hippocampal
formation can be divided into three broad categories: cortical, subcortical (including the
brainstem), and the contralateral hippocampus. While the internal connections of the
hippocampal formation tend to be unidirectional, most of its external connections are
reciprocal, conveying both efferent and afferent information from cortical and subcortical
structures.
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Cortical Connections

Most cortical projections eventually reach the hippocampal formation, primarily via the
perforant pathway (see Figure 8-8) after having first synapsed in the entorhinal cortex
(Brodmann's area 28). However, some cortical inputs may first synapse in the perirhinal areas
prior to entering the entorhinal cortex, while others may proceed directly to the subiculum
or presubiculum (Nieuwenhuys, Voogd, & van Huijzen, 1988). The hippocampal formation
is believed to receive input from all secondary and tertiary cortices. This includes the juxta-
allocortices of the cingulate, insular, and orbitofrontal areas, as well as the unimodal and
multimodal association area of the frontal, parietal, temporal, and occipital lobes (see Figure
8-9). One prominent corticohippocampal connection is the cingulum, a long fiber pathway
that travels with the cingulate gyrus (e.g., Figures 6-1f, 6-2f). Synapsing in the entorhinal
cortex, the cingulum carries information not only from the cingulate gyrus, but probably
ultimately from many other parts of the cortex that project to the cingulate gyrus (see
below). Whereas the hippocampus receives information visual, auditory, somatosensory,
and visceral information largely through unimodal association areas, it might be recalled
that the olfactory system also has relatively direct connections with both the amygdala
and the entorhinal cortex. In turn, both the amygdala (see below) and entorhinal cortex
have direct connections with the hippocampal formation. These apparently relatively direct
connections (i.e., bypassing the neocortex) between the hippocampus and the olfactory
system might help account for what often seems to be the relative strength of olfactory
memory. Additional discussion of the olfactory system and behavior can be found below.
The subiculum (what might be considered the outermost layer of the hippocampal
formation) serves as the primary output channel for the hippocampus. It sends projections
back out to the entorhinal cortex. As illustrated in Figure 8-9b, from the entorhinal cortex,
efferent connections are established with more or less those same cortical areas that provide
input into the entorhinal cortex/hippocampal formation. Thus, the hippocampal formation
either directly or indirectly through the entorhinal cortex has access and provides feedback

Perforant
pathway

Figure 8-8. Hippocampal formation in relation to other limbic structures. Abbreviations: A,
amygdala; AC, anterior commissure; AN, anterior nucleus of the thalamus; B-F, basofrontal region;
CC, corpus callosum (b, body; g, genu; s, splenium); CG, cingulate gyrus; E-RC, entorhinal cortex;
F, fornix; Fm, fimbria; HF, hippocampal formation; IG, indusium griseum; MB, mammillary bodies;
MTT, mammillothalamic tract; S, septal area; T, thalamus.
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to secondary sensorimotor, multimodal sensory, frontal executive, and limbic systems. These
reciprocal cortical connections, primarily via the entorhinal cortex, likely serve as the basis
for cortical long-term storage of information (i.e., memory).

Subcortical Connections

In addition to the extensive cortical inputs just described, the hippocampus receives afferent
fibers from a number of subcortical structures. As was the case with the cortical inputs,
these subcortical afferents appear to enter the hippocampus by way of the entorhinal cortex
or the subiculum. Among the more prominent connections are those from the amygdaloid
complex, septal region, hypothalamus, and thalamus. While the connections between the
amygdala and the nearby hippocampus are apparently rather direct, the others are more
circuitous. The septal region (septal nuclei, nuclei of the diagonal band) appears to primarily
utilize the fornix (described below) to send fibers back to the hippocampus. With regard
to the hypothalamus and thalamus (primarily the anterior and midline nuclei), recall the
earlier description of Papez’s circuit. The mammillary bodies (having received input from
the hippocampus via the fornix) send projections to the anterior nucleus of the thalamus via
the mammillothalamic tract. The anterior nucleus, in turn, sends projections to the cingulate
gyrus and cingulum, which project back to the hippocampus. Other hypothalamic input
may also return via the fornix.

The main source of subcortical efferents emerging from the hippocampus is the fornix.
Containing over a million fibers, the fornix represents one of the more prominent pathways
within the CNS (Figures 6-1b—f; 6-2c-h). The efferent fibers that make up the fornix appear
to be derived from all three components of the hippocampal formation: the subiculum,
hippocampus proper, and the dentate gyrus. Along the medial surface of the hippocampal
formation there is a thin layer of white matter or nerve fibers (known as the alveus) that
eventually coalesce to form the fimbria. The fimbria is a broad band of fibrous tissue
lying along the dorsal surface of the hippocampal formation that resembles a foot and
eventually evolves to become the crus of the fornix (Figures 6-1g; 6-2h; 8-8). As each
of these fiber tracts proceeds rostrally, they come together just above the dorsomedial
surface of the thalamus (and just below the corpus callosum) to form the body of the fornix
(Figure 6-1f). At its anterior end, the fornix again splits, forming the columns of the fornix
(Figures 6-1b; 6-2c—e). The fibers making up the columns themselves can be split into the pre-
and postcommissural fibers (those passing in front of and behind the anterior commissure).
