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ASCENDING PATHWAYS (BRAIN LEVELS)
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|. Major Ascending Pathways of the Spinal

Cord
A. Posterior white column-medial lemniscus

pathway
* This is likely the major spinal sensory pathway
responsible for generating somatosensory evoked
potentials. The neurons of this pathway transmithmof
the discriminative touch, vibratory, pressure and
kinesthetic afferent modalities to the cerebratexar
1. Primary afferent neurons
a. Generally the larger cells of tersal root ganglia
with large heavily myelinated rapidly conducting
nerve fibers
b. Peripheral processesontact a variety of receptors,
including Meissner’s corpuscles, Merkel’s tactile
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discs, Pacinian corpuscles, neuromuscular spiraatids

Golgi tendon organs.

c. Central processe®nter the posterior white column
over the medial bundle of the dorsal root.

1) Atthe dorsal root entry zone most fibers giife
ascending collaterals, descending collaterals and
collaterals which pass transversely forward to
terminate in the gray matter.

2) Collaterals terminating in the gray matter at the
root entry level or at higher or lower levels may
terminate on:

* Interneurons or alpha motor neurons for spinal
reflexes

» Clarke’s column (nucleus dorsalis) or other relay
neurons of the spinocerebellar pathways

* Relay neurons of the anterior spinothalamic tract

» Interneurons of the lateral spinothalamic system
to modulate pain transmission

3) Ascending collaterals project rostrally in the
ipsilateralposterior white columnto terminate in
the nucleus gracilis and cuneatus of the low
medulla. These ascending collaterals are
somatotopically organized with sacral fibers most
medially and cervical fibers most laterally. The
sacral, lumbar and low thoracic fibers ascend the
fasciculus gracilis while the upper thoracic and
cervical fibers ascend thiasciculus cuneatus

2. Nucleus gracilis and cuneatus

* Nucleus gracilis and cuneatus contain the secwajdr
neuron in this pathway. These nuclei are locateten
low medulla about a cm above the foramen magnum at
the rostral end of the posterior white columns.yThe
receive the ascending collaterals of the primafgrant
neurons in a maintained somatotopic array.
Transmission through these nuclei is modulated by
descending systems originating as far craniallthas
parietal cortex.

* Axons of these dorsal column nuclei initially rior
internal arcuate fibers which project relatively
transversely forward around the central gray. They
decussate in the low medulla between the centagl gr
and pyramids and then form the contralateral medial
lemniscus (lemniscus = a ribbon-like pathway). Ehes
axons will then ascend the medial lemniscus to
terminate in the contralateral ventral posterotdter
nucleus of the thalamus. Somatotopy is maintained i
thedecussationof the medial lemniscuswith lower
limb fibers decussating lowest and upper limb &ber
decussating highest in the medulla.
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* In the medulla thenedial lemniscusis built up dorsal
to the pyramids as a paramedian ascending system
which has an elliptical outline in cross-sectianthe
medulla the major axis of the ellipse is oriented
anteroposteriorly and somatotopy is maintained with
sacral fibers most anterior and cervical fibersimos
posterior.

» At low pons levels the medial lemniscus entees th
most ventral part of the pons tegmentum and idedta
or twisted 90 degrees so that the long axis afriiss-
sectional outline is now mediolaterally disposethwi
sacral fibers most lateral and cervical fibers most
medial.

» As the medial lemniscus enters the midbrain
tegmentum it both diverges from the midline and
continues to rotate so that the sacral fibersauatéd
posteriorly and the cervical fibers more anteriorly

* The medial lemniscus terminates in the ventral
posterolateral nucleus of the thalamus.

3. Ventral posterolateral nucleus (VPL) of the thalanus
* The VPL contains the third major neuron in this

pathway. Transmission through this nucleus is under
the modulating control of corticothalamic systems
originating primarily in the parietal cortex.

* Some neurons of the VPL project to the integeativ
nuclei of the thalamus, eg, the lateral posterior.

* Most neurons in the VPL project to the primary
somatosensory cortex via thesterior limb of the
internal capsulein maintained somatotopy, with
cervical fibers most anterior and sacral fiberstmos
posterior.

» Some neurons in the VPL may also project to drea
the somatosensory association cortex.

4. Primary somatosensory cortex- situated along the
posterior lip of the central sulcus, the postcemyaus
and the posterior portion of the paracentral loljmestly
Brodmann’s area 3, 1, 2). Somatotypically the prrin
and distal lower limb are represented medially.
Represented on the lateral hemisphere from superior
inferior is the proximal lower limb, lower trunkpper
trunk, proximal upper limb and distal upper limb.

5. Somatosensory association cortexparietal lobe
posterior to the postcentral gyrus, including Broaim's
areas 5, 7 and 40. Receives input from the postdent
gyrus and the associative nuclei of the thalamgsthe
lateral posterior.

6. Deficits with lesionsof the posterior white column-
medial lemniscus system include:

» Loss of vibratory sensibility
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Loss of tactile discriminative capabilities — pbi

localization, two point discrimination

« Difficulty determining amount of pressure applied

* Inability to recognize position and movementdotly
parts (kinesthesia)

» Astereognosis — since cortical stereognostic luiéipas
are greatly dependent on the discriminative madalit
ascending in the posterior white column-medial
lemniscus system.

* Sensory ataxic gait

» Positive Romberg test — with a tendency to faNdrd

the side of a unilateral lesion.

B. Anterior spinothalamic pathway

1.

This system contains three major neurons acehds in
close association with the lateral spinothalamgtesy.
Together they are called thaterolateral system (ALS).
Since this system has similar relay centers aratilmt as
the lateral spinothalamic system, it will not bescl#ébed
in detail.

. It conveys what is sometimes caltzdde,

nondiscriminative or light touch: knowledge that a
touch has occurred with poor ability to localize th
stimulus or to determine how hard or by how many
stimuli were touched. Also thought to convey afifeet
elements of tactile stimuli (pleasant or unpleaskie
itch, tickle and libidinous sensation

A discrete lesion involving only this pathwaydifficult
to detect since the discriminative posterior whi&imn-
medial lemniscus system would compensate for defici
the anterior spinothalamic system. However, it is
important to recognize the existence of this system
understand why in complete PWC-medial lemmiscus
lesions some nondiscriminative tactile sensatiog bea
preserved.

Lateral spinothalamic pathway
1.

This pathway is comprised of three major nesirdin
conveys awareness of especially fast pain and
temperature.

. Thefirst order neuron is located in the dorsal root

ganglion. It is usually a small neuron with an
unmyelinated or poorly myelinated axon. It entéues t
posterior gray via the lateral bundle of the dorsal and
the posterolateral fasciculus of lissauer to teat@ron an
interneuron and/or projection neuron in the graytena
anywhere from the posteromarginal nucleus to tise lo®
the ventral gray.

. Gating interneurons are located in and around the

substantia gelatinosa. See F (1).
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4. Thesecond major neuronprojects across the midline in
the anterior white commissure, ascending a spwral ¢
segment or two before entering fageral spinothalamic
tract, that is situated in the anterior part of theraite
funiculus. These second major neurons will progdicthe
way to the thalamus.

» Theascentof these fibers as they cross explains why
lateral spinothalamic tract lesions typically produ
contralateral pain and temperature levels that are
located a segment or two below the level of thfes

* The lateral spinothalamic tractdematotopically
organizedwith sacral fibers situated most peripherally
and cervical fibers most centrally. Hence, in aeai
level central cord syndromes there can be spafing o
lower limb pain and temperature.

» As the lateral spinothalamic tract ascends tagbtem
it is dorsolateral to the inferior olive in theedulla
where it is not far removed from the spinal trawd a
nucleus of the trigeminal nerve that conveys path a
temperature from the ipsilateral face. Hence,
Wallenberg (lateral medullary) syndromes can preduc
alternating hemianalgesia and hemithermoanesthesia
with pain and temperature deficits over the ipsiiat
face and contralateral trunk and limbs.

* Intheponsthe lateral spinothalamic tract is located in
the lateral part of the ventral tegmentum. Thetiata
of the medial lemniscus brings its sacral fibets in
close juxtaposition with the lateral spinothalannact.
This conjunction of these two major ascending
pathways from low pons to the thalamus explains why
they can be easily lesioned together at thesedawel
cause contralateral deficits in both systems.

* Inthemidbrain the lateral spinothalamic tract rotates
with the medial lemniscus to assume a dorsolateral
position in the tegmentum.

5. The lateral spinothalamic tract terminatestordtmajor
neurons located in both thentral posterolateral (VPL)
nucleus of the thalamus andarposterior thalamic area
that is located between the VP nuclei and the géatie
bodies. Nondiscriminative pain and extremes of
temperature come to consciousness at thalamicsleliaé
neurons of these thalmic nuclei project to both the
postcentral gyrus and somatic sensory area |, wilic
located just posterior to the lower part of thetpestral
gyrus.

6. This pathway is subject to modulation of ites®y
upflow by several different mechanisms.

* ThePWC neurons give off collateralsonto gating
inhibitory interneurons in the spinal gray (mostiythe
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substantia gelatinosa). When there is increased PWC
activity it can facilitate these inhibitory neurgmghich
inhibit the second major projection neurons of this
pathway at spinal cord levels. This is the basis fo
dorsal column stimulation to ameliorate intractable
pain.

» Descendingerotonergic systemsriginate in the
raphe magnusnucleusof the midline medulla. They
descend in the dorsal part of the lateral funicalud
terminate upon inhibitorgncephalinergic
interneurons in the dorsal gray which inhibit the
second major projection neurons. The raphe magnus i
under the control of theeriaqueductal gray (PAG)
of the midbrain. The PAG is under the control of
higher centers and can produce analgesia when
electrically or chemically stimulated.

» Otherbrainstem noradrenergic and adrenergic
nuclei also project onto the spinal gray to suppress pain
transmission.

» Corticospinal (sensory pyramidal) neuronsthat
originate in the parietal lobe and descend with the
corticospinal motor systems project to both thatami
and spinal cord levels of the spinothalamic sysiem
enhance or inhibit the transmission of pain,
temperature and other ascending information. These
can also facilitate or inhibit transmission in the
posterior while column-medial lemniscus systentsat i
synapse in the gracile and cuneate nuclei andrthela
These sensory pyramidals can thereby help to direct
attention toward or away from specific sensory gtim
and “may” help explain the mechanism of parietaklo
neglect syndrome.

7. In addition to this three (major) neuron lakera
spinothalamic pathway which predominantly transrines
bright pricking type of immediate pain, there are
collaterals that come off these axons at variousl¢eand
relay upward multisynaptically through the spinospi
pathways of the fasciculus proprius and the redicul
formation of the brainstem. These project ultimateto
the hypothalamus and other parts of the limbicesyst
like the amygdala, to mediate thiew burning type of
pain sensations

D. Posterior spinocerebellar and cuneocerebellar
pathways

» Theseawo neuron tracts convey uncrosseaonconscious
muscle length and tension informationfrom
neuromuscular spindles and Golgi tendon organiseto t
anterior lobe of the cerebellum. The posterior
spinocerebellar tract conveys this information fribva
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lower limbs and trunk, while the cuneocerebellactr
conveys this information from the upper limb.

« Thefirst order neurons are large nerve cell bodies in the
dorsal root ganglia which project large heavily hineted
fibers (la and Ib) into the gray matter of the spicord
over the medial bundle of the dorsal root. At
thoracolumbosacral cord levels these terminateslgmgn
the ipsilateral Clarke’s column (nucleus dorsaks).
cervical levels these axons ascend in the fas@culu
cuneatus to terminate in the accessory (latertdreal)
cuneate nucleus of the medulla.

» Clarke’s column is only present at T1-L3 spinal cord
levels. It is very large at its lower end becaumse must
also receive all the lower lumbar and sacral inpuigh
ascend the posterior white column to terminatd&en t
lower part of Clarke’s column.

e Clarke’s column projects its axons into the igtglal
lateral funiculus where they form tpesterior
spinocerebellar tract. These are situated along the
periphery of the posterior portion of the latexatitulus.
They ascend the spinal cord in this location t@etite
inferior cerebellar peduncle in the medulla throwdhch
they project into the cerebellum.

* The cervical level inputs from most of the upjweb have
no Clarke’s column to terminate upon. Hence, trenead
the fasciculus cuneatus to terminate on the igs@ht
accessory (lateral, external) cuneate nucleushich is
situated dorsolateral to the cuneate nucleus oflte=d
medulla. The second major neurons of the accessory
cuneate nucleus form a short cuneocerebellarttratt
projects into the cerebellum over the adjacentinofe
cerebellar peduncle.

» Lesionsof this pathway produce no “sensory” deficits
since no sensory information comes to consciousness
the cerebellum. Rather, since the cerebellum niesls
essential feedback about muscle length and teision
order to coordinate motor activity, the primarydiing
when this pathway is lesioned is igsilateral loss of
normal cerebellar coordination, manifested by abnormal
finger-to-nose or heel-to-shin tests.

E. Somatosensory evoked potentials

» Electrical activity in theosterior white column-medial
lemniscus pathwayis thought to be the major determinant
of somatosensory evoked potentials because (1listhis
such a large system and (2) it contains many lgrgel
heavily myelinated fibers. Hence, its electricaiaty
will tend to both lead and mask the other ascending
systems.

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy page 9
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Summary of Putative Generator Sources of Somatosemy-evoked

Potentials

P9 Brachial plexus

P11 Spinal entry and beginning ascent in posterior white
columns

N13 Relays forward through spinal grey (for reflexes
and/or spinothalamic pathways)

P14 Ascent through brainstem in medial lemniscus

N18 Relays through brainstem nuclei

N20 and P27 | Parietal lobe generators

P22 and N30 | Prerolandic frontal lobe generators

Far-Field
onset

R ——————
TRANSIT to CORTEX
& $ 9 5 36 25
Figure 21.1Estimation of spinal entry time of an afferent volley &idiin
median nerve by stimulation (three times sensory threshbldft fingers I-11l.
Thumb stimulus delayed by 0.5 msec to achieve a synchronizedrgaerve
volley, which is recorded by subcutaneous steel needlésgatiise to the nerve;
reference inserted 3 cm at right angle to the nerve courde arist (A),
midforearm (B), elbow (C), axilla (D) and Erb’s poattmidclavicle (E). The
vertical separation of the averaged SEP traces is proportmdetances
between electrode sites along the nerve. Calculated linear regrgasied
obliquely through onsets of the first negative phasseobory nerve potentials.
The neck SEP picked up over the spinous process of theettebra is recorded
with noncephalic reference on the dorsum of the right danslim (F) or with an
earlobe reference (G). The contralateral parietal scalp SEP is $mdw
(noncephalic reference). Vertical line with open arrowheads shoset of P9
farfield. Vertical line with closed arrowheads shows spamaty time
extrapolated from the peripheral conduction. The onséteotdrtical parietal
N20 is indicated. Negativity of the active electrode recopigands in all figures.
(Reprinted with permission from Desmedt and Cheron [7].)
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Figure 21.4Phase reversal of N13 into a spinal P13 in prevertetcatding.
Drawing of a lateral X-ray of this subject (upper left) shhmpthe esophageal
electrode (2) in front of the Cv6 vertebra and the pasteeck electrode (1) over
the Cv6 spinous process. Noncephalic reference on right Béintulation of left
median nerve at the wrist. SEP records are superimpogacesuiphageal trace
thicker (several writings with a slight vertical displacentanthe X-Y plotter).
The black star points to the (small) N11 peak seen bggbehageal electrode,
after the negative root potential, which precedes spinal gntey(vertical line
with white triangles). (Adapted from Desmedt and Cherdi [9

/+ ’l:l

Z4
Figure 21.3Cartoon of the cervical spinal cord (Rexed layers II-\dtsked on
the right) with proposed orientations of the longitadiipropagated N11

generator in dorsal column, the horizontal N13 generatdoisal horn and the
P9 generator in peripheral nerve (Reprinted with permigsiom Desmedt.)
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Figure 21.5Comparison of SEP with noncephalic or earlobe reference in a
normal male of age 34 years. Stimulation of left fingeend Il (A-C).
Noncephalic reference recording of SEP at frontal (A) oeparscalp (B) or
earlobes (C). Thicker contralateral traces superimposed orethpwilateral
traces. Electrode positions and traces numbered 1-6 (D, B)fidat same scalp
sites with earlobe reference in which the far fields and N&8rarkedly reduced
through algebraic cancellation (F). Contralateral parietal tra¢ereficrence on
the ipsilateral parietal. Thicker stipple identifies N20 anidrtér stipple P27.
Vertical lines identify P9 onset, N18 onset (initial parbblique hatching, N18
terminates at about 37 msec), N20 onset (B-E-F) and P22 @js Only a small
P22 is seen ipsilaterally. P27 onset is about 6 msec lat@PP2 onset. The
ipsilateral parietal site and the earlobes show an N18 of #ftgame size but
no N20 (E). In noncephalic reference recordings, N18 isghioto form the
baseline for the focal N20, P27 and P22 potentials seen airitralateral scalp.
(Adapted from Desmedt and Cheron [32].)

lI. Somatic Reflexes and Gamma System
A. Definition
1. Areflex is a specific stereotyped involuntargtor
response to a specific stimulus. In general, @xafiotor
response will involve the contraction of some mesand
the relaxation of their antagonists (reciprocaibitfon).

The basic components of a reflex arc are illustkate
schematically in Fig 1.
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BRAIN
SPINAL CORD
I Central
Afferent ? Connections Efferent
Receptor neuron . e _o_ neuron ffector
ore) 1 G MN) (muscle)
Fig 1

* It consists of a receptor, an afferent neuronireg¢
connections, an efferent neuron and a receptoo. Als
shown are descending connections from other lenels
the spinal cord and/or brain which modulate
transmission of activity through the central coritets
and the efferent neuron of the reflex arc. Theerefl
motor response to a particular stimulus will thefect
a balance between two general parameters, the
properties of the reflex arc itself and the projesrof
the descending connections. In healthy individuals,
reflex responses to particular stimuli are usuafly
fairly well-defined intensity. In contrast, in vats
pathological situations, the intensity is oftenggply
abnormal. Understanding reflexes will allow you, as
clinicians, to assess the functional status oh#rgous
system and in cases of abnormal reflex responses,
determine, whether the problem is in the reflegudir
itself and/or the descending projections that maidul
the reflex circuit.

B. Classification of reflexes
1. Reflexes can be classified on the basis of the
a. Type of stimulus — response
* Somatosomatic — stretch, withdrawal, crossed
support
» Somatovisceral — cutaneous vasoconstriction ligh co
 Viscerovisceral — cardiovascular, respiratory,
gastrointestinal
* Viscerosomatic — abdominal muscle splinting
(guarding) in visceral pain
b. Number of synapses
* Monosynaptic — stretch
* Multisynaptic — withdrawal, crossed support
c. Number of CNS levels involved
» Segmental — few stretch
* Intersegmental — most stretch; withdrawal, crdsse
support
» Suprasegmental — placing
d. Reflex arc crossing or not
* Ipsilateral — stretch, withdrawal
» Contralateral — crossed support
e. Source of stimulus in somatic reflexes

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy page 13
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» Cutaneous — withdrawal, crossed support
* Muscular — stretch

f. Presence only in pathological conditions, ie,
“pathological reflexes” like the Babinski reflex

C. Reflexes of cutaneous origin (see figure 2)
1. Withdrawal (flexor or nocioceptive) reflex

a. Although innocuous cutaneous stimuli may cause
weak contraction of one or a few withdrawal muscles
the usuaktimulus is pain, eg, stepping on a tack,
which causes a strong widespread contraction of
withdrawal muscles throughout the limb that produce
an abrupt withdrawal of the injured part from the
source of injury. Not all thesgithdrawal musclesare
anatomic flexors, eg, extensor digitorum longusact
as an ankle dorsiflexor and toe extensor.

b. Central connectionsthrough several interneurons
including those involved in:

» Diverging circuits to spread the afferent stimulus
intersegmentally to excite tloemotor neurons
(aMNs) to all the necessary withdrawal muscles.
Effected by both collaterals of the dorsal root
afferents or through interneurons.

* Reciprocal inhibition of thea MNs to muscles that
antagonize the withdrawal muscles in the injured
limb. This is mediated by signal inverting
interneurons that are interposed between the
afferent neuron and tlee MN.

e Oscillatory circuits to provide a prolonged
repetitive motor afterdischargeof a MNs to
withdrawal muscles even after the stimulus is over
so that the part is not brought back into contatt w
the injuring agent.

2. Crossed support (extensor) reflex
» The withdrawal response changes the center oftgra

for the body. To compensate for this and thereby
maintain an appropriate posture, the supporting
antigravity muscles of the contralateral limb are
activated. This crossed support reflex is mediated
interneurons that project across the midline tatexc
oaMN to contralateral antigravity muscles and to
inhibit, through signal inverting interneurons, the
contralateral antagonists of the antigravity muscle
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Figure 2 — The flexor reflex the crossed extensoeflex, and
reciprocal inhibition.
D. Reflexes of muscular origin (see figure 3)

1. Initially we will consider only the responsepassive
stretch of a single isolated muscle devoid of
suprasegmental descending pathway influences. The
responses to stretch involve two receptor orgéues, t
neuromuscular spindle and the Golgi tendon organ an
three basic reflex circuits, the lhand Ib circuits.

2. Structure and innervation of neuromusculardips
» Composed of a group of smaitrafusal muscle

fibers enclosed within a fusiform (spindle shaped)
connective tissue capsule and innervated by sensory
and motor nerve fibers. Muscles designed for fine
movements have the greatest number of spindles per
unit weight.

» The spindles are located within the muscle betig
arranged in parallel with the extrafusal musclerfg
The connective tissue capsule attaches to the
connective tissue stroma of the muscle and sortteeof
intrafusal fibers (nuclear bag) penetrate the daptsu
gain a direct attachment to adjacent extrafusakteus
fibers.

» There are 2-12 thin intrafusal muscle fibers mittne
capsule divisible into two groups, nuclear bag and
nuclear chain fibers, with the nuclear chain fibers
usually about 2 times as numerous as the nuclear ba
fibers.

* Nuclear bag fibershave their nuclei aggregated in a
bulging equatorial area, extend the length (average
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mm) of the spindle, terminate on extrafusal muscle
fibers and average 25 p diameter.

* Nuclear chain fibershave their nuclei arranged in a
single row or chain at the equator of the fibeg, anly
half the length and diameter of nuclear bag filaerd
commonly attach at either end to nuclear bag fibers

* The polar ends of intrafusal fibers contain théof
the contractile elements which do not extend
significantly into the nuclear equatorial regions.

» Each spindle receives one grdap(12-20 p)afferent
fiber which breaks up to formrimary sensory
endingsthat spiral around the equatorial regions of
both nuclear bag and chain fibers.

» Each spindle receives 0-5 (usually one) grbbup
(6-12 p)afferent fiber which breaks up to form
secondary sensory endingadjacent to the equatorial
region of both nuclear bag and chain fibers.

» Each spindle receives 7-®fferent fibers (1-8 ) of
two functional varieties which terminate on the
contractile polar regions of both the nuclear bag a
chain fibers.

3. Structure and innervation of Golgi tendon organs

» Composed of a group of collagen bundles of thdde
which are enclosed by a connective tissue capsule a
innervated by a sensory nerve fiber.

» Located at the musculotendinous junction in senéh
3-25 extrafusal muscle fibers.

* Innervated by one grodp (12-20 p)afferent fiber
that breaks up into a number of branches whiclabkpir
around the surfaces of the collagen bundles.

4. b circuit

* Ib terminals have high threshold to externally
applied stretchessince they are located on the not
easily deformable tendon. Theual stimulus to Ib
fibers is contraction of the extrafusal muscle fibes
in series with their Golgi tendon organ Shortening
of the contractile elements causes maximal lengtigen
of the tendon especially against loads which preduc
isometric contractions.

* So Ib afferent fibers respond primarily to teasion
produced by muscle contractions rather than thgtthen
changes that activate the la and Il circuits.

* The Ib fibers acting through at least one signal
inverting interneuron causehibition of aMNs to the
musclein which the stimulus arose and through other
interneurons causxcitation of theaMNs to
antagonist muscles.
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5. la circuit. The la circuit is activated by stretching the
muscle. The reflex motor response is contracticthef

stretched muscle.

* The primary sensory endings have a very low tioles

Schneck__Neuroanatomy_NRO (8/8/2005)

to stretch. In a muscle tendon complex, the ingalfu
fibers (IFs) are organized in parallel with therakisal
fibers (EFs), which, in turn, are organized in egri
with the collagen fibers of the tendon. Because the
tendon components are relatively resistant todtret
stretch applied anywhere along the muscle tendon
complex will be passively transmitted to the EFd an
their associated IFs. The stretch-induced defoonati
of the IFs will be greatest in their equatorialiogg
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The primary endings, which have specialized cosatact
with the equatorial region of the IFs, are actiddg
stretch-induced deformation of this region, resgltin
the generation of nerve impulses in the la fibére T
primary ending can be activated $tyort sharp
stretches as in tapping a tendon with a percussion
hammer {endon jerk reflex), or by slow sustained
stretches.

* The central processes of the IA fibers on enggetire
spinal cord divide into ascending and descending
branches which give off collaterals to the grayteraat
the segment of entry and to the gray matter ofrsgve
adjacent cord segments. Some of the collateral®end
Clarke’s column and other spinal neurons for
projection to the cerebellum over the spinocerebell
pathways; other collaterals provide input to thesbeal
cortex over the posterior white column — medial
lemniscus pathway.

« Sitill other collaterals of la fibers go directly
(monosynaptically) taeaMNs that innervate the muscle
from which they arose. When activated, these ler§ib
produce excitatory effects on their targddNs. Short,
sharp stretches elicit a short burst of impulsebénla
fiber which, in turn, elicits a short burst of impes in
their targetMNs and this, in turn, elicits a brief
twitchlike contraction of the musclethe phasic
stretch reflex. Long sustained stretches, such as that
produced by passively moving a joint to stretch a
muscle or by gravitationally stretching the musmie
by squeezing the muscle (tests for muscle tone),
produce a prolonged asynchronous volley of impulses
in the la fiber, which in turn causes a prolonged
excitation of their targetMNs, thereby producing a
sustained contractionthe tonic stretch reflex.

» Other collaterals of la fibers operating throwgsignal
inverting interneurons causgghibition of aMNs to
the muscles which are antagonistsf the stretched
muscle.

» Reflex-induced contraction of a stretched muksdels
to shortening of the EFs and release of stretciein
associated IFs. The resulting slackening of the IFs
results in decreased impulse activity in the la hnd
fibers and, in some instances, total silencinghefia
fibers.

6. Il circuit

» The secondary sensory endings haveatively low
threshold to stretchand are primarily responsive to
slow sustained stretches
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* The impulses generated in the more slowly condgct
Il fibers act centrally monosynaptically or
polysynaptically in thsame manner as the la fibers
to cause similar effects.

7. Static and dynamic response characteristics of land

Il neurons (see figure 4)

» Although the la and Il fibers respond to musctetsh
by increasing their firing rate, the details of the
responses differ from those of the Il fibers. Wiaen
muscle is stretched, there is a period of time lnchv
its length is increasing from its initial steadgtst
length to a new steady state length (see figure 4).

* On figure 4 note that as a new greater length is
achieved, the Il fibers fire at a greater frequerdys
is termed the static length response. The la fiakse
show a static length response. The static length
response is thought to provide the CNS with
information about the steady state length of theateu

* The lafibers, in addition to exhibiting a stadeogth
response, also respond by vigorous firing while the
muscle length is actively increasing. This respasse
termed the dynamic response. Once a new steady stat
length is achieved, the rate of firing of the laefis
decreases to one appropriate for the new lengils, Th
the dynamic response results in an impulse frequenc
that is greater than the subsequent new stati¢tHeng
response. The dynamic response signals the CNS that
the length of the muscle is changing and is alsaght
to provide information concerning the velocity at
which the muscle length is changing.

» The dynamic response of the la fiber is thought t
represent the afferent limb of the phasic stre¢tlex.
The static responses of the la and Il fibers avagdht
to represent the major stimulus for the tonic stret
reflex.
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8. y motor neuronyMN) control of the spindle receptors
a. WhenyMNs are activated they cause shortening of the

contractile polar portions on each end of the fosal

muscle fibers. Since the intrafusal muscle fibees a

fixed at their ends to other intrafusal muscle fiber

to extrafusal muscle fibers, contraction of theailgp

ends causes stretching of their equatorial regissts

as externally applied stretches do. This causeatsct

in both the la and Il circuits with the previously

describedxMN and muscular effects.

b. Possible functions gMNs

» Since la fibers would cease firing during
contraction of the extrafusal muscle fibers, their
input to the CNS in reflex generation and to
cerebellar and other higher centers would be fost i
all shortened positions of the muscle. However, if
theyMNs show sufficient activity to shorten the
intrafusal muscle fibers the same amount as the
shortening in the adjacent parallel extrafusal Heusc
fibers the spindle would not become unloaded and
the la fibers could continue to signal length chleang
information to the CNS for reflex and higher center
utilization. To put it in physiological terms the
YMNs can, by adjusting the length of the intrafusal
muscle fibers, always keep the spindle receptors on
a sensitive part of their response scale.

» Most current thinking is thaMNs are coactivated
with aMNs during most postural control and
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movement activities thereby ensuring continuous
spindle adherent information to the CNS to generate
the important length controlling responses of the
constantly changing load demands inherent in all
postural and movement activities.
9. Static and dynamic response characteristics gfmotor
neurons

* There are two functional typesyWINs which when
stimulated will enhance either the dynamic or tiaic
response of the la fiber. These arediieamic yMNs
and thestatic yMNs. (Figure 3)

» Since there are separate systems for enhancijty or
their absence, decreasing tendon reflexes and enuscl
tone we have a potential means of explaining how a
given disease process can cause hypertonia with
hyporeflexia, eg, by increased statMdN activity and
decreased dynamid/IN activity. Formerly, it was
thought that increases or decreases in muscleotone
tendon reflexes were only a function of increased o
decreasedMN activity. Currently, investigators are
finding that the abnormal muscle tone or tendon
reflexes associated with many disease states can be
directly attributed to changes arMN, staticyMN, or
dynamicyMN activity.

lll. Integration of Spinal Mechanisms and
Injury
A. Reading assignment
 Strictly optional research review article on newer
concepts of upper motor neuron pathophysiology

Brown P. Pathophysiology of spasticifaurnal of

Neurology, Neurosurgery and Psychiattp94;57:773-

777.

B. Spinal somatic motor control
1. Alpha motor neuron function (lower motor neurons,
final common pathway)

* The largealpha motor neurons @MNSs) of the spinal
ventral gray matter are the major innervators ef th
extrafusal muscle fibers (EFMF) that produce thredo
of contraction of skeletal muscles. The functicunait
of a skeletal muscle is tmeotor unit which is an
aMN and all the skeletal muscle fibers it innervates
The force a voluntary muscle generates at anyisme
determined by the number of motor units activated
(recruited) and the rate of discharge of thesevatetd
units. In turn, the number ofMNs activated and their
firing frequency is a summation function of alltbé
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excitatory and inhibitory synaptic inputs to thikINs
at any given instant in time.

» Figure 1 illustrates only three of the major spior
segmental influences upon motor neurons and four of
the most important suprasegmental or supraspinal
controlling influences.

2. Segmental (spinal) level control of alpha motor

neurons (fig 1)

a. In the normal adult theithdrawal responseis
typically elicited by painful stimuli which produce
excitation ofaMNs innervating ipsilateral withdrawal
muscles and contralateral support muscles while
inhibiting their antagonists. The withdrawal respen
IS a very primitive protective mechanism exhibitsd
lower animal forms and newborn humans in response
to even nonpainful stimuli. In normal adult humams
suprasegmental pathways bring the withdrawal
response under higher control and direct thatllt wi
occur only in response to painful stimuli.

b. Thela input from the neuromuscular spindle is
controlled by both the level gMN activity and the
amount of externally applied stretch. This inputites
aMNs of the same muscle and inhibits tidNs of
antagonistic muscles. It is the major contributothte
sensory limb of the phasic and tonic stretch reftex
which are the respective determinantseffexia
(deep tendon reflexes elicited by tapping a tenalibm
a percussion hammer) andiscle tone(elicited by
determining the resistance to palpation of a muscle
to the passive movement of the part in a direction
opposite the muscle’s normal movement).

c. Thelb input is most commonly initiated by
contraction of the EFMF in series with its Golgi
tendon organ. This input inhibitdMNs of the same
muscle and excitesMNs of antagonistic muscles. Ibs
can also be excited by strong externally applied
stretches. They can be used to relieve a musabepcra
by placing the cramped muscle under an additional
externally applied stretch. The muscle contracpilus
the externally applied stretch maximally tenses the
tendons and activates the Ibs to inhibit the crainpe
muscle.
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Summary of Major Control Mechanisms of & Motor Neurons (Figure 1)

Major Suprasegmental Coatrolling Influences

rExtrupyrnnidal System

Lateral. Vestibular

Nucleus
Pons
VeSp Reticular Formation
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U.E. flexors

8,

Midbrain Reticular Formation
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Pyramidal System

"

Sensorimotor and

Premotor Cortex

Medulla
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Lateral ReSp Tract
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rapid movement
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Root
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Ms. and
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while
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their
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imuli i

* Note that all segmental dorsal root inputs careha
their effects omMNs modified by the influence of
suprasegmental descending systems operating at
aMN, yMN or interneuron (IN) levels. When
suprasegmental control is totally withdrawn in a
complete spinal cord transection theINs will
only be influenced by dorsal root afferent inputs,
the “net” effect of which will be to produce
primarily withdrawal responses to all types of
stimuli. There will be no net change in the effexfts
la and Ib inputs, since these will come into the
spinal cord in about equal numbers from both flexor
and extensor muscles. Hence, they will have
essentially balancing excitatory and inhibitory
effects on the&tMNs to these muscles. Only the
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withdrawal mechanisms will produce an asymmetry
in motor response to any externally applied stimuli
3. Suprasegmental (supraspinal) control of alpbtom
neurons
a. Vestibulospinal (VeSp) tracts (figs 1 and 2)the
vestibulospinal tracts originate in the vestibulaclei

of the low pons — upper medulla region. They projec

mostly uncrossed into the anterior funiculus of the

spinal cord to terminate on the ipsilatenahndyMNs

and INs of the ventral gray. They respond to change

in the position of the head in order to maintai@ th
upright posture against the persistence of grdoxty
acting on (1) thetMNs, yMNs or INs involved in the
assumption of volitional postures and movements and

(2) aMNs, yMNs or INs involved in phasic or tonic

stretch reflexes. They afpredominantly”

excitatory to the MNs to antigravity muscles which

in the upright bipedal position of humans are nyostl

upper limb flexors and lower limb extensors.

However, all the antigravity muscles in the human

lower limb are not extensors since the ankle pfante

flexors are antigravity muscles. The use of themter
antigravity muscles in many texts and journals is
frequently equated with purely extensor muscless Th

Is because they are referring to the quadripeds on

which much of the experimental work was done,

where both forelimb and hindlimb extensor muscles
are the major antigravity muscles. However, it is
critically important to understand thapper limb
flexors and lower limb extensors are the
predominant antigravity muscles of the upright
human, since the antigravity posture of spastic
hemiparesis and its associated hyperreflexia and
hypertonia is partly generated by unopposed
vestibulospinal tract activity.

b. Pontine (medial) reticulospinal (ReSp) tract (figsl

and 2)

* This tract arises from neurons in the reticular
formation of the pons (oral and caudal pontine
reticular nuclei). Their mostly uncrossed axons
descend medially through the medulla to enter the
anterior funiculus of the spinal cord and end on
ipsilaterala andyMNs and INs.

» This tract descends in the anterior funiculuselt®
the vestibulospinal tracts and shares with the
vestibulospinal tracts the function of being
“predominantly” excitatory to the MNs to
antigravity muscles(primarily upper limb flexors
and lower limb extensors). Hence, this tract
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participates with the vestibulospinal tract in the
generation of the posture of spastic hemiparegls an
its associated hyperreflexia and hypertonia.

c. Medullary (lateral) reticulospinal tract (figs 1 and
2): originates from a potent inhibitory center in the
reticular formation of the upper medulla called the
nucleus gigantocellularis. It descends largely
uncrossed into the lateral funiculus of the spamad,
where it is closely related to the lateral cortjmosl
tract. It terminates on ipsilateralandyMNs and INs.
This tract is the only descending tract whose fionct
is predominantly inhibitory and it ipredominantly”
inhibitory to MNs to the antigravity muscles
(primarily upper limb flexors and lower limb

extensors).
DESCE’JNDING PATHWAYS
Figure 3 Corticospinal
Upper Ext. ( ) Figure 4
Trunk (eeee)
Lower Ext, (-——- U

Post. Limb
Int. Capsf‘
Midbrain 3

I e Pons ——n Hemiparesis
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1 Midbrain Cord Hemiparesis

'

Medial Reticulospinal (-——-- )

Vestibulospinal (
Lateral Reticulospinal(i.... )

Medulla

d. Corticospinal (CoSp) and corticobulbar tract =
pyramidal tract (figs 1, 3 and 4)
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» Thecorticospinal tract is formed by cerebral
cortical neurons which project without synapse to
the spinal gray to terminate directly aiMNs,

YMNSs or INs leading to them. The majority of these
fibers cross in the decussation of the pyramids of
the low medulla. About a third of these fibers
originate from the primary motor cortex (area 4) of
the precentral gyrus. The rest originate from more
anterior premotor areas of the frontal lobe andhfro
the primary somesthetic and association areaseof th
parietal lobe. These fibers descend through the
posterior limb of the internal capsule, the
intermediate part of the crus cerebri and the bése
the pons to enter the pyramids of the medulla where
80-90% will decussate at low medulla levels to
enter thdateral corticospinal tract. The lateral
corticospinal tract occupies a relatively central
position in the lateral funiculus where it descends
the length of the spinal cord to terminatecoar

YMNs or their INs in the adjacent more lateral
portions of the ventral gray. These lateral MNs
innervate especially the more distal limb

muscles.

» Those fibers which do not decussate in the madull
remain anteriorly situated and enter the anterior
funiculus as thanterior corticospinal tract. They
terminate in the upper portion of the cord upon the
adjacent medially-situated motor neurons of the
same or opposite side. These neuroostly
innervate trunk musculature, which typically
functions bilaterally.

* The corticospinal tract is closely accompanied
through the brain stem (= bulb) by the
corticobulbar tract which provides cortical control
over the cranial nerve motor nuclei which innervate
skeletal muscle. Most cranial nerve motor nuclei
receive both crossed and uncrossed corticobulbar
innervation. Exceptions to this generalization are
the mostly crossed innervation of the facial nerve
motor neurons to lower facial muscles, the mostly
crossed innervation of the hypoglossal neurons to
the genioglossus muscle and the uncrossed
innervation of the spinal accessory motor neurons t
the sternocleidomastoid muscle.

» There is importandomatotopic organizationalong
the length of the corticospinal and corticobulbar
pathways which when appreciated will permit
comprehension of why partial lesions will cause
more dense (severe) weakness (= paresis) of either
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the lower limb, upper limb or head musculature. At
primary motor cortex (area 4) levels the somatotopy
is in the form of a largely upside-down homonculus
(a little person, a manikin) with the knee hooked
over the superior margin of the hemisphere and the
leg, foot and perineum on the medial aspect of the
hemisphere. On the lateral aspect of the precentral
gyrus from superior to inferior the thigh, trunkdan
proximal to distal upper limb are represented. The
head is below the fingertips in a right-side-up
orientation. The somatotopy is continued into the
internal capsule with the head at the genu and the
upper limb, trunk and lower limb fibers situated
from front to back in the posterior limb. A gendyal
mediolateral sequence of head, upper limb, trunk
and lower limb is maintained through the
intermediate part of the crus cerebri, base of the
pons and pyramids of the medulla. At the
decussation, the upper limb fibers decussate highes
and the lower limb lowest. Then the mediolateral
display of upper limb, trunk and lower limb is
reestablished in the lateral corticospinal tract.

» Completdesionsof the corticospinal tract
anywhere above the decussation will produce a
contralateral hemiparesis while lesions of thertdte
corticospinal tract at upper cervical cord leveld w
produce an ipsilateral hemiparesis (fig 4). Partial
medial brainstem lesions can cause more severe
head and upper limb paresis while more lateral
lesions will provide a more severe lower limb
weakness. Similarly medial cervical spinal cord
lesions will cause a more severe paresis in themupp
limb, while lateral lesions will affect the lowernlb
more.

» While thecorticospinal tract functions to exert
some voluntary control over all spinally innervated
muscles, it has particularly important control over
the distal masculature through the lateral
corticospinal tract. While it can exert excitatanyd
inhibitory control over all musclegs
“predominant” influence is to excite the MNs to
the antagonists of the antigravity muscles, ie,
upper limb extensors and lower limb flexors
Hence, when this pathway is interrupted, while all
muscles are weak, the greatest limb weakness is
usually found in these muscle groups. Note that the
lateral corticospinal and lateral reticulospinakts
descend in the lateral funiculi together and have
cooperative but not identical functions, since the
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lateral corticospinal tract is primarily excitatdry
the antagonists of the antigravity muscles, whike t
lateral reticulospinal tract is inhibitory to the
antigravity muscles.
4. Evaluation of spinal somatic motor functions
a. Muscle volume and contour by inspection one can
determine asymmetry between muscles of the two
sides and abnormal sagging of a muscle or its bony
attachment under the influence of gravity. For kubt
volume changes the circumference of the part can be
measured.
b. Strength— muscle strength can be graded as:

« 5 =normal power against a normal amount of
resistance

* 4 = muscle contraction possible against graviy a
< normal resistance

* 3 = muscle contraction possible only against igyav

* 2 = movement of a joint possible only with gravit
eliminated

» 1 =visible or palpable flicker of contractiontno
movement even with gravity eliminated

* 0 = no contraction detectable

c. Reflexes

1) Muscle stretch or deep tendon flexes — a twlitah
response of the stretched muscle to striking a
tendon, bone or muscle with a percussion hammer.
Can be graded as areflexia (0), hyporeflexia (+1),
normal reflexia (+2), slight hyperreflexia (+3) or
definitely pathological hyperreflexia (+4).

2) Muscle tone — best evaluated by evaluating the
resistance of a muscle to passive movement of the
part. Can be graded as atonia, hypotonia, normal
tone or hypertonia.

3) Superficial (cutaneous) reflexes — abdominal
reflexes are elicited by scratching the abdominal
skin with a blunt object to produce ipsilateral
contraction of the abdominal muscles. The
cremasteric reflex in males involves testicular
elevation in response to stroking the skin of the
upper inner thigh. A homologous puckering of the
skin of the anterior labia majora may sometimes be
elicited in females.

4) Pathological
» Babinski sign — the normal plantar reflex

response of ankle plantar flexion and toe flexion
in response to stroking the plantar surface of the
foot from the heel toward the ball of the foot is
replaced by ankle dorsiflexion and sometimes
with a total withdrawal of the limb.
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» Grasp or forced grasping reflex. Palmar
stimulation causes an involuntary grasp.

d. Coordination — finger to nose or heel to shin tests and
rapidly alternating movements are typical cerelpella
tests (to be described later).

e.Posture and gait— inspect posture for any abnormality
of stance or asymmetry. Romberg test is a test of
postural stability. Evaluate gait with ordinary Wial
and turning. Can elicit subtle deficits by walkwwgh
a narrow base by having the patient walk in tantdgm
placing the heel of one foot in front of the toéshe
other or by walking on toes or heels.

f. Abnormal movements— fasciculations are
spontaneous contractions of motor units visible
through the skin and they may be a sign of eaklelo
motor neuron disease. Tremors may occur with
cerebellar or basal ganglia disease. The more @mpl
movement disorders will be described later with the
basal ganglia.

5. Some lesions of the somatic motor system

a. Alpha motor neuron lesion — lower motor neuron

(LMN) lesion

Flaccid a. Volqntary movement weqk
paresis or (paresis) or absent (paraly5|s)
paralysis b. Hypotonia or atonia

c. Hyporeflexia or areflexia

The Oder | nstitute

In a given muscle the
amount of deficit depends
on whether some or all of
its segmental innervation is
lost.

d. Wasting of muscle (atrophy) — begins to beasatble in 2-3 weeks.

e. If the onset of the lesion is gradual (as iryetmophic lateral sclerosis or neuritis) may see
fasciculations (muscle twitches, involving spontauemotor unit discharges that are
grossly visible through the skin) and fibrillationghich are a sign of damaged lower
motor neurons.

b. Ventral root lesion— LMN lesion findings (as above)
plus at certain levels:

Sympathetic deficits (C8-L2) — skin may be fludhe
and warm (by loss of cutaneous vasoconstriction)
and dry (loss of sweating) and will not blanch on
exposure to cold. At C8-T2 levels get Horner’'s
syndrome also.

Parasympathetic deficits (S2-S4) — if ventraltsoo
are lesioned bilaterally can produce bowel, bladder
(motor paralytic bladder — see fig 6), erectile
dysfunction.

. Dorsal root lesions

Anesthesia (loss of all incoming sensationshirt
overlap area if two or more dermatomes are
involved. Hypesthesia (diminished sensation) if one
dermatome is involved.

Hypotonia or atonia — sensory limb (la) defect
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« Hyporeflexia or areflexia — sensory limb (la) eleif

» Atrophic skin changes — thin, shiny, ulcerated

» At sacral levels if incoming afferent impulsesrfr
the bladder and rectum are lost bilaterally it will
cause a sensory paralytic bladder (see fig 6) with
overflow incontinence and constipation with fecal
incontinence.

d. Pure corticospinal tract lesion— relatively pure
lesions of the corticospinal tract are very rare in
humans and they can only be produced by discrete
lesions involving the pyramids or carefully resied
lesions of cortical area 4. In cats and primates
pyramidotomy (cutting the medullary pyramids) and
cortical lesions confined to area 4 typically
consistently produce an enduring flaccid (hypotpnic
paresis by removing the “predominantly” excitatory
influence of the corticospinal tract. Voluntary
movement is slowed and stripped of its finer giesit
Such lesions typically also produce a positive Bskii
sign and loss of superficial reflexes. Since pure
corticospinal tract lesions do not produce the
hyperreflexia and hypertonia of the typical spastic
hemiparesis of UMN disease, UMN lesions must
involve more than the corticospinal system.

e. “Upper motor neuron” (UMN) lesions (figure 5) —
these lesions could be anywhere above the LMN.
Above the medulla they typically involve loss oftho
the corticospinal tract and the corticoreticular
pathways. These corticoreticular fibers largely
originate in the premotor cortex and excite the
contralateral medullary inhibitory center which
originates the lateral reticulospinal tract. Thé&sely
accompany the corticospinals through the internal
capsule, crus cerebri and base of the pons, bsi$ @®
they enter the medulla. At spinal cord levels the
medullary (lateral) reticulospinal tract is agamcdted
in close juxtaposition to the lateral corticospitrakt
in the lateral white column. Lesions involving thes
closely associated tracts above the medulla cause
contralateral deficits, while lesions involving fee
tracts at spinal cord levels cause ipsilateraloitsfi
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Cerebral Cortex

Figure 5
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1) UMN deficits include
a) Immediately after lesions there is a transient
hypotonia and hyporeflexia with paralysis or
paresis — period of shock.
b) Within days or weeks sspastic paresis or

paralysis with

» Weakness or paralysis of limb muscles with
weakness in all muscles, but more marked in
upper limb extensors and lower limb flexors
with distal muscle weakness predominating in
both limbs. A corticospinal sign

» Hyperreflexia is present in all muscles, but it
is more marked in upper limb flexors and
lower limb extensors. Primarily caused by
destruction of the corticoreticulospinal
inhibitory influence, which leaves the
vestibulospinal and pontine (medial)
reticulospinal tract unopposed. Often
accompanied bglonus(a series of rhythmic
involuntary contractions induced by sudden
and sustained passive stretching of a muscle).

» Hypertonia is present in all muscles, but it is
most marked in upper limb flexors and lower
limb extensors. Primarily caused by removal
of the important corticoreticulospinal
inhibitory pathway with retention of the
vestibulospinal and pontine reticulospinal
tracts. May eventually result in upper limb
flexion contractures and lower limb extension
contractures.
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« Diminished or absent superficial abdominal
and cremasteric reflexes. A corticospinal sign

» Positive Babinski sign. A corticospinal sign

* May be a very late disuse type of atrophy
after months or years

f. Motor findings in complete cord transection Since

complete cord transection removes all supraseginenta
control, the MNs will only be influenced by dorsabt
afferents which will be dominated by withdrawal
afferents. Hence, there will be a paralysis in a
withdrawal (flexion) posture below the level of the
lesion. Even innocuous stimuli may cause mass
withdrawal responses, the spinal defense reflekes o
spinal automatism. Autonomic findings are described
below.

C. Spinal autonomic motor control
1. Sympathetic mechanisms
» Sympathetic preganglionic neurons in the

intermediolateral cell column of T1 to L2 cord lés/e
are the effective lower motor neurons of the
sympathetic outflow from the spinal cord. Spinal
segmental level lesions can involve the
intermediolateral cell column or their pregangloni
axons which traverse ventral roots, spinal nernes a
white rami communicans to mostly synapse on the
postganglionic neurons in the sympathetic chain
ganglia. Many of these postganglionic axons will
traverse the gray rami communicans, spinal nerves,
ventral rami and peripheral nerves. Lesions ofany
these elements of the sympathetic pathway will €aus
ipsilateral loss of sweating with skin drynesssHing
of the skin (by loss of vasoconstriction) and feelof
the skin to blanch on exposure to cold in the aec
dermatomal or peripheral nerve cutaneous territory.
The extent of dermatomal or peripheral nerve
sympathetic deficits will be affected by the ussgihal
nerve overlap considerations.

Lesions that involve the sympathetic pregangtoni
outflow pathways at T1 to T2 spinal levels willals
produce an ipsilater&dorner’'s syndrome, with

ptosis, miosis, anhydrosis and flushing and warohth
the skin of the face. Ipsilateral Horner’s syndrarae
also be produced by lesions of these preganglionic
axons as they ascend the cervical sympathetic ¢hain
terminate on postganglionic neurons in the superior
cervical sympathetic ganglion. Beyond the superior
cervical sympathetic ganglion isolated lesionshef t
postganglionic axons accompanying either the eatern
carotid or internal carotid artery will produce ypiihe
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Horner’s syndrome findings in the distribution bét
arterial plexus involved. That is, external carqtiexus
involvement will cause only anhydrosis and flushing
and warmth of the infraorbital portion of the face,
while internal carotid plexus involvement will caus
ptosis, miosis and loss of sweating (anhydrosid) an
flushing and warmth of the supraorbital face.

» Lesions of the intermediolateral cell column &sd
outflow at the T11-L2 cord levels can also intezfer
with ejaculation and the normal tone of the invadum
sphincter of the bladder and rectum (See fig 6).

* The neurons of the intermediolateral cell colusna
under the higher level control of uncrossed desognd
fiber systems which emerge from the hypothalamus
and relay ipsilaterally down through the brain stem
reticular formation to descend in the spinal cangély
concentrated in the lateral funiculus. Interruptidn
this descending sympathetic control system, as in
spinal cord transection, can cause ipsilateralddss
control of all sympathetic functions below the legk
the lesion.

2. Sacral parasympathetic and total segmental and
suprasegmental bladder (and other pelvic and perired
organs) control mechanisms — see figure Blormal
bladder emptying is controlled by three segmentatiom
mechanisms. Theacral parasympathetic cell columns
situated in the lateral part of the intermediateygf S2-4
spinal cord segments. It sends preganglionic filveos
these ventral roots, nerves and ventral rami. Emgrge
from S2-4 ventral rami as the pelvic splanchnio/asy
which course through the inferior hypogastric peku
end on postganglionic neurons in the urinary blacdsl.
Activation of this pathway causes detrusor muscle
contraction. The sacral parasympathetics also medu
erection and the peristaltic defecation mechanisios.
coordinated bladder emptying tegmpathetic bladder
center at T11-L2 levels of the intermediolateral dé
column must be inhibited to relax the involuntary smooth
muscle sphincters of the bladder base and uretitrdhe
S2-4 motor neurons of the pudendal nerve nucleubat
control the voluntary sphincter urethrae muscletrbes
inhibited (these also innervate the bulbospongiasas
external anal sphinctefpressure afferentsfrom the
bladder wall bring sensation of bladder fullnegs ime
spinal cord mostly in company with the parasympiithe
outputs. Pain afferents from the bladder (and rathsr
internal organs) return mostly with the sympathetic
innervation. Theressure afferents tend to excite the
parasympathetics to the detrusorThebladder afferent
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information ascends bilaterally in, perhaps, all wite
columnsand terminates in (B pontine tegmentum
reticular formation bladder center, (2) acortical
detrusor centeron the medial aspect of the frontal lobe
which includes the anterior cingulate gyrus andotBer
limbic cortical and subcortical areas. From theicar
detrusor center descending autonomic pathwaysaetiv
the pontine tegmentum bladder center which in turn
sends descending autonomics bilaterally into the
lateral white columns to cause activation of the S2
parasympathetic (detrusor nucleus) cell column and
inhibition of the sympathetic bladder center and tte
pudendal nucleus. The descending automonics also
function to inhibit the pressure afferents’ tendeng to
cause reflex activation of the detrusor
parasympathetics.If these descending autonomics are
destroyed by bilateral white column disease orapord
transection, when bladder pressures reach a thdesho
level they will cause an uncontrolled reflex contran of
the bladder against sphincters which do not relax
normally —a spastic or reflex bladder.See figure 6 for
other bladder lesions.
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Figure 6
Innervation Of Bladder (and Other Pelvic-Perineal Organs)
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Motor Paralytic Bladder-e.g., LMN disease.
Normal sensation. No voluntary or reflex
motor function.
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Topographic Spinal Cord Lesion Localization

. Posterior White Column Disease (Commonly bilateral)
Same side e.g., Early M.S., Tabes, Pernicious Anemia .
Posterior  } Discrim. touch Lat. Co Sp. & Loss: Discrim. Touch
‘White Vibration, Proprioception Lat. Ret. Sp. Vibration
Column Stereognosis same side : Proprioception
fine motor control Stereognosis
& major inhibitory Sensory ataxia
path to Antigravity . Positive Romberg
Ms. below level lesion
Posterolateral White Column Disease (Spastic Ataxia)
Post. Sp. e.g., Friedrich’s Ataxia, Subacute combined degen. and M.S.
Cerebellar (/ Loss: PWC signs as above
( Same side A).  LuCoSp:Resp=
muscle length // Spastic paral. below
and tension to = p / level lesion
\Cerebellum Post Sp Cb = Cerebellar
ataxia
Lat. Sp. Thal.
Ant. White Med. Ret. Sp+ Pain and Temp)
Commisure Lat. Vest. Sp! Opp. side from Commonly bilateral so may get spastic bladder and
Pain + Temp. fibers Excite Antigravity) 1 segm lower bowel since bilaterally déscending bladder + bowel control
cross to opposite sidesj \ Ms. same side paths are in lateral white column.

Anterior Gray Matter Disease Anterior Gray & Lat. White Dis. Ant. Gray & Anterolateral White Dis.
e.g., Polio ) e.g., Amyotrophic e.g., Ant. Spinal Artery Thrombosis
Loss: AHC = Flaccid Paral. of Ms. Lateral Sclerosis (similar to Central Cord Syndrome)

at level of lesion may be
bilateral

: Loss:
. AHC=flaccid . Loss: AHC = Ditto
\  Paral at Lat Co SP + Ret
’ Level lesion i
72 | Lacosp.
+Lat Ret. Sp. f ’ segm

= Spastic Paral i below lesion
below level lesion opp. side
Ant. Wh, Comm = Bilateral P+T

Usually bilateral so may get spastic bladder and bowel at level lesion or 1 segm lower
Centrally Fxpanding Disease Cord Hemisection :
e.g., Syringomyelia (Brown-Sequard Sydrome) ¢.g. Trauma, Space taking lesion
e.g., Trauma, Space taking Lesion
: Loss: Loss:
AWC=P+T bilat. at level . PW Col. - Discrim touch, Vibrat., : After spinal shock with
lesion or 1 segm. lower Propr., Stereogn. Same side below lesion flaccid paralysis of several
Lat. Sp. Thal, - Pain+Temp. Opp. side weeks duration will get—
side 1 segm. below level lesion. losses like a Bilateral
As expands asymmetrically may include: Ant. Wh, Comm, - Bilat. P+T 1 segm. below Hemisection, except will |
AHC=Ditto lesion or at level lesion also have a spastic bladder
Lat, Sp. Th, = Ditto Ant. Horn Cells - Flaccid paral. Leveél and bowel,~
Lat. CoSp+Ret, Sp. + Ditto Lesion. i
Lat. CoSp+Lat RetSp+MedRet.Sp+Vest.Sg

=With removal of all suprasegm. control, xMNs

driven by withdrawal afferents will produce

spinal defense reflexes of spinal automatism, with

paralysis in flexion posture below level lesion.
11 -
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Localization of Level of Spinal Cord or Spinal Nene Lesion

Major Segmental Sensory Distribution Major SegmentaMotor Distribution
c2 Posterior scalp, upper ant neck Cc2.3 Sternaulestbid — turn head opp side (CN.XI)
C3 Lower ant neck C3.4 Trapezius — shoulder shabduct shoulder (CN.XI)
C4 Shoulder pad C4 Diaphragm
C5 Lateral arm C5.6 Shoulder intrinsics- abductemal rotation, anterior
arm ms — flex elbow, supination
C6 Lat forearm & hand, thumb, index finger C6 Praraforearm
Cc7 Middle finger & middle hand C7 Triceps, exterssarrist and mp joints
c8 Little and ring fingers, medial hand and wrist 8-Tl Hand intrinsics — thumb opposition, abd — &idders
T1 Medial forearm T1-12 Intercostal and abdominal muscles. Beevars-si
T2 Medial arm tensing abd. ms. elevates umbilicus if lower ms
T4 Nipple paralyzed and depresses umbilicus if upper ms
T6 Xiphoid paralyzed
T10 Umbilicus
L1 Groin L1 Cremaster reflex
L2 Upper anterior thigh L2 lliopsoas — hip flexion
L3 Lower anterior thigh L3 Hip adductors, quad. fenknee ext.
L4 Anteromedial leg L4 Tibialis anterior — dorsiflankle
L5 Anterolateral leg, dorsum foot, entire great| L5 Ext hallucis longus — great toe extension
toe
S1 Plantar foot, lateral foot, heel S1 Hip extengslmee flexion
S2 Posterior leg and thigh S1.2 Gastrocnemiuseusglantar flex ankle
S3,4 | Circumanal, genital S3.4 External anal spkinctilbospongiosus reflex
S5 Anus

Correlation of Cell Columns of Spinal Cord and Medula

SPINVAL (eRQ

LLOSED MEQULLA

s T Ventricle
SA
Hem
FSA/ xva/cvc/
v

/

O0PEN MEDuLLA
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Spinal IX Lesions

Hypoglossal Lesion

LMN Lesion causes weakness Tongue protrudes to side of LMN
shoulder shrugging abductianlesion by pull of intact genioglossus
at shoulder and turning head and may deviate away from side LM

to opposite side.

P

lesion when retracted within mouth by

UMN Control to
sternocleidomastoid

uncrossed so UMN lesion | Tongue protrudes away from side
also causes head turning UMN lesion since UMN control of

weakness to opposite side. | 9enioglossus is crossed.

pull of styloglossus.

UMN Control of trapezius is largely

crossed.

Cranial Nerves of Medulla

X1 gAccessory)

Cranial Nerve

Muscles -

Larynx
{Ph:

al
Pé\ate)
Trapezius

an
Sternocleido-
mastoid
Ms.

XU {Hypoglossal)
Cranial Nerve

Tongue Ms.

d
CRR A
SVA-~Taste Buds
Post /3 Tonguey
GVA-Mucous _p
:st 1 atgngue
-tonsils, pl ryn'x.

ecustach. tube, °
middle ear,

carotid sinus

GVE-% ?

Parotid
Gland

SVE- G
Stylopharyngeus
~ M.

X (Glussopharyngenlz Cervical Cord Segments 1-5 © - X (Vagug)
Tanial Nerve Crenial Nerve

GSA -Beb.nd

Auricle

g ,SVA-Taste
bit’i%s_ epiglot-

ATynx

Thoracic and

- Abd. Visc.

:E?rmipal

K anglia -
GVE-Glands,
Smooth M.

and Cardiac M.

. of Thoracic and

Abd. Visc.

(Puasympagx‘s-

SVE-

.-Open Medulla - Pharynx
- . - {and Larynx)

Glossopharyngeal Lesion

Vagus Lesion

Lesion causes loss of sensory
limb of gag reflex

LMN lesion — palatal paralysis causes nasal
regurgitation of fluids and nasal quality to
speech; palate deviates away from side of
lesion at rest and on saying ahh; swallowihg
difficulty; pharynx deviates away from side
of lesion on gag; vocal cord paralysis with
transient hoarseness

UMN control both crossed and uncrossed so|no
UMN lesion findings.

Neuroanatomy
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D. Muscles of the tongue (N. 53, 57)

* The tongue hasdorsum which is named from the
quadripedal position. It is the tongue’s supergpext in
the bipedal position. It also hasaot or base where it is
attached to the posterior part of the floor of tin@uth. Its
apexis its anterior tip.

* The tongue contains both extrinsic and intrimsigscles.
The extrinsic muscles of the tongue tend to barthpr
movers of the tongue and the intrinsic muscles nost
change its shape. The intrinsic muscles are smatllies
of skeletal muscle that run anteroposteriorly,
mediolaterally and vertically within the mass of th
tongue. They function to change the shape or tingsic
tone of various portions of the tongue. The exicins
tongue muscles arise outside the tongue and imserthe
tongue. In the order of their clinical testing innamce
they include the genioglossus, styloglossus, pglassus
and hyoglossus\ll of the extrinsic and intrinsic
muscles of the tongue are innervated by the
hypoglossal nerve, except the palatoglossus which i
also a palatal muscle and therefore is innervatedybthe
vagus nerve(and accompanying cranial root fibers of the
accessory nerve), which provides the primary motor
innervation of the palatal muscles.

» Thegenioglossus muscle@N. 53, 57) have a nearly
midline origin from the area of the mental spinéthe
mandible. From this point their fibers radiate tosvthe
dorsum of the tongue as far posteriorly as its.rbam a
clinical testing point of view it is imperative tecognize
that as these fibers course posteriorly towarddbé of
the tongue they diverge laterally away from thelmel
(see Section C14-I). The functions of this muscéeta
protrude the tongue and deviate the tongue layei@the
opposite side. In tongue protrusion the intrinsigsoles of
the anterior tongue contract to make the anteotign of
the tongue a rigid pillar. Then contraction of the
genioglossus fibers which attach to the root ofttmgue
will pull the posterior part of the tongue forwaadd
protrude the firmed-up tip. If the right and left
genioglossus muscles contract equally the tongndea
protruded straight forward, since their lateraliquokies of
pull will cancel out. If one muscle is paralyzee tiormal
opposite muscle will protrude the tongue and deviat
toward the paralyzed side (see Figure 8-6).
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Figure 8-6 — Superior view of tongue and mandible
R 15 R

Tongue Protruded

Handible

Genioglossus M.
Tongue Retracted

Styloglossus }

Styloid Process

Normal . Right Hypoglossal
Nerve Lesion

* So the rule is that the protruded tongue points
“toward” the side of the paralyzed genioglossus muse
or the side of the injured hypoglossal nervelhe
integrity of a genioglossus muscle can also bedesy
pushing the tongue against the opposite cheeko egst
the left genioglossus the tongue pushes out tine cigeek.
Strength can be tested by the examiner usinggefs to
apply a counterforce to the tongue through thelchee

» Thestyloglossus muscle@N. 53) originate from the
relatively laterally placed styloid processes amd r
anteriorly, inferiorly and medially into the tongu@en
contraction these muscles will retract the tongu! (t
back into the mouth). If one muscle is paralyzesd th
remaining normal muscle will retract the tongue paot it
toward the normal muscle’s side. So when the torngaé
rest in the mouth or being retracted into the maull
tend to deviate “away from” the side of a paralyzed
styloglossus muscle or injured hypoglossal neree (s
figure 8-6). The styloglossus muscle will also
simultaneously retract and elevate the tongue on
swallowing to help deliver a bolus of food from thel
cavity into the oropharynx.

» Thepalatoglossus muscléN. 46, 53, 58) descends from
the soft palate to the lateral aspect of the pmstpart of
the tongue with a slight forward inclination. Aritarto
the fossa of the palatine tonsil it raises a mudosa
called either thepalatoglossal foldor theanterior pillar
of the fauces.On contraction it elevates and retracts the
tongue and therefore helps deliver a bolus of fiooch the
oral cavity to the oropharynx in swallowing. Ittiee only
tongue muscle not innervated by the hypoglossalendts
innervation is by the vagus nerve’s palatal brasckieich
run through the pharyngeal plexus.

* Thehyoglossus musclés described with the suprahyoid
region.
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E. Hypoglossal nerve (N. 122)

» The hypoglossal nerve (cranial nerve XIl) is
predominantly a (G)SE nerve. It innervates allhaf t
tongue muscles except the palatoglossus muscle. Its
multiple rootlets arise from the preolivary sul@ighe
medulla where it may be involved with vasculardesi or
tumors involving the medulla (N. 108). The vertébra
artery lies immediately anterior to its rootletsldrence
can involve the nerve in an aneurysm (N. 132).hss t
roots cross the subarachnoid space to the hypagloss
canal they are stretched across the foramen maghere
they can be involved in herniations of the cerelvell
down through the foramen magnum in increased
intracranial pressure (N. 267).

» After emerging the hypoglossal canal the nensededs
lateral to the nasopharynx and oropharynx whecantbe
involved in tumor or abscess of these organs (N183).
It then swings forward between the internal jugwiain
and the carotid arteries to enter the floor ofrttauth in
the plane between the mylohyoid and hyoglossus lesisc
where it breaks up into multiple branches to aillgige
muscles except the palatoglossi¥hen the hypoglossal
nerve is injured the classic signs are that the ptouded
tongue points to the side of the injury by the
unopposed pull of the normal genioglossus muscle @n
the retracted tongue deviates away from the side dfie
injury by the unopposed pull of the normal styloglesus
muscle(see muscle of the tongue above). Tongue
movements will be compromised during speech and
swallowing. Speech may become thick and slurred and
there can be swallowing difficulty particularly Wwisolid
foods.
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Corticobulbar Pathways Commonly Productive
of Upper Motor Neuron Lesion Findings

1 4
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Contralaterai tongue
weakness with
protruded tongue
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from the side of

the UMN lesion

Medulla
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Hypoglossal
Nuclei

3.
Ipsilateral

C2-3 Segments of
Cervical Cord

Sternocleidomastoid

Subauclei of

sternocleidomastoid
weakness with
weakness turning

head away from the
side of the UMN lesion

Spinal Accessory

F. Accessory (cranial XI) nerve (N. 27, 121)

1. Theaccessory nerveontains special visceral efferent
fibers to the laryngeal, pharyngeal and palatalaiess
The sternocleidomastoid and trapezius muscles bese
variously described as receiving both special vadce
efferent and somatic efferent innervation. Thisyeas
formed intracranially by a temporary connectionamesn
its cranial and spinal roots. Theanial root arises by
rootlets from the postolivary sulcus of the med{iNa

108). Thespinal root emerges by rootlets from the lateral

surface of the upper five cervical segments ofsgiiaal
cord and ascends the cervical spinal canal to #meer
cranial cavity through the foramen magnum and joe
cranial root in the posterior cranial fossa nearjtiyular
foramen (N. 121). These roots separate almost
immediately, with the cranial root subsequentiyiog
the vagus to distribute to the muscles of the taryn
pharynx and palate. The spinal root exits the ataravity
through the jugular foramen and descends the upgek
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lateral to the nasopharynx. It passes deep to the

sternocleidomastoid muscle which it innervates.rrihe

crosses the posterior triangle of the neck to veterthe
trapezius (see page 53). Testing these musclegatgal
the integrity of the spinal portion of the accegsoerve,
while testing laryngeal, pharyngeal and palatalateus

function evaluates the cranial root of the accgsserve
as well as the vagus.

2. Thesternocleidomastoid musclarises from the medial
clavicle and the sternum and inserts into the niésidis
muscle is best tested by turning the chin to thmosjte
side against the resistance of the examiner’s barttie
mandible. It is innervated by the spinal portiorihod
accessory nerve (N. 27). This muscle is removed in
radical neck dissection surgery for many typesaoicer
of the head and neck. Birth trauma causing hemgerha
into the muscle with subsequent scar tissue foomatnd
contracture can cause congenital torticollis whieee
infant’s face will be turned away from the sidetlodé
damaged shortened muscle.

3. Thetrapezius (N. 395) is both an important support and
mover of the shoulder girdle. It serves as a good
illustration of many muscle function and testingnpiples
and since it is commonly paralyzed it will be désed in
depth.

* Theupper part of trapezius originates from the
occipital region of the skull and posterior cerVispine
ligaments. It descends to insert on the laterafidia
and acromion. It forms the sloping line of the ddeu
Isometrically it can help the at rest shoulder og a
back (support of the shoulder girdle against gyawit
shows still more activity without shortening when
maintaining scapular position against an increased
gravitational load (as in carrying a suitcase). Wihe
contraction results in shortening, it produces stap
elevation (as in shrugging the shoulder) and, bexau
this part of the muscle inserts into the clavicid a
acromion lateral to the rotary axis of the scapila,
produces upward rotation of the glenoid, which is
important to the full range of flexion or abductioh
the arm at the shoulder.

* Themiddle part of trapezius originates from lower
cervical and upper thoracic spinous processestars] r
laterally to insert along much of the length of the
scapular spine. On shortening it primarily produces
retraction of the scapula. It also helps to upwardl
rotate the glenoid, since its fibers attach togpiae of
the scapula superior to the axis of rotation. tsac
isometrically to stabilize the scapula againstrado
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which would tend to protract the scapula (as when

pulling a rope in a tug-of-war).

» Thelower part of trapezius arises from lower
thoracicc spinous processes and ascends to imsert o
the medial end of the scapular spine. On shorteihing
depresses the scapula as a whole. Since it instrts
the scapular spine medial to the rotary axis its
downward pull would tend to rotate the glenoid
upward. It may act isometrically to resist elevatand
rotation upward out of the scapula (as in hangiogf
a chinning bar).

* Note that the upper and lower parts of the traysez
cooperate as a rotary force couple in rotatinddteral
angle of the scapula upwards, but are antagomists i
regards to elevating and depressing the scapwa as
whole. An important principle of muscle function is
that, as a given motion is carried catnuscle may
contract as a whole or only a portion of a muscle
may contract. This is caused by central activation of
appropriate groups of motor units. Therefore, in
scapular elevation only the motor units to the uppe
part of the trapezius are activated along with othe
muscles that elevate the scapula. So a given motion
may be carried out by the contraction of a pad of
muscle, a whole muscle, individual parts of a numbe
of muscles or a number of whole muscles acting
together.

» The trapezius is innervated by th@nal part of the
accessory nervavhich has a long hazardous course
that exposes it to many diverse pathological preees
Since it arises from the upper five cervical spraid
segments it can be encroached by any lesion witiein
upper cervical spinal canal. Its ascending course
through the foramen magnum and posterior cranial
fossa exposes it to many posterior cranial fossa
diseases. Its descent through the upper necklliadera
the pharynx exposes it to pharyngeal disease and it
course across the posterior triangle of the neplosas
it to surgical or other external trauma.

a. When the trapezius is paralyzed one finds that
* The normal sloping outline of the base of theknec

which is produced by trapezius, becomes more
angular.

» The unopposed gravitational forces acting on the
scapula directly and through the upper limb cause
shoulder drop by both depressing the scapula and
downwardly rotating its lateral angle (as seenhgy t
obliquity of its vertebral border with the inferior
angle closer to the midline than the superior gngle
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» There is a laterally displaced winging of the maéd
border of the scapula.

» There is great weakness in shoulder shrugging.

» There is weakness and loss of range of motion in
fully flexing or abducting the arm overhead because
of weakness in upwardly rotating the glenoid.

b. With trapezius paralysis the patient still kame
scapular elevation and adduction function becatise o
intact levator scapulae and rhomboid muscles.

4. Winged scapula(fig 3-2) — the vertebral border of the
scapula is normally kept closely applied to thet@asr
thoracic wall by the resultant vector of the indival
vector pulls of its medially and laterally tetheyin
muscles. The major medial tether of the scaputlaes
trapezius while its lateral tether is the serranigrior.

Fig 3-2
> ‘
Séxratus
Resultant Anderior
K ' Z Medial
Trapez Winging Lateral

o Winging

 If the serratus anterior is paralyzed the restikactor
will be lost, the vertebral border will wing awaypm
the thoracic wall and the scapula will be displaced
medially by the unopposed pull of the trapezius
(medial winging of the scapula). Also if the trajeszis
paralyzed the resultant vector is again lost aed th
scapula will show a winging of its vertebral border
away from the thoracic wall, but now it will be
displaced laterally by the unbalanced pull of the
serratus anterior (lateral winging of the scapula).

G. Vagus nerve (N. 120)

» The vagus nerve contains five functional nerberfitypes:
general somatic afferent from the skin over thetoids
deep central part of the auricle, the posterioll ofahe
external acoustic meatus and the posterior paheocbuter
surface of the tympanic membrane; general visceral
afferent to the carotid body and general viscdifatent
and efferent innervating the heart, larynx, trachaag
and gastrointestinal system and its accessory srgawn
to the level of the left side of the transverseonpkpecial
visceral afferent taste fibers from the epiglottisd
special visceral efferent to most of the voluntemyscles
of the pharynx, upper esophagus, palate and larynx.
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» As the vagus nerve exits from the jugular foranten
demonstratesuperior andinferior ganglia which house
respectively the nerve cell bodies for the genspatatic
afferent and visceral afferent functional compogeait
this nerve. At this point it gives offr@current
meningeal branchto the dura of the posterior cranial
fossa.

* Inthe jugular foramen it also gives off aaricular
branch which passes through the temporal bone to emerge
behind the external auditory meatus. It conveys the
general somatic afferent fibers of the vagus frben t
posterior wall of the external auditory meatus,teosr
half of the outer surface of the tympanic membraleep
part of the auricle and skin over the mastoid. knway
through the temporal bone this nerve is commonhejd
by the general somatic afferent fibers from theaflaand
glossopharyngeal nerves which supply these sanas.are
The significance of this small cutaneous distriitpf
these three cranial nerves lies in the fact thedaalgia
involving any of these nerves may be referred és¢h
areas or a herpes zoster infection (shingles) pbathese
nerves may cause a cutaneous eruption in these area

» At the level of the inferior gangligpharyngeal branches
arise which provide motor innervation to the phargnd
palate and some sensory innervation to the cabotiky.
Thesuperior laryngeal nervealso arises at this point and
then courses downward to divide intoexternal branch
to the cricothyroid muscle and arternal branch that
provides sensory innervation to the interior of the
supraglottic portion of the larynx.

» Severakervical cardiac branchesarise from the vagus as
it descends through the neck. They may join similar
branches of the cervical sympathetic trunk as tescend
to the cardiac plexuses about the arch of the aorta

» Therecurrent laryngeal nervesof the two sides arise
differently in that the right one loops under tight
subclavian artery (N. 28, 70) and the left one ¥opder
the arch of the aorta (N. 74, 120). Both of theszead
near the tracheoesophageal groove and providersenso
and motor innervation to the trachea and upperresnms
and to all the muscles of the larynx except theathyroid
muscle.

* Inits course through the thorax the vagus gofégeneral
visceral efferent and afferent innervation to tbearty,
lungs and esophagus and in the abdomen innerveges t
gastrointestinal tract and its accessory orgatisetdevel
of the left side of the transverse colon.

page 46 Neuroanato my Schneck__Neuroanatomy_NRO (8/8/2005)



The Oder | nstitute

H. Pharyngeal musculature (N. 61, 62)

* The pharyngeal wall is formed by an inner mucesa,
submucosa of well-developed fascia, musculatureaand
outer buccopharyngeal fascial layer.

* The pharyngeal musculature is skeletal in typkraade
up of three pharyngeal constrictor muscles and two
significant vertical muscles. The constrictor masdhave
their fibers largely transversely oriented andupper part
of each muscle overlaps the external aspect dbther
part of the next highest muscle like a stack ofgiyr
paper cups. Thsuperior pharyngeal constrictor muscle
arises from the medial pterygoid plate of the spigkn
bone, the mylohyoid line of the mandible and the
connective tissue pterygomandibular raphe betwleeset
bony attachments. Thaiddle pharyngeal constrictor
musclearises mostly from the greater and lesser horns of
the hyoid bone. Thmferior pharyngeal constrictor
musclearises from the oblique line of the thyroid cagi¢
and the side of the cricoid cartilage. All threastictors
insert posteriorly in a midlinpharyngeal raphewhich
attaches above to the base of the skull.

« The major vertical muscles include the stylophgsus
and palatopharyngeus. Th/lopharyngeusarises from
the styloid process, enters the pharynx between the
superior and middle constrictors and inserts ineo t
posterior border of the thyroid lamina and the phgeal
mucosa. Thealatopharyngeusarises from the palate and
descends under the palatopharyngeal fold to atsrtin
into the thyroid cartilage and pharynx. The veitica
muscles elevate the pharynx and larynx, while the
constrictor muscles contract sequentially from abov
downward during swallowing.

|. Pharyngeal innervation (Fig 8-4, N. 65, 119, 19
» Thepharyngeal plexusis a network of nerves lying on

the posterior surface of the middle constrictor cheisit
receives pharyngeal branches from the superioicarv
sympathetic ganglion which innervate the blood gksssf
the pharynx. It also receives pharyngeal branctmes the
vagus nerve which provide the motor innervatioalbbf
the pharyngeal muscles except the stylopharyndethe
glossopharyngeal nerve swings forward around
posterolateral aspect of the stylopharyngeus muscle
course to the tongue, it provides motor innervatmthis
muscle and branches to the pharyngeal plexus which
supply sensory innervation to most of the pharyhgea
mucosa. A convenient way to clinically evaluatehbibte
pharyngeal sensory functions of the glossopharyngea
nerve and the pharyngeal motor functions of thaugsag
to elicit the gag reflex. Normally a sensory stiosjleg, a
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tongue blade, applied to each side of the orophxangth
elicit a symmetrical gag response with the posterio
pharyngeal wall moving straight forward becausarof
equal constrictor contraction bilaterally (N. 54tdig 8-
4A). If the gag reflex is absent or asymmetricahdicates
that its afferent limb, the glossopharyngeal neovets
efferent limb, the vagus nerve, or their centradrezctions
in the medulla are damaged. If the glossopharynysaie
is damaged the patient will not sense the touchhande
no gag response will occur when the side is touched
However, if that vagus is damaged the pharynx will
demonstrate a curtain-like deviation toward thenradr
side, because the unopposed pull of the constrictor
muscles on the normal side (which are fixed
anterolaterally to bone, cartilage or ligament) willl the
posterior pharyngeal wall in that direction (FigB).

Figure 8-4 — Transverse section of oropharynx
Y B

& Mandible

R L

Constrictor
Muscles Contracted

Constrictor
Muscles Relaxed

Pharyngeal Raphe

Normal symmetrical gag

response with posterior

pharyngeal wall moving straight
forward when both vagus

nerves and both sets of pharyngeal
constrictor muscles are normal

Asymmetrical gag response .

with posterior pharyngeal wall
deviating to the left when

the right vagus nerve is

injured and the right pharyngeal
constrictor muscles are paralyzed

J. Muscles of the larynx

» Eachcricothyroid muscle is located on the lateral surface
of the larynx. It attaches above to the inferiordew and
horn of the thyroid lamina and below to the latersphect
of the cricoid arch. When it contracts it rotates tricoid
arch upward around the axis of the cricothyroidtgi
This tilts the upper border of the cricoid lamimalahe
attached arytenoid cartilages backward to tensedbal
folds and simultaneously adducts them.

» Eachposterior cricoarytenoid musclearises from the
posterior surface of the cricoid lamina. Its fibpess
superiorly and laterally to insert on the muscplacess
of the arytenoid cartilage. On contraction this okepulls
the muscular process medially and backward thereby
swinging the vocal processes laterally to abduebcal
folds.

» Eachlateral cricoarytenoid musclearises from the upper
border of the lateral part of the cricoid arch padses
posteriorly to insert on the arytenoid’s musculargess.
When this muscle contracts it pulls the musculacess
forward and laterally thereby swinging the vocalqass
medially to adduct the vocal folds.
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* Thearytenoid muscleconnects the posterior surfaces of
the two arytenoid cartilages. Some of the fibees ar
transverse and some are oblique. The oblique fiess
from the muscular process of one arytenoid to fex af
the other and even beyond into the aryepiglottidsfo
where they may function to partially close the raggal
aditus in swallowing. The major action of this mless to
approximate the arytenoid cartilages and therebyetd
the vocal folds.

» Eachthyroarytenoid muscle arises from the interior of
the thyroid lamina just lateral to the attachmdrthe
vocal ligament. It lies lateral to the vocal ligamhand
inserts into the anterolateral surface of the augitk
cartilage. Contraction of this muscle pulls thetanpid
forward thereby relaxing the vocal fold as a whéle.
inner part of this muscle attaches to the vocal &1d has
been called theocalis muscle(N. 72). The vocalis
muscles have been described as being able to mibéify
length or thickness of the vibratile segment ofvbeal
folds. A few fibers of the thyroarytenoid pass ittte
aryepiglottic folds and may help to partially clabe
laryngeal aditus in swallowing.

» Since the glottis is the narrowest level of threvay in
terms of total cross-sectional area, it limits voume of
air which can be exchanged. Therefore, in a deep
inspiration the vocal folds must be widely abducted
this is a function of the only abductor, the paster
cricoarytenoid muscle. When the mucous membrarleeof
airway becomes markedly swollen, as in an acute
laryngitis, the airway may become obstructed at its
narrowest point, the glottis, necessitating a lgotamy or
tracheotomy.

» The adductors of the vocal folds include therkite
cricoarytenoid, arytenoid and cricothyroid musciBse
vocal folds are tightly adducted to close the gdatt
breath holding, during swallowing to prevent asjoraof
food and during defecation and urination to petint
contraction of the abdominopelvic muscles to inseea
intrabdominal and intrathoracic pressure (a Vabkalv
maneuver) without a glottic “leak.” In speech tloeal
folds are adducted to a paramedian position, namngpthe
rima glottidis to a thin slit through which air e®gsed
from the lungs sets the folds into vibration (N).7Ehe
pitch or frequency of vibration is then dependgmiruthe
length, thickness and tension of the vibratile sexgnof
the vocal fold, each of which can be controlledHtoy
laryngeal muscles. Therefore, the vocal folds fiamclike
a string instrument.
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K. Laryngeal innervation and blood supply (N. 63-

65, 74)

» Thesuperior laryngeal nervearises from the inferior
ganglion of the vagus nerve and descends in thetoec
join the superior thyroid artery, where this netiwades
into an internal and external branch. Thgernal branch
of the superior laryngeal nerveenters the larynx through
the thyrohyoid membrane in company with gugperior
laryngeal artery branch of the superior thyroid artery. It
carries sensory innervation from the mucous mengocén
the supraglottic larynx which is a major stimulite $or
the cough reflex. Hence, this nerve commonly seages
the afferent limb of the cough reflex. The efferimib of
this reflex is complex and includes sequential Vémld
adduction, abdominal muscle contraction to increaisa-
abdominal and intrathoracic pressure and then sudde
vocal fold abduction to express a blast of air. €keernal
branch of the superior laryngeal nervecontinues in
close relationship with the superior thyroid arteyy
innervate the cricothyroid muscle and the lowetiparof
the inferior pharyngeal constrictor muscle.

» Therecurrent laryngeal nerve branches from the vagus
on the right at the level of the subclavian artemg on the
left at the level of the arch of the aorta at whpdnt it
has a critical relationship with the left lung rpahere it
can be involved by cancer of the left lung rootteif
looping under these vessels each nerve ascendtheear
tracheoesophageal groove providing motor and sgnsor
innervation to both trachea and esophagus. Assagm
behind the thyroid gland it comes into a closetieteship
with the terminal branches of the inferior thyraidery
(N. 69, 70). Then the terminadferior laryngeal
branchesof this nerve enter the larynx behind the
cricothyroid joint accompanied by tiv&erior laryngeal
artery, a branch of the inferior thyroid arterihe
recurrent laryngeal nerve innervates all of the intinsic
laryngeal muscles except the cricothyroid muscle
(innervated by the external branch of the superior
laryngeal nerve) and provides sensory innervationa
the infraglottic larynx.

 Injury to the internal branch of the superiorlageal
nerve can be hazardous because it abolishes grailsta
major afferent limb of the cough reflex. Injuryttee
external branch of the superior laryngeal nerveredace
the pitch of the voice by paralyzing the tensothef vocal
folds and leaving that fold slackened with a “botvedge
during phonation.

 Injury to the recurrent laryngeal nerve duringrthd
surgery or by bronchogenic carcinoma of the laigglgan
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paralyze all of the ipsilateral laryngeal musclesept the
cricothyroid. This leaves the vocal fold fixed inesnsed
adducted position under the unopposed action of the
cricothyroid muscle.

 Intracranial or jugular foramen injury to the wsgerve
and the accompanying cranial root of the accessenye
removes all ipsilateral motor and sensory inneovato
the larynx and causes the vocal folds to assumesd f
intermediate or “cadaveric” position.

» Paralysis of one vocal fold is often well compegrsl by
the ability of the other fold to cross the midlized
narrow the glottis sufficiently for normal speech.
However, if both recurrent laryngeal nerves ararel or
if there is a central nervous system lesion causing
spasticity in all of the laryngeal muscles bilaligr&hree
pairs of which are adductors), the vocal folds assan
adducted position thereby obstructing the airwaysmng
laryngeal stridor and necessitating laryngotomy or
tracheotomy for survival.

» To establish an airway on an elective or emerg®asis
laryngotomy or tracheotomy may be performed.
Laryngotomy (= laryngostomy) is typically performied
the cricothyroid interval where the important oyery
structures that may be encountered include theiante
jugular veins, strap muscles and a pyramidal Idlibe
thyroid gland. A tracheotomy (= tracheostomy) is
performed through the upper tracheal rings whege th
important overlying structures that may be encawate
from superficial to deep include the anterior jiguleins
and jugular venous arch, strap muscles, thyrofdriss,
inferior thyroid veins and thyroid ima artery.

L. The palate (N. 45, 46, 58, 59, 61)

* The bonyhard palate is covered by mucosa containing
glands. Theyreater (anterior) palatine nerve and
vesselemerge from the greater palatine foramen just
medial to the last maxillary molar and run forwardhe
palatal sulcus along the junction of the palating a
alveolar processes of the maxilla to supply moshef
hard palate (N. 36, 37, 46). The nerves are sensory
branches of the maxillary division of the trigenminarve
and the vessels are branches of the maxillary igesse
which arise in the pterygopalatine fossa.

* Thesoft palateis a fibromuscular septum which is
attached to the posterior margin of the hard palate
descends obliquely posteriorly toward the orophartgn
form apalatine velum (= veil) (N. 45, 46, 57). The finger-
like uvula descends in the midline from the free
posteroinferior margin of the soft palate. The majo
muscles of the soft palate include the tensorpadhtini,
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Medial

levator veli palatini, palatoglossus and palatophgeus.
All of the muscles of the palate are innervated bthe
vagus nerve through its pharyngeal branches to the
pharyngeal plexus, except the tensor veli palatini,
which is innervated by the mandibular division of he
trigeminal nerve.

Thepalatoglossus and palatopharyngeus muscléswve
been described with the tongue (see page 270) and
pharynx (see page 253). They are dual function hessc
since they can respectively elevate the tonguephadynx
and also depress the palate.

Thelevator veli palatini muscle largely arises from the
inferior aspect of the petrous portion of the terapbone.
Its fibers descend into the palate with a subsahntedial
inclination (N. 46). In a midsagittal view of the
nasopharynx they appear to enter the palate aleng t
inferior aspect of the pharyngeal orifice of thelizory
tube, just anterior to the torus tubarius (N. 3B, $Vhen
this muscle contracts it will not only elevate fradate but
will tend to pull the palate to its own side (sepife 8-7).

Figure 8-7

Pterygoid

Plate Levator Veli Palatini

Hamulus

Soft Pé]ale

Tensor Veli Palatini
Uvula

Anterior View

So if the levator veli palatini is paralyzed by adsion of
the vagus nerve the palate will tend to be pulleddway
from” the side of the lesion (toward the normal si@) by
the unopposed pull of the normal muscleThis at rest
deviation can be exaggerated by asking the patesdy
ahhh which will actively recruit the normal levataeli
palatini and cause marked palatal deviation away fihe
side of the lesion. Palatal elevation is an impgrta
component of swallowing and speech. During swalqwi
the palate is elevated against the posterior plgaginvall
to close off the nasopharynx to prevent fluidsawd from
going up into the nasopharynx when the pharyngeal
constrictors contract. Likewise, during speechphlate is
elevated to close off the nasopharynx and nasatycav
the production of oral sounds like P and T. If pladatal
muscles are paralyzed the patient may complaiefafx
of fluids into the nasal cavity during swallowirig.
addition, speech will have a nasal quality, becadiske
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leakage of air up into the nasal cavity during the
production of oral sounds.

« Thetensor veli palatini musclehas a bony origin from
the pterygoid fossa of the sphenoid bone justdhter
where the medial pterygoid plate attaches to therspid
body (N. 5). It also has an origin from the memiotzn
lateral wall of the auditory tube. Its fibers deste
vertically toward the hamulus of the medial ptenggo
plate (N. 46, 59). They make a right angle benduatiee
hamulus to change to a medial direction and theyefore
insert into the palate in a horizontal plane. Dgrin
contraction the pulley-like effect of the hamulaaises the
muscle to exert a lateral pull upon the palatec&the
relaxed palate has an arched configuration (N48%,
simultaneous contraction of the two tensor velapal
muscles will tense the palate (see figure 8-7).

« If one tensor veli palatini muscle is paralyzed the
unopposed pull of the opposite muscle will causeeh
uvula to be deviated “away from” the side of the Ision
(toward the normal side).All of the same palatal
dysfunctions and tests described for the levatbr ve
palatini will apply. Since the tensor veli palatigi
innervated by the mandibular division of the trigeah
nerve, palatal asymmetry and its swallowing anetspe
dysfunctions can be a sign of either vagal or nauidr
trigeminal nerve injuries. To determine which neive
involved the other functions of the vagus (gagerefl
vocal cord paralysis) and the mandibular divisibthe
trigeminal nerve (muscles of mastication and deomat
distribution) must be evaluated.

M. Glossopharyngeal nerve (N. 119)

* Theglossopharyngeal nerveeontains five functional
fiber types: general somatic afferent from the sKithe
posterior wall of the external auditory meatus,tposr
part of the outer surface of the tympanic membrdeep
central auricular area and the mastoid region; ig¢ne
visceral afferent from the pharynx, middle ear,itorg
tube, soft palate, fauces, posterior one thirdheftongue,
parotid gland and carotid sinus and body; specsaieval
afferent taste from the posterior one third oftthregue;
general visceral efferent parasympathetic to thetjgh
gland and special visceral efferent to the stylophgeus
muscle.

» After emerging from the postolivary sulcus of thedulla
the glossopharyngeal nerve traverses the postaaral
fossa where it presentsaperior ganglion which
contains the nerve cell bodies of its general smmat
afferent fibers. On emerging from the jugular foesman
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inferior ganglion occurs which contains the nerve cell
bodies of its general and special visceral affefibets.

* Immediately after it exits from the jugular foramthe
glossopharyngeal nerve gives offyanpanic branch
which ascends through the floor of the middle eaitg to
enter theympanic plexusover the promontory on the
medial wall of the middle ear. This provides thesswy
innervation of the middle ear, mastoid air celld apper
end of the auditory tube. This is the pathway e pain
of a middle ear infection. Sensory fibers from the
tympanic plexus join the auricular branch of thgusto
help supply the skin over the mastoid, deep ayricle
posterior wall of the external auditory meatus aater
surface of the tympanic membrane. The tympanicenerv
also contains parasympathetic preganglionic neurons
which will provide some secretomotor control of the
parotid gland over pathways which will not be déssxal
since their unilateral interruption produces nagigant
deficit.

» Thecarotid sinus nerve, carotid body branchesnd the
pharyngeal and stylopharyngeus brancheare given off
the glossopharyngeal nerve as it descends along the
posterior border and loops around the lateral sartd the
stylopharyngeus muscle. Then the glossopharyngzaén
passes downward and forward just deep to the lpastr
of the tonsillar fossa (N 58 lower) to which it ga/
sensontonsillar branches and enters the tongue to
provide general sensory and taste innervatiorsto it
posterior one third via iténgual branches

I\VV. Functional-topographical Localization of
Cerebrovascular Lesions

A. Introduction

» A good three dimensional concept of the strugture
function and blood supply of the major brain levatsl
regions is essential to the topographic localiratib
cerebrovascular lesions.

» To facilitate description, the infratentorial gerior
cranial fossa) and supratentorial portions of tteerbwill
be examined separately. The infratentorial reginolside
the lower brainstem (medulla, pons and midbrairl) tte
cerebellum and are exclusively supplied by theele#l-
basilar artery system. The supratentorial parhefiirain
includes the diencephalon (thalamus, hypothalamds a
subthalamus) and cerebral hemispheres (basal gangli
cortex and subcortical white matter) and is largely
supplied by the carotid arteries (with the excaptibthe
posterior cerebral artery supply to the posterior
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diencephalon and inferomedial aspects of the teahaod
occipital lobes).

« The hemiparesis and sensory deficits produced by
interruption of the long ascending sensory and elediog
motor systems can be caused by cerebral vascular
hemorrhage or infarct at many different brain lsvé@lhe
associated cranial nerve deficits frequently aalrtstem
lesion level localization and the associated thalabasal
ganglia and cortical findings will similarly fadiite
diencephalon-cerebral hemisphere localization.

B. Lower brainstem — cerebellum

1. Generalizing considerations

* The lower brainstem is a semi-divided highwaye Th
major descending upper motor neuron systems
(corticospinal and corticobulbar) are ventrallydtexd
in the crus cerebri of the midbrain, base of thespand
pyramids of the medulla and hence will be interedpt
by ventrally situated lesions. The dorsally located
major ascending sensory systems (posterior white
column — medial lemniscus, spinothalamic and
trigeminothalamic) will tend to be involved with
lesions in more dorsal regions of the brainstem (eg
tegmentum of pons and midbrain).

» Since the nuclei of origin and termination of tranial
nerves are dorsally situated while their root fiber
generally course ventrally to emerge from the
brainstem, they can be involved with either doysat
ventrally placed lesions.

* The lesion level locators of the medulla are the
hypoglossal, (cranial) accessory, vagus and
glossopharyngeal nerves.

» The lesion level locators of the low pons are the
vestibulocochlear, facial and abducens nerves.

» The lesion level locator of the mid pons is the
trigeminal nerve.

» The lesion level locators of the midbrain are the
trochlear and oculomotor nerves.

2. General arterial supply: While simplified arar
distribution diagrams typically show discrete stuual
and functional areas supplied by each artery it is
imperative to recognize that these are only average
territories of distribution. There is a substantiakrlap
and individual variation in size and territory ofexial
distribution. Further, infarction may only involaebranch
of a major artery and hemorrhage knows no discrete
boundaries. Hence all patients with a vasculaotesi
involving a specific artery will not present presdisthe
same clinical findings.
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Principal Arteries of the Brainstem
(Figure 1)

DIENCEPHALON - CEREBRAL HEMISPHERE
Anterior Cerebral A..
Internal Carotid A.
Middle Cerebral A
Post. Commun. A
MIDBRAIN
Anterior Choroidal A.
Posterior Cerebral A.

PONS
Superior Cerebellar A.
Long Circumferential As.
Paramed. & Short Circum. As.

Basilar Artery
Anterior Infericr Cerebellar AN,

MEDULLA

Posterior Inferior Cerebellar A.
Lateral View MWertebral A.e
Brain Stem 'Anterior Spinal A.

Ventral View

Brain Stem

Structure, Function, Arterial Supply and Stroke Syrdromes of
Medulla
(Figure 2)

LATERAL MEDULLARY (WALLENBERG'S) SYNDROME
(Possible involved structures and major functional deficits)

Inferior Cerebellar Peduncle = Ipsilaterali
cerebellar ataxia

Nucleus and Tractus Solitarius = Ipsilateral
Fourth Ventricle loss sensory limb gag reflex

Spinal Tract and Nucleus of V = Loss pain and
temperature ipsilateral face

Reticular formation = In one sided lesions get

Direct branches ipsilateral Horner's Syndrome. Bilateral

Vertebral Artery

at low medulla lesions may cause ataxic respiration.
}],.i::};:e:nd X Nucleus Ambiguus = Dysphagla and hoarseness
Posterior Inferior' . l;ydu;:ilateril ‘p;:zi:);sis palatal, pharyngeal
Cerebellar Artery Ul ryngeal mi .

at high medulla 1 7 Lateral Spinothalamic Tract = Loss pain and
levels. — I temperature over contralateral trunk and

| extremities.

M MEDIAL MEDULLARY. SYNDROME.

Anterior Spinal Artery XIT = Thick speech, Ipsilateral tongue atrophy. On protrusion
at low medulla levels and tongue points to the side of the lesion.

direct branches of Vertebral B

Artery at high medulla Pyramid = Contralateral hemiparesis

levels.

Medial Lemniscus = Loss discriminative touch, vibration and kinesthesia

V. Auditory System

» Supplementary Reading: Chapter 13, Purves et al,
Neuroscience2001.
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* The auditory system differs from most other seypsgstems
in thepotentially larger number of neurons (synapsesin
the pathway and in thalaterality of the central parts of the
system. It igonotopically (frequency) organizedalong its
entire length. Adescending pathwayis present from the
auditory cortex to the cochlea which can modulaée t
auditory upflow at every level of the system.

A. Conduction of sound to the inner ear (fig 1)

1. The sound collecting capability of theina and external
auditory meatus aids in sound localization and increases
sound pressure at the tympanic membrane, espeitially
the 1.5-5 KH2 frequency range of human speech.

2. Themiddle ear mechanisms help solve the problem of
effectively transmitting sounds between two media o
differing acoustic inpendance (air and perilymphati
fluid). Transmission of sound across an air-wat&grface
is very inefficient, as exemplified by how diffi¢ut is to
hear sounds produced above water when you are
underwater. The middle ear provides several meshani
for matching the low impedence of air to the high
impedence of the inner ear fluids and the cochlear
membranes. These include the large area of theayimp
membrane compared to the small area of the oval
window, which provides pressure gain.

3. Further, there is a mechanical gain by an aksichain
levering mechanism that increases the force of mews
of the stapes footplate.

» Compression waves impacting on the tympanic
membrane willdisplace the membrane and the
attached manubrium of the malleus inward(fig 1).
This displaces the head of the malleus and bodlyeof
incus outward, since the axis of rotation runs ulgio
the lower part of the incudomalleolar joint. Thisturn
will displace the long process of the incus and stapes
footplate inward.

* The middle ear also contaimascular mechanisms
for damping the oscillations of the ossicular chgee
below).

B. Inner ear mechanisms — gross and microscopic
structural details are in the gross anatomy and

microscopic anatomy ear handouts.

« According to theplace coding theoryof frequency coding
in the cochlea, stapes footplate displacementseddng a
given sound frequency will produce a traveling wave
the perilymph. The traveling wave will reach a nmaxim
at some point along the cochlea, with high freqyenc
maxima at the base of the cochlea and low frequency
maxima at the cochlear apex. Perilymph movemests ar
transmitted to the cochlear duct producing corredpw
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movements of the basilar membrane relative to the
tectorial membrane. Thaner hair cells appear to serve
as theprimary auditory receptors.

» There is a fascinating anatomical etiologicallarption
for developing anechanical force that directly opens
and closes the cation channelsf the hair cell apex,
rather than through the usual channel controlling
mechanisms of electrical depolarization, liganddbnig or
second messenger systems. Electron microscopy has
identified a filamentousip link connection between the
side of each taller stereocilium and the tip of et
lower stereocilium (Purves fig 13.7, 13.8). In
displacements of the cilia in the direction of taker cilia
the shearing stresses created by the relative mentsof
the tectorial membrane and basilar membrane places
tension on the tip links. This mechanically opéres t
cation channels permitting the influx of cation Gtip
K+) to initiate the depolarization process. Movetnan
the cilia in the opposite direction slackness thed link
produce mechanical closure of the cation chanmals a
hyperpolarization of the hair cell. These catioaruhels
can be blocked by aminoglycoside antibodies such as
streptomycin, neomycin, gentamicin and kanamycin to
cause ototoxicity (hair cell degeneration).

» Under the influence of cochlear efferents dger hair
cellsdemonstrate contractile activities which produce
vibrations that may affect the stiffness of a givegion of
the basilar or tectorial membrane in a way thak wil
enhance the auditory induced vibrations of that pithe
basilar membrane and inhibit adjacent regionsether
sharpening detection of a given frequencysome
authors have hypothesized that the vibrationsebilter
hair cells may be responsible for producing soré nbt
most, cases dinnitus (a noise in the ears, like ringing,
buzzing, roaring or clicking).

C. Auditory pathway (fig 2)
1. Primary afferent neurons

* Nerve cell bodies are located in spral ganglion
which is situated in the osseous spiral lamindef t
cochlea.

» Because some of the cation channels are op@stat r
these primary afferents show a resting level firing
frequency which is increased when their hair calés
depolarized and decreased when their hair cells are
hyperpolarized. Their peripheral processes terraiiat
the hair cells of the organ of Corti. Their actigatby
hair cell transduction processes is modulated by
cochlear efferents.
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» Their central processes form th@echlear division of
the vestibulocochlear nervewhich exits the internal
auditory meatus and crosses the cerebellopontigie an
to enter the lateral aspect of the medulla-ponstjan.
They terminate in the ventral and dorsal cochlear
nuclei.

2. Ventral and dorsal cochlear nuclei
» Contain the nerve cell bodies of the second major

neurons in the pathway. They are situated dorgsalate
to the inferior cerebellar peduncle at the medpbas
junction.

» From the cochlear nuclei centrally the pathwayrfr
the one ear is both crossed and uncrossed and may
utilize a variable number of neurons.

» Some of the axons of the cochlear nuclei mayegitoj
directly to the contralateral lateral lemniscuso3é
decussating in the low to mid pons may cross thiaug
dorsal, intermediate or ventral (trapezoid body)
decussation. Some cochlear axons may terminakein t
ipsilateral or contralateral superior olivary nule
complex.

3. Thesuperior olivary nuclear complexis a potential but
not obligatory relay in the ascending-auditory egstlt is
situated in the low and mid pons just dorsal toldberal
part of the medial lemniscus. Its cells serve almemof
functions.

» Some project axons into the ipsilateral and cateral
lateral lemniscus(see below).

» Some project axons bilaterally to both fheial and
trigeminal motor nuclei to activate respectively the
stapedius and tensor tympanmuscles. These will
damp the oscillations of the stapes and the malleus
tympanic membrane during loud sounds to help ptotec
the sensitive inner ear hair cells.

» Some projectochlear efferentsto the hair cells of the
organ of Corti (especially the outer hair cellstémise
auditory sharpening by inhibiting some sound
frequencies and enhancing others (see above).

» Since each superior olivary nuclear complex nezei
fibers from both right and left cochlear nucleigyh
provide the first opportunity for interactions beswn
the two ears. By monitoring both thdferential
arrival time and intensity levels of sounds received
by both ears, they can provide cueslémalization of
sounds in space.

4. Fibers of théateral lemniscusascend the ventral pons
tegmentum lateral to the medial lemniscus and turn
dorsally in the midbrain tegmentum where the majaf
fibers end in the inferior colliculus.
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» Some fibers of the lateral lemniscus are integdfby
thenucleus of the lateral lemniscusvhich consists of
scattered neurons within the lateral lemniscuppeu
pons levels. A few fibers of the lateral lemnisouesy
project directly to the medial geniculate body.

5. Theinferior colliculi serve partly as relay nuclei in the
ascending auditory system and partly as reflexersrior
motor responses of the eyes, head, trunk and limbs
auditory stimuli.

» There is aommissure of the inferior colliculiwhere
ascending fibers can cross or recross. From tleeianf
colliculus fibers are projected anteriolaterallgraj the
surface of the upper midbrain as tirachium of the
inferior colliculus, which ends in the medial
geniculate body.

6. Themedial geniculate bodiesre situated on the
posterior aspect of the crus cerebri of the midbrai
* The axons of most of the medial geniculate nesiron

will form the auditory radiations which will project to
the primary auditory cortex via trseiblenticular part
of the internal capsule.

» Other cells of the medial geniculate body projedhe
integrative nuclei of the thalamus, like thelvinar,
which in turn project to the auditory associatiantex
and other higher order cortical association aregs,
Wernicke’s area and the angular gyrus (Brodmann’s
area 39).

7. Theprimary auditory cortex (Al) is located within the
transverse temporal gyri of Heschl (Brodmann'’s d®a
and inner part of area 42) which are buried inlateral
(Sylvian) fissure on the superior surface of thegeral
lobe. It is here that auditory frequency perceptioaurs
with high tones represented posteromedially and low
tones anterolaterally. Some cells in the primamitauy
cortex responds to varying sound intensities ard th
timing and duration of sounds. Others receive ating
binaural inputs to function in the spatial localiaa of
largely contralaterally originating sounds.

8. Secondary auditory or auditory unimodal (unisensoy)
association cortexAll = outer part of Brodmann’s area
42 and area 22) occupies much of the posteriorguoof
the superior temporal gyrus. It receives inputsiftbe
integrative nuclei of the thalamus and from Alappears
to function in the identification of complex audio
sequences. In the language dominant hemisphere
especially, this area appears to function in ticegaition
of familiar sounds like a bell ringing or dog bargi

9. Auditory inputs into heteromodal (multisensory)
association cortices- heteromodal association cortices
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receive input from the unimodal association cogice
various sensory modalities and the integrative eiuafl
the thalamus (mostly pulvinar). Some auditory ispare
projected to the middle temporal gyrus where thesriap
with visual inputs. Lesions here can produce failiar
recognize voices. Auditory inputs are also projédtto
the posterior part of the superior temporal gyrus
(Wernicke’s area) where it is continuous with thegwaar
gyrus (area 39) region of the inferior parietaldobhis
temperoparietal junctional area also receives
somatosensory and visual inputs and is importatiten
perception of symbolic functions like language.ibas
here can produce a “pure word deafness” (inaliity
understand or repeat spoken language despite good
recognition of environmental sounds and no other
language deficits) or a total impairment in the
appreciation of language (receptive aphasia). Marthis
in the Cortical Language lecture.

D. Hearing loss

1. There are two major kinds of hearing lossesdaactive
deafness and sensorineural deafness. The predesitg o
hearing loss can be documented on physical exaimmnat
by gross tests of the patient’s ability to detextrgls like
finger rubbing or whispers, or by more sophistidate
audiometric testing over a range of frequencieswvamndal
inputs.

2. Conductive deafness is caused by any pathalbgic
process that interferes with the conduction of soofithe
inner ear like impacted earwax. An acute otitis ra@an
produce fluid within the middle ear cavity that camp
the oscillation of the ossicular chain. Even whandcute
infection has been treated there can be retaingtlifi the
middle ear cavity called serous otitis media. Tusnor
developing within the middle ear cavity like
cholesteatoma or carcinoma can also damp the ¢essicu
chain. In otosclerosis the joints between the tessiare
fixed by bony union, frequently between the stapes
footplate and the oval window.

3. Lateralized sensorineural deafness is typicallysed by
any pathological processes occurring between thanor
of Corti and the cochlear nuclei. It can be causetair
cell damage as occurs in exposure to loud sounds or
ototoxic drugs like streptomycin or by the progress
hair cell loss of aging called presbycusis. It aso be
caused by lesions of the vestibulocochlear nekeedi
vestibular schwannoma that compresses cochleae nerv
fibers as it expands within the internal acousteatas
and posterior cranial fossa. Low pons tumors ocwias
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accidents involving the cochlear nuclei of the jogns

can also cause lateralized hearing losses.

4. Injury to the auditory pathway above the leviethe
cochlear nuclei typically produces no significant
lateralized hearing losses because of the bilatedlthe
ascending auditory system. Lesions of one lateral
lemniscus, inferior colliculus, medial geniculatedly or
auditory cortex typically produce no significan@hieg
loss in either ear because sound information froth b
ears also ascends on the intact contralateral side.

5. On physical examination two tuning fork tesis be
valuable to differentiate a unilateral conductieathess
from a unilateral sensorineural deafness (fig 3).

* IntheWeber bone conduction tesh vibrating tuning
fork is placed in the midline of the forehead aalpcin
a normal individual this bone conducted sound k!l
heard equally well in both ears. In conductive dea$
the sound is lateralized to the involved side. In
sensorineural deafness the sound is lateralized to
normal ear.

* IntheRinne testa tuning fork is held against the
mastoid till it is no longer heard, then placedaside
the external auditory meatus until it is no longeard
and the time noted. In the normal individual air
conduction is longer than bone conductiopdaitive
Rinne tes). In conductive deafness bone conduction is
heard longer than air conductionn@gative Rinne
test). In sensorineural deafness both bone conduction
and air conduction are diminished compared to the
normal side, but air conduction is still longer (a
diminished positive Rinne tesy.

» A possible explanation for why bone conduction is
enhanced in conductive deafness involves the palysic
observation that sound is conducted better inid sol
than in water and better in water than in air. Hgnc
when the air in the middle ear cavity is replacgd b
fluid or tumor this may enhance bone conduction.
Likewise, when the ossicles undergo bony fusion in
otosclerosis they produce a more solid bone coirdyct
pathway.

6. Audiometry can be used to further evaluate hearing loss.
A major component of the audiogram involves congari
a patient’s threshold levels of perceiving purestonf
various frequencies by air conduction (earphones or
loudspeaker) or by bone conduction (electronicatibn
on mastoid) with normative standards. This yields a
objective measure of the degree of hearing losstand
tonal distribution which can be valuable in helptng
define the nature of the hearing disability (fig Byr
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example single, repeated or prolonged exposuriesitb

sound can damage hairs cells particularly in teguency

range of the offending sound to cause a hearirggdos

that frequency known as an acoustic notch withérigh
and lower frequencies more normal (fig 4A). Therhmen
loss of old age (presbycusis) is characterized thgcdine

in auditory sensitivity at higher frequencies @B).

Some ototoxic drugs like the aminoglycoside antibg

and Meniere’s disease (which destroys hair cells by

increasing endolymphatic fluid compartment pressure
cause primarily low frequency hearing loss (fig 4C)

Many cases of congenital hearing loss show a W-or

shaped hearing loss (fig 4D). The audiogram cam talst

speech recongnition.

7. Auditory brainstem responses (brainstem auditory
evoked potentials or responses = BAEP or BAER)
record the aggregate electrical activity in thenthgnerve
and the central auditory pathway for electrodethen
vertex of the scalp, mastoid or earlobe. They may
demonstrate as many as seven waveforms which egyres
transmission through progressively higher levels of
auditory pathway (Fig 5). Absence of a wave orlaye
its appearance can indicate pathology at that lefvitle
pathway. Waves 1, 3 and 5 are considered mostlusefu
clinical diagnosis. For example absence of all wave
usually indicates a conductive or cochlear lesfon.
normal wave 1 and a delayed or absent wave 3 cotgmon
implies a vestibular schwannoma or other eightlvener
lesion. A normal wave 1 and 3 and absent delayeaa \Ba
implies a brainstem level lesion. To affect thetatally
ascending auditory system and cause bilateraligeari
loss, brainstem tumors and vascular lesions mpstaiy
be large and bilateral. Therefore, they will al$eio
produce coma. This test can have important prognost
value in coma since coma patients with an intacEBA
have a better prognosis than those with a compeamis
BAEP.

8. Some treatment options
» Otitis media — appropriatntibodies
» Serous otitis mediatympanostomy (incision of the

tympanic membrane) ansertion of tympanostomy
tubesto provide fluid drainage.

» Ossicular chain pathology of congenital, chrastits
media or otosclerotic origin can be treatedshygical
ossicular reconstructionof any portion of ossicular
chain with replacement by metallic, teflon or other
synthetic implants.

» Both conductive and sensorineural hearing losaas
be benefitted by various typesarplification
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hearing aidswhich can be programmed to most
amplify the frequencies to which the wearer isteas
sensitive.

In patients with profound bilateral sensorineural
hearing losgochlear implantscan bypass a damaged
organ of Corti and directly stimulate the auditoprve
fibers. It is composed of an external microphong an
receiver that detects sound energy, decompos@®it i
its frequency components and transmits the prodesse
electrical signals to an array of electrodes imigédnn
the cochlea to take advantage of its place coding
characteristics.

Figure 1

5. SHORT WAVES (HIGH
FREQUENCY, HIGH PITCH)
ACT AT BASE OF COCHLEA

DISTORT REISSNER'S
MEMBRANE AND BASILAR

1. SOUND WAVES MEMBRANE OF COCHLEAR

IMPINGE ON DUCT AND ITS CONTAINED
EAR DRUM, ORGAN OF CORTI, THUS
£ SOUND WAV :
CAUSING IT 4 S0UND WAVES | LonG wavEs 1ow STIMULATING HAIR
TO VIBRATE i FREQUENCY, LOW PITCH) CELLS WHICH ARE IN
e ACT AT APEX OF COCHLEA | CONTACT WITH THE
3 sTapes  VESTBUU N TECTORIAL MEMBRANE.
moves N O o IMPULSES THEN PASS
AND OU UP COCHLEAR NERVE
NP PERILYMPH
2. ossicles  WINDOW
VIBRATE AS

A UNIT

7NWAVES DESCEND
N, SCADA TYMPANI
*IN MEDIUM OF ITS

6. WAVE TRANSMITTED
ACROSS COCHLEAR DUCT
IN MEDIUM OF ENDOLYMPH,
FROM SCALA VESTIBULI TO

8. IMPACT OF WAVE
ON MEMBRANE OF CONTAINED

PERILYMPH

? »-"  ROUND WINDOW SCALA TYMPANL!. {NOTE:
{{5/ U CAUSES IT TO MOVE WAVES MAY ALSO TRAVEL
/ Ng M IN AND OUT AT AROUND HELICOTREMA
: ROUND WINDOW IN AT APEX OF COCHLEA)
bt Lepa OPPOSITE PHASE TO
. OVAL WINDOW
PLATE 111 TRANSMISSION OF VIBRATIONS FROM DRUM THROUGH THE COCHILTA
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Auditory Pathway Figure 2

AUDITORY PATHWAY

- Transverse Temporal Gyri
of Heschl
(Primary Auditory Cortex,
Brodmann's Areas
41 and 42)
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of Internal Capsule
(Auditory Radiations)

Medial Geniculate Body

Brachium of Inferior Colliculus

Inferior Colliculus

Nucleus of
Lateral Lemniscus ——— (1}

Lateral
Lemniscus

;Dorsal Cochlear Nucleus

Ventral Cochlear Nucleus

Superior Olivary Nucleus
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Spiral
Ganglion

Medulla-Pons
Junction
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Figure 3
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Figure 4. Audiograms illustrating four common patterns of semsanial hearing
loss. (A) Notched pattern of noise-induced hearing logsD{Bvnward sloping

pattern of presbycusis. (C) Low-frequency trough of Megis syndrome. (D) V-
pattern of congenital hearing loss.

Figure 5. Schematic outline of the main neural geherators of theMBiAEnan
(19). DCN: dorsal cochlear nucleus; VCN: ventral cochlearaus;ISO: superior

olivary complex; LI: lateral lemniscus; IC: inferior colldas; MG: medial
geniculate body.
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E. Relationship between the effects of rotation um
the vestibular apparatus and the resultant reflex
activities. Note that reflex activities follow the
direction of endolymph flow.

1. At the beginning of rotation of the head to the rjht

there is

» A relative displacement of the endolymphaticdlin
both canals to thieft

* A horizontal nystagmus with a slow componenthi® t
left (fast component to the right)

» A sensation of the room rotating to fleé (or a
sensation of the subject rotating to the right)

» Past-pointing to thieft

» A tendency to fall to the left, if such fallingene
permissible

* Nausea, increased salivation and perhaps vomiting
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» Pallor and cold sweat: these reflex activities @aused
in response to the imbalance created by the
stimulation of the right vestibular nerve and the
inhibition of the left vestibular nerve that is
occurring at this time, ie, there igight vestibular
dominance.

2. Following rotation of the head to the rightréhes
» Arelative displacement of the endolymph in both

canals to theight

* A horizontal nystagmus with a slow componenti® t
right (fast component to the left)

* A sensation that the room is rotating to tiggat (or a
sensation that the subject is rotating to the left)

» Past-pointing to thaght

* Atendency to fall to thaght

» Turning to theight while stepping in place and
deviating to theight when walking (with eyes closed)

* Nausea, increased salivation and perhaps vomiting

» Pallor and cold sweat: these reflex activities @aused
in response to the imbalance created by the sttioola
of the left vestibular nerve and the inhibitiontiog
right vestibular nerve that is occurring postratadlly,
ie, there ideft vestibular dominance.

3. Clinical correlation — because of the normadlance
between the right and left labyrinths any diseasegss
which causes irritation of one labyrinth, eg, tbf, lor
destruction of the opposite labyrinth, eg, the tighll
produce a relative hyperactivity or dominance i lift
labyrinth. This relative hyperactivity or dominanaiethe
left labyrinth and its lateral SCC will produce ssgand
symptoms similar to those reflex activities desetib
aboveafter rotation to the right when the left vestibular
nerve was relatively more active. To differentiatach
labyrinth is diseased caloric tests must be perarm
Destructive lesions involving the right vestibulamerve
(eg, vestibular schwannoma) or by a vascular accidée
or tumor involving the vestibular nuclei could also
produce signs of left vestibular dominance.

4. Caloric testing— A clinically used means of testing the
right and left lateral semicircular canals sepdyatéa
seated patient’s head is tilted backward 60° ttexdh
SCCs are brought into a vertical position with thei
ampullae placed superiorly.

* |If the right ear is irrigated with warm water the
resultant warming of the endolymph in the righetat
SCC will cause it to rise toward the ampulla and th
will stimulate the right vestibular nerve and gexter
all of the above described reflexes seen during
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stimulation of the right vestibular nerve at the
beginning of rotation to the right.

 If the right ear is irrigated with cold water thesultant
cooling of the endolymph in the right lateral SCO w
cause it to fall away from the ampulla thereby
inhibiting the right vestibular nerve. The imbalanc
created between the resting frequency in the
unstimulated left vestibular nerve and the inhdsitof
the right vestibular nerve will cause the reflexaties
described above at the end of the rotation toitjte r
since the left vestibular nerve, under these canit
is more active than the right.

» If a destructive disease is present the hot aldl ¢
caloric responses from that ear will be diminishéd.
an irritative disease is present the hot and caloric
responses from that ear will be exaggerated.

F. Anatomic pathways mediating these reflex

activities — figures 12 and 13

1. Thebipolar nerve cell bodies of the first neuronn this
pathway are located in tivestibular ganglionwhich is
situated within the internal auditory meatus. Thegd
their peripheral processesut into the previously
described terminations upon the vestibular haiscel

Most of theircentral processeserminate upon second

order neurons in the various ipsilaterabtibular nuclei

while others pass directly to the ipsilateral
flocculonodular lobe area of the cerebellum viartteglial
part of the inferior cerebellar peduncle.

2. Thesecond order neurons of the vestibular nuclei
project fibers to many levels of the CNS including

a. Over the medial part of the inferior cerebglladuncle
largely ipsilaterally to thélocculonodular region of
the cerebellar cortexand bilaterally to théastigial
nuclei of the cerebellum. This permits integration of
vestibular information with all other sensory
information at cerebellar levels to provide appraigr
postural muscle tone or movement coordination.

b. Over poorly defined paths, possibly relatethto
ascending trigeminal sensory pathways, to the
contralateraterebral cortexwith likely thalamic
relays. The lower part of the parietal lobe judtibd
the face area of the postcentral gyrus appears theéb
most important cortical perception area for vesdéibu
functions, including vertigo.

c. While the vestibular nuclei send some direct
projections to the abducens and oculomotor nuclei
(through the MLF) of both sides as figure 12
illustrates, vestibular nystagmus is most likely
mediated througpontine horizontal conjugate gaze
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centers in the paramedian pontine reticular

formation as illustrated in figure 13. Postrotation to

the right will excite the left vestibular nerve and
nuclei. Theslow component of nystagmus to the
right is generated by fibers from the left vestibular
nuclei which project to the right horizontal congug
gaze center located in the paramedian pontineutatic
formation situated in the pons ventral and rostrahe
abducens nucleus. From here fibers passdtor
neurons of the right abducens nucleugactivating
right lateral rectus) and to oth@ternuclear neurons
within the right abducens nucleus.

» These internuclear neurons will project across th
midline at the level of the abducens nucleus to
ascend théeft MLF and end on theedial rectus
portion of the left oculomotor nuclear complex.

* Itis hypothesized that collaterals of the vastib
nuclear fibers will enter the left horizontal
conjugate gaze center and, after an unknown
number of multisynaptic delays, generateftiss
component of nystagmus to the lefthrough
mirror-image pathways similar to those described
for the slow component to the right.

d. Projections from primarily the vestibular nucla the
vestibulospinal tractsto excite the MNs to the
ipsilateral antigravity muscles. The increase in
antigravity muscle tone in the left lower limb (and
inhibition on the right) after rotation to the rigtauses
the subject to fall to the right by the antigravityiscle
thrust of the left lower limb (and reduction of
antigravity muscle tone on the right) and causes
deviation to the right on walking, as well as taghio
the right on stepping in place with the eyes closed
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Figure 12
General Central Vestibular Pathways
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Figure 13
Central Pathways for Postrotational Nystagmus
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e. Projections into theeticular formation , which then
directly influencesautonomic systems including the:
» Sensory and dorsal motor nuclei of the vagus —
nausea and vomiting
» Superior and inferior salivatory nuclei — increds
salivation
» Reticulospinal and other autonomic pathways ¢o th
intermediolateral cell column — pallor and cold
sweat

f. Projections agestibular efferentsonto the end organ

afferents and hair cells.

» Vestibular suppression may be mediated over these
vestibular efferents which are felt to be largely
inhibitory, thereby providing a peripheral
mechanism for explaining adaptation and
habituation suppression in the vestibular system.

» Vestibular suppression as caused by visual tixati
in ice skaters may occur at higher levels of the
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vestibular system as well as over this vestibular
efferent path.
3. In addition to the incoming vestibular nerveefis, the
vestibular nucleialsoreceiveinput from the ipsilateral
cerebellum, spinal cord and contralateral cortex.
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G. Facial nerve (N. 117)

» The facial nerve (VII cranial nerve) contains Swiers
which innervate the muscles of facial expression,
stapedius, stylohyoid and the posterior belly ef th
digastric. It contains GVE fibers which provide the
parasympathetic innervation to the submandibular,
sublingual, palatine, nasal and lacrimal glandsugh
relays in ganglia in the floor of the mouth and the
pterygopalatine ganglion. It also provides GSA ffi®
the skin of the posterior wall of the external aodi
meatus, posterior half of the outside of the tynipan
membrane, deep auricle and mastoid region. Finally,
provides SVA taste innervation to the anterior thivels
of the tongue.

» The facial nerve emerges from the inferior pomualcus
as two roots, a largaotor root containing its SVE fibers
and a smalhervus intermediuscontaining the rest of its
functional fiber types (N. 108). It closely accomjes the
vestibulocochlear nerve across the subarachnoikspto
the internal acoustic meatus, where it can be cesgad
by vestibular schwannomas developing within thd VII
cranial nerve. The geniculate ganglion is locatdtsa
external genu. It contains the nerve cell bodieissdbSA
and SVA neurons. At this genu theeater petrosal
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nerve arises. This nerve contains the preganglionic
parasympathetic fibers to the pterygopalatine gang|
which will provide secretomotor innervation to the
palatine, nasal and lacrimal glands. At its sedoend in
the temporal bone as it passes from the medi&leto t
posterior wall of the tympanic cavitybsanch to the
stapedius musclarises. Just before it emerges from the
stylomastoid foramen it gives off tleorda tympani
nerve which conveys taste fibers to the anterior twoethi
of the tongue and parasympathetic preganglionicameu
which will provide secretomotor innervation to the
submandibular and sublingual glands.

« After the facial nerve emerges from the tempbrale
through the stylomastoid foramen it turns later&dlenter
the parotid gland where it commonly divides intgefi
major branches some of which may be doubled (N. 19,
117). As these branches course superficially thidabg
parotid gland they typically pass posteriorly anelrt
superficially to the external carotid artery and
retromandibular vein (N. 54 top). These branchea th
emerge from the anterior border of the parotid gjlem
radiate toward the muscles of facial expressiorcivkiey
innervate.

» The temporal branch runs along a line from the lower
border of the tragus to just above the eyebrow wihter
innervates the frontalis muscle. If it is injurdxbt
ipsilateral forehead wrinkles are usually flattetgdhe
gravitational sag of the forehead. The temporahdinacan
be tested by asking a patient to raise the eyebrow
wrinkle the forehead.

* Thezygomatic branchprojects along a line from the
lower tragus to the outer corner at the eye wttere i
provides much of the innervation to the orbiculacsili
muscle. If this nerve is injured the paralysishd tid
portion of the orbicularis oculi causes the lowgel&l to
gravitationally sag and evert thereby losing thedo
eyelid wall that normally retains the tears. Saoitep
across the cheek may occur. This branch is tested b
asking a patient to close the eyes tightly, whidhmwot be
possible when this branch is injured.

* Thebuccal branchesare usually doubled and accompany
the parotid duct to innervate the buccinator mysblke
elevator of the angle of the mouth, the elevatdhef
upper lip and the upper lip part of the orbiculaniss. Loss
of these muscles will cause a decreased promiraitbe
nasolabial fold by the gravitational sag of theadhel'hese
branches can be tested by asking the patient e, sshiow
the teeth, pucker up the lips, whistle or blow thgt
cheeks. The ipsilateral smile will be lost by pgs# of

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy page 75



Neurology Review Course

the elevator of the angle of the mouth. There ell
inability to show the upper teeth on that sidedsslof the
ipsilateral elevator of the upper lip. A symmettipacker
of the lips or a whistle will be impossible becaon$éoss
of the ipsilateral upper quadrant of the orbicsaniis
muscle. Likewise, the patient won’t be able to blow
the cheeks because they won't be able to keejpthe |
tightly approximated with a quadrantic loss of the
orbicularis oris; so there will be an air leak tingh the
lips.

* The(marginal) mandibular branch of the facial nerve
usually dips just below the lower margin of the whiafe
as it crosses the superficial aspect of the fagssels.
Then it ascends to innervate the depressor ofrigle af
the mouth, the depressor of the lower lip and pisdateral
lower lip quadrant of the orbicularis oris musdiée
paralysis of the lower lip part of the orbiculapiss will
cause the ipsilateral lower lip to sag gravitatitynso that
the lower lip wall that normally retains the salivdl be
lost and saliva will tend to drool down the chimeTloss
of the lower quadrant of the orbicularis oris valléo cause
an asymmetrical pucker and an inability to whistldlow
out the cheeks. Likewise, on attempting to showtdleth
the loss of the ipsilateral depressor of the lohpewill
prevent full disclosure of the lower teeth on thide. So
showing the teeth provides a good quick test fdin bo
buccal and mandibular branches of the facial nerve.

» Thecervical branch of the facial nervedescends into the
neck from the lower pole of the parotid gland. Wehib
innervation to the platysma is often not checkauadlly,
because of its functional insignificance, it carchecked
by asking the patient to flare out the skin of tieek or
pull up the skin of their upper chest, usually vitibe
examiner demonstrating what is requested.

« If the facial nerve is injured proximal to itsamching
there will likely be paralysis of the entire sidetloe face
with all of the above described postural and movgme
deficits. This is called a facial (Bell's) palsyindividual
nerve branches are injured, as by a parotid glamaot,
the deficits will be more localized and will onlg b
demonstrated by testing all of the branches.

» Thenerve of the pterygoid canal(N. 39, 40) enters the
pterygopalatine fossa through thierygoid canal which
is located in the attachment of the pterygoid psede the
sphenoid body. It is a mixed parasympathetic
preganglionic and sympathetic postganglionic neltge.
parasympathetic preganglionic fibers emerge froen th
brain with the facial nerve and run with the facialve to
its genu within the facial canal of the temporah&oHere
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they enter th@reater petrosal nerve which exits the
anterior face of the petrous pyramid throughtitadus for
the greater petrosal nerveThis nerve runs
anteromedially across the middle cranial fossagtbe
anterior face of the petrous pyramid to pass inéo t
interval between the trigeminal ganglion superiahg
the dehiscence in the roof of the carotid canariofly.
As it runs past the internal carotid artery it gckp some
sympathetic postganglionic fibers from its periagie
plexus. Then it enters the pterygoid canal in thteror
wall of the foramen lacerum. At this point the dega
petrosal nerve becomes a mixed autonomic nerve kknow
as thenerve of the pterygoid canallt runs forward
through the pterygoid canal to enter the postevali of
the pterygopalatine fossa. Here its parasympathetic
preganglionic fibers enter a smpterygopalatine
ganglionto synapse on the contained postganglionic
parasympathetic neurons (N. 39, 127). The
pterygopalatine ganglion is suspended in the fogsae
pterygopalatine branches of maxillary V.

« All nerves leaving the pterygopalatine fossa valteive
some sensory fibers from maxillary V, sympathetic
postganglionic fibers to blood vessels from thesaeaf
the pterygoid canal and parasympathetic postgamglio
fibers to glands from the pterygopalatine ganglion.

» Theinferior orbital fissure transmits theygomaticand
infraorbital branches of maxillary V (now mixed
nerves) and thmfraorbital vesselsout of the
pterygopalatine fossa into the orbit (N. 35, 40¢réithe
zygomatic nerve and its branches will ascend ttezda
orbital wall where its parasympathetic postgangtion
fibers will be transferred to tHacrimal branch of
ophthalmic V, just before this nerve enters therimal
gland (N. 40, 127). This is clinically the most importan
parasympathetic distribution of the pterygopalatine
ganglion, since interruption of this pathway wéimove
the secretomotor stimulus to the lacrimal glandsTan
diminish lacrimal secretion to the point where tenea
will dry and opacify to produce vision loss. A lesi
causing this type of a dry eye can be caused by an
interruption of either the preganglionic or postgjamic
part of the parasympathetic pathway. Such a |lesioitd
be located anywhere along this complex path froen th
pontine origin of the facial nerve to the orbit.
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Corticobulbar Pathways Commonly Productive
of Upper Motor Neuron Lesion Findings
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Figure 2. Pathways for Right Horizontal Conjugate Gaze
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Me. Nu.

e D
Figure 9-12.Diagram of the trigeminal nerve and nuclear complex. A, rrigal
nuclei and secondary tracts. B, concentric facial zones, Dejenion-skin
pattern and representation of these zones (C) in the caudalceils of the
spinal nucleus. The cutaneous inflows from cranial nervedXknd X are also
shown in C. D, location of the primary fibers of them®é cranial nerves with
reference to the spinal tract of cranial nervéyB, C and D. Meissner’s
corpuscle, Merkel's disks, free nerve endings and neuronausspindles,
respectivelyCa, caudal subnucleus of the spinal-nucleus of cranial nerve V;
CSN, chief sensory nucleus of DTT, dorsal trigeminothalamic tractSCN,
fasciculus cuteatus nucleus and tr&&N, fasciculus gracilis nucleus and tract;
[, interpolar subnucleus of spinal M, motor nucleus of Viie Nu,
mesencephalic nucleus of Me tr, mesencephalic tract of Wjo, motor root to
muscles of masticatio, pyramidal tractsR, rostral subnucleus of spinal 8p
nu V, spinal nucleus of VSp tr V, spinal tract of VVTT, ventral
trigeminothalamic tract.
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Figure 9-13.Diagram of the cutaneous fields of the head and uppeoftire
neck. I, ophthalmic division; Il, maxillary division;lJimandibular division
(After Haymaker and Woodhall, “Peripheral Nerve Injuries,” &lphia,
Saunders).
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« The sensory innervation of the face is suppliysdéi/eral
terminal branches from each of the three majorstivis

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy

The Oder | nstitute

page 81



Neurology Review Course

of the trigeminal nerve. Unlike spinal nerves, the
dermatomal distribution of the divisions of theggminal
nerve shows little overlap.

» Theophthalmic division of the trigeminal nerve
supplies the skin of the forehead and the antsaalp to
the interarticular line (the line drawn over the tf the
scalp between the external auditory meatus of s@ld).
The ophthalmic dermatome also extends down theudors
(= anterior border, which is only dorsal in a qupe€ld) of
the nose to its tip. The major terminal branchethef
ophthalmic division of the trigeminal nerve whidpgly
this area include the supraorbital nerve and aiteim
branch of the ethmoidal nerves. The largest ofeleghe
supraorbital nerve which emerges onto the face through
the supraorbital notch or foramen where it bregksto
many branches which will ascend the forehead tplgup
much of the anterior scalp as far posterioly as the
interarticular line. A terminal branch of te¢hmoidal
nervesemerges between the nasal bone and nasal
cartilages to supply the dorsum of the nose. Rinall
number of small terminals of other branches of the
ophthalmic division end in the upper eyelids anelfiead.

* Themaxillary division of the trigeminal nerve has a
dermatomal distribution shaped like an inverted @m
The head of the comma is the area between theneytha
mouth from the lateral aspect of the nose to thieream
cheek. This is supplied by tivraorbital nerve terminal
of the maxillary division, which on emerging frofmet
infraorbital foramen divides into multiple branch&hese
ascend to the lower eyelids, descend to the uppant
extend medially to the lateral aspect of the extenose.
The tail of the comma-shaped dermatome ascendallate
to the orbit over the zygomatic bone and into thie@or
part of the temporal fossa where zygomatic branohes
the maxillary division distribute.

* Themandibular division of the trigeminal nerve
supplies a dermatomal area shaped like a largelbent
horseshoe. This is the area over the mandible fhem
chin, along the mandibular body and ramus andthrdo
intermediate temporal fossa area. This does natdeche
angle of the mandible which is supplied by the wadv
plexus and is part of the C2 dermatome. Three hesof
the mandibular division are involved in this distriion.
Themental nerveterminal of the inferior alveolar nerve
emerges from the mental foramen and divides into
multiple branches to the full thickness of the loWe, the
chin and the skin over the anterior body of the diilale.
Thebuccal nervebranch of the mandibular division
emerges onto the face through the buccal fat patl op
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which extends deep to the ramus of the mandiblerAf
emerging from deep to the ramus of the mandiblegnits
anterior border, it gives off branches which sugply skin
over the posterior body and ramus of the mandibtethe
full thickness of the cheek from its mucous membramn
the skin. Theauriculotemporal nerve branch of the
mandibular division of the trigeminal nerve emerges
through the upper part of the parotid gland belimedneck
of the mandible. It ascends superficial to the mygtc
arch just anterior to the tragus of the auricle @mall
cartilaginous elevation immediately anterior to the
external ear canal). Here it gives off brancheb¢o
temporomandibular joint, the anterior wall of theegnal
auditory meatus (canal) and the external surfatkeof
anterior half of the tympanic membrane. Then the
auriculotemporal nerve ascends into the tempogabne
just anterior to the auricle, in close company wité
superficial temporal vessels. Here it suppliessttia over
the intermediate part of the temporal fossa froen th
maxillary division dermatome anteriorly to the
interarticular line posteriorly.

» Trigeminal neuralgia (tic douloureux) is the mostnmon
of the cranial nerve neuralgias. It has multiplelegies
including viral involvement of the nerve cell boslief the
trigeminal ganglion or irritation from adjacentenes, but
in many cases the cause remains undetermineadi te
be episodic with pain of such severe characterithet
often completely disabling. The neuralgia may ineocbne
or more divisions or branches of the trigeminalveas its
superficial pain distribution is in the charactgcis
dermatome of the involved nerve. The pain typicalgo
has a deep component involving the distributiothef
ophthalmic division to the orbit and frontal aings;
maxillary division to the upper jaw and upper tegihlate
and maxillary and ethmoid air sinuses; and mandibul
division to the lower jaw and teeth, tongue andfflof the
mouth and intratemporal fossa.

* If the divisions of the trigeminal nerve are ihxed by
destructive rather than irritative lesions the émetic
areas typically fit the dermatomal distribution yevell,
since there is very little dermatomal overlap betwéhe
divisions.

H. Temporomandibular joint (N. 11)

* The temporomandibular joint is a synovial joietlween
the mandibular fossa of the temporal bone and aheyde
of the mandible. It is divided into two synoviahMitées by
the presence of a fibrocartilagincaigicular disc. The
upper surface of this disc is convex behind andaea in
front as it is molded by the concavity of the méoudiar
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fossa and the convexity of the articular tuber€lee lower
surface of the disc is concave by being molded ther
convexity of the mandibular condyle. The capsuléhcf
joint is especially strengthened medially and Etgroy
the presence of reinforcing ligaments. There acerbajor
extracapsular ligaments which help suspend the rolend
from the skull like guy wires. These include the
sphenomandibular ligamentwhich runs downward and
forward from the sphenoid spine to the lingula trel
stylomandibular ligament which runs from the styloid
process downward and forward to the lower posterior
border of the mandibular ramus. These suspending
ligaments transfer the transverse axis of rotaticthe
mandible for jaw opening and closing from an expéct
position through the two condyles down to a positio
closer to the middle of the ramus. This can be
demonstrated by palpating the mandibular condytendu
jaw opening and closing. If an index finger is @don
the mandibular condyle (located just anterior aridrior
to the external auditory meatus) and the thumleisguol
on the angle of mandible, when the jaw is opened th
mandibular condyle is felt to move downward anavind
while the angle moves downward and backward. This
clearly demonstrates that the transverse axisnesdere
within the mandibular ramus between these two goidh
jaw opening the mandibular condyle and the artrcdisc
move downward and forward on the anterior sloping
surface of the mandibular fossa, bringing them
precariously close to the apex of the articulaetale (N.
11, lower right illustration). In a dislocated jdiae
condyle slips anterior to the articular tubercle gets
trapped there by the resulting spasm of the jasitp
muscles. This can occur unilaterally or bilateralyone
attempts to reduce the dislocation by simply pugie
condyle backward it will impact the articular tublerand
with enough force this attempt can fracture the difawlar
neck. So to reduce the dislocation it is imperathad the
mandible be displaced downward before it is disgilac
backward so that the condyle will be fully cleakedow
the articular tubercle.

» Another major motion permissible at this jointaseral
deviation of the jaw to the left or to the rightii¥ motion
is necessary for food grinding activities. If oregates
the two mandibular condyles and then deviatesaive |
laterally to the left the right condyle moves fordand
downward while the left condyle just seems to etat
place. So the right condyle essentially rotatesiaa
vertical axis through the left condyle. Other l@sportant
jaw motions will not be considered.
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I. Muscles of mastication (N. 48, 49)

* There are four major muscles of mastication andraber
of accessory masticatory muscles related to thguen
cheek and suprahyoid or floor of the mouth regidine
accessory muscles are described with their reygecti
regions. The four major muscles are the masseter,
temporalis, lateral pterygoid and medial pterygoid
muscles.

* Themasseter musclelescends from the lower and inner
aspect of the zygomatic arch and inserts into mobtte
external surface of the ramus of the mandible @Y. #s
major function is jaw closing. It is innervated &ypranch
of the mandibular division of the trigeminal newhich
reaches its deep surface by passing laterally tjtrtie
mandibular notch.

* Thetemporalis muscle(N. 48) arises from the broad
expanse of the temporal fossa on the lateral agpéioe
skull (bounded above by curved temporal lines). Its
descending fibers converge upon the coronoid psooks
the mandible. This muscle will elevate the coronoid
process and hence it is a jaw closer. It is inrted/ay the
branches of the mandibular division of the trigeshin
nerve (N. 41, 65).

* The pterygoid muscles (N. 49) are situated dedjpe
mandibular ramus within the infratemporal fossae Th
more superficially situateldteral pterygoid musclehas
an upper head arising from the bony boundariebef t
inferior orbital fissure and a lower head arisingn the
lateral aspect of the lateral pterygoid plate. Firare the
muscle fibers pass transversely and laterally derinon
the neck of the mandible and the capsule and &ticlisc
of the temporomandibular joint. It tends to pul th
mandibular condyle and the articular disc forwand a
medially. So it is the major active jaw opener. \Whiee
muscle of one side is operating independently littemnd
to deviate the chin to the opposite side, ie, d¢fielateral
pterygoid muscle will deviate the chin to the rigbee
figure 8-5). When both muscles contract simultasgou
they cause straight jaw opening since their lateral
directed vectors will cancel. It is innervated blgranch of
the mandibular division of the trigeminal nerve @\,
65).
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Figure 8-5
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Mandible Body:

Pterygoid Processes

Lateral Pterygoid

A. Normal balanced pull of the B. With injury to the right mandibular
lateral pterygoid muscles division of the trigeminal nerve and paralysis of the
(superior view) right lateral pterygoid muscle the unbalanced pull of

the intact left lateral pterygoid causes the chin to-
point to the side of the lesion (the right)

» Themedial pterygoid musclearises from medial aspect
of the lateral pterygoid plate and from the pteigigossa
between the medial and lateral pterygoid platet@. It
descends with a lateral inclination to attach ®ittiernal
aspect of the lower mandibular ramus. It is a jlger
and may aid in deviating the jaw to the opposide sit is
innervated by a branch of the mandibular divisibthe
trigeminal nerve.

» Three of the four muscles of mastication are primaw
closers, which explains why if these muscles become
hyperactive, as in tetanus, the jaw assumes adclose
position. The normal opener of the jaw is grawtith an
assist from the lateral pterygoid muscle (and other
accessory muscles) when resistance is offeredjuifyi of
the mandibular division of the trigeminal nerve is
suspected the integrity of the masseter and terlipora
muscles can be evaluated by asking the patienteo b
down so that contraction of these muscles can be
visualized or palpated. If this nerve is injured thin will
tend to point toward the side of the lesion by the
unopposed pull of the normal opposite lateral ey
muscle, ie, if the right mandibular division isurgd the
unopposed pull of the left lateral pterygoid museik
cause the chin to deviate to the right in the sit pesition
(see Figure 8-5B). To exaggerate this deviatiorptiteent
can be asked to open the mouth against the resestdn
the examiner’s hand under the chin. This will maxen
the activity of the intact lateral pterygoid andisa the
chin to deviate dramatically toward the side of léson.
The loss of the ipsilateral lateral pterygoid maszdn also
be demonstrated by asking the patient to attemg¢viate
the jaw away from the suspected side of the lesubich
activity will not be able to be carried o®o, in a lesion
of the mandibular division of the trigeminal nervethe
rule is “the chin points to the side of the lesion’at rest
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and on actively attempting to open the jaw against
resistance.

_MAJOR STRUCTURE, FUNCTIONS AND VASCULAR SYNDROMES OF PONS (Figure 3)

LOW PONS TEGMENTUM (INFERIOR FOVILLE'S) SYNDROME
=3 Anterior Inferior Cerebellar Artery

Abducens Nu = Ipsilat. internal strabismus

Cochlear Nu = Ipsilat. deafness

Vestibular Nu = Vertigo, nystagmus

Inf. Cerebellar Peduncle = Ipsilat. ataxia

Spinal Nu'& Tract V = Loss pain & temp.
ipsilat, face

Horizontal Conjugate Gaze Center = Loss
ipsilat. conjugate gaze.

Facial Nu = Ipsilat. facial palsy

Reticular Formation = Ipsilat. Horner's Syndrome

Med. Lem. and Lat. Spinothal. Tracts = Loss

N ' P & T, touch, vibratiom, kinesthesia

o contralat. trunk & extrem.

VIIL .

-1 ‘LOW PONS BASE (MILLARD-GUBLER) SYNDROME
-_ vIT Paramed. & Short Circum. Brs. Basilar Artery
— Corticospinal & - Corticobulbar = Contral.

/ hemiparesis extremities and tongue

Possible VI, VII and VIII Root involvement

Y

Vi

MID PONS TEGMENTUM (GRENET'S) SYNDROME
== Long Circumferential Brs. Basilar Artery
MLF = Internuclear op hthalmoplegia(INO) }
'_\ Sensory Roots and Nu V = Loss all sensation ipsilat. face
/Mo:or Nu V = Paralysis muscles mastication ipsilat.
Retic. Form. = Ipsilat. Hornmer's Syndrome )
Med. Lemn. and Lat. Spinothal.tracts = Multiple
sensory deficits contral.trunk and extremities.

MID PONS BASE (MARIE-FOIX) SYNDROME
Paramed. & Short Circ. Brs. Basilar Artery
Cospin. &Cp bulbar = Contralat. hemiparesis
' trunk, extremities, tongue and lower face.
-1 " Possible V root involvement
j Corticopontocerebellar .System = Cerebellar ataxia

HIGH PONS TEGMENTUM (SUPERIOR- FOVILLE'S) SYNDROME
" =] Superior Cerebellar Artery ‘
Superior Cerebellar Peduncle = Ipsilat. cerebellar
ataxia, hypotonia and tremor (intention)
—MLF = INO
Retic.Form.= Horner's Syndrome
Med. Lemn. & Lat. Spinothal. = Multiple sensory
losses contralat. trunk and extremities

T L HIGH PONS BASE SYNDROME
— L1 [fIT]Paramed + Short Circ. Brs Basilar Artery
1 g Corticospinal and bulbar = same hemiparesis as mid poms

Corticopontocerebellar System = Cerebellar ataxia
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v i . of:
Long Circumferential Brs. of

Posterior Cerebral A.

Posterior Choroidal A,
Superior Cerebellar A.
Brach S
nf. 1 7
fnf. Co A Short Circumferential Brs. of:
N > -\ Superior Cerebellar A.
e Posterior Cerebral A.
CorticoqSubS! Nu Anterior Choroidal A.
popti_ne ig:ra.

Cortici
pontine

mﬂParamedia.n Brs. of: Basilar A,
Posterior Cerebral A.
Posterior Communicating A.
Anterior Cthoroidal A.

Intermediate
column .

Caudal
centrol
nucleus

Visceral nuclei

Superior rectus

palpebroe ~ Lateral rectus

Medial rectus

Inferior oblique

Coudal! third Middle third Rostot third Rostrol pole
Figure 16-9. Schematic representation of the localization tiie extraocular
muscles within the oculomotor nuclear complex, based upaiudies in the
rhesus monkey (Warwick, ‘53).Cell columns composing the complex are
shown in lateral and dorsal views and in transverse sedtioough various
levels. The visceral motor (parasympathetic) cell columns axersimoblack.
The ventral nucleus (blue) innervates the medial rectus mu$eedorsal
nucleus (red) innervates the inferior rectus muscle. Teemediate cell column
(yellow) innervates the inferior oblique muscle. The cell swiywhite) medial
to the dorsal and intermediate cell columns innervates thei@upsatus muscle.
The caudal central nucleus (lined) supplies fibers to the lepatpebrae
superioris. Fibers innervating the medial rectus, infegotus and inferior
obliqgue muscles are uncrossed; fibers supplying the lepatpebrae muscle are
both crossed and uncrossed, while those to the supecios muscle are crossed.
The drawing in the upper right shows the positionallodf the extraocular
muscles in relation to the globe and bony orbit.
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Figure 32-13.Warwick’s schema of topographic organization within the
oculomotor nucleus. Note the caudal dorsal midline positidhe motor pool for
the levator palpebrae superioris (CCN, caudal central nucldus)ndtor pool of
the superior rectudi@shed area is contralateral to the extraocular muscle it
innervates. The visceral (parasympathetic) nuclei are sholladk. DN, dorsal
nucleus; IC, intermediate column; IV, region of trochleaclaus; VN, ventral
nucleus (From Warwick Rl Comp Neurol1953;98:449-504).

Thalamus

Rostral

Cerebelium

Figure 32-12.The ocular motor nuclei and their relationship to internucear
premotor structures in the brainstem. Parasagittal cut thitbedbrainstem of a
rhesus monkey. IC, inferior colliculus; iC, interstitialcleus of Cajal; MB,
mammillary body; MLF, medial longitudinal fasciculus; MRResencephalic
reticular formationtfashed ared; Ill, nucleus and fasciculus of oculomotor
nerve; IV, nucleus and fasciculus of trochlear nerve; tleus of abducens
nerve; VII, fasciculus of facial nerve; nD, nucleus of Darksdte\WwC, posterior
commisure; PPRF, paramedian pontine reticular formationatdsttF, rostral
interstitial nucleus of the medial longitudinal fasciculus; S@perior colliculus;
VN, vestibular nuclei (Redrawn from Henn V, Bittner-Ennel4and Hepp K.
Human Neurobiol1982;1:77-85).
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J. Muscles of the orbit (Table 8-3, N. 78, 79)

* There are seven voluntary muscles within thetarbi
which six produce movement of the eyeball and the
seventh is a voluntary elevator of the upper eydlieere
is also an involuntary elevator of the upper eyelid

* Thelevator palpebrae superioris musclas the most
superiorly situated muscle in the orbit. It arifesn the
common ring tendon region and runs forward just\wel
the periorbita of the superior orbital wall. Antaty, it
fans out into a broad aponeurosis which insertstims
tarsus and dermis of the upper eyelid (N. 76-783.the
voluntary elevator of the upper eyelid and it iseérvated
by the superior division of the oculomotor nervethe
anterior part of the orbit a thin sheet of smootksofe, the
superior tarsal muscle (of Muller) arises from the
inferior aspect of the fascial covering about eneator
palpebrae superioris (N. 76). This smooth musoéesh
inserts into the upper border of the superior ®rfus the
involuntary elevator of the upper eyelid. It is émated by
the sympathetic nerve fibers which ascend intdhed
about the internal carotid artery. If either théunary or
involuntary elevator of the upper eyelid is paralyzhe
upper lid will droop (ptosis). Ptosis is a signeither an
oculomotor or a sympathetic nerve lesion. To deitgem
which, the other functions of the oculomotor and
sympathetic nerves must be tested.

» Although the eyeball can be moved in any oblique
direction, for convenience of description it is smlered to
be movable about three mutually perpendicular axes
situated in the three major planes of anatomicepac
Movements are typically considered to start fromatrest
distant vision position of the eyeball when theugisaxes
of the two eyes will be essentially parallel toleather
and to the sagittal plane. Movement about a meteicdy
directed axis through the center of the bulb result
elevation and depression of the corneal aspetieof t
eyeball. Movement about a vertical axis throughdieter
of the bulb results in adduction and abductiorhef t
corneal aspect of the bulb. Finally, movement azsup
about an anteroposterior axis through the centéreof
bulb with the reference point being the 12 o’clpdsition
of the cornea or iris. When this point rotates raliylit is
called intorsion and when it rotates laterallysitermed
extorsion.

* There are six muscles which attach to and mose th
eyeball. Four of these arise from the region ofdbi@mon
ring tendon and run forward in linear fashion tanga
attachments to the anterior portion of the eyel&lese
are called the rectus (= straight) muscles. Siheg are
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spaced about 90° apart from each other on thealater
medial, superior and inferior aspects of the cahi
eyeball, they are named lateral, medial, supendr a
inferior rectus muscles. The other two muscles @gogn
the eyeball very obliquely on its superior and fithe
aspects to attach to its posterior portion and &éney are
called superior and inferior oblique muscles.

e From its common ring tendon origin ttageral rectus
muscleruns forward immediately adjacent to the
periorbita of the lateral orbital wall where it cha easily
impaled by or pinched between fracture fragments. |
attaches to the lateral aspect of the anteriorgiahte
eyeball. Acting about the vertical axis it is theary
abductor of the eyeball. Since it acts across the
mediolateral axis and parallel to the anteropostexxis it
will have no functions about these axes with thebayl in
a distant vision position (see table 8-3). It is tmly
muscle innervated by the abducens nerve.

* From its common ring tendon origin theedial rectus
muscleruns forward adjacent to the periorbita of the
medial orbital wall to gain an attachment to thedrak
aspect of the anterior portion of the eyeballs ithie
primary adductor of the eyeball and like the ldtezatus
has no functions about the mediolateral or antestepimr
axes with the eyeball in a distant vision positikbms
innervated by the inferior division of the oculomiot
nerve.

» Thesuperior rectus muscleis situated immediately
inferior to the levator palpebrae superioris musitle
extends from the common ring tendon to an attachoen
the superior aspect of the anterior part of théalelt
parallels the obliquely situated orbital axis (19).Hence,
its posterior pull on the superior aspect of thieaor
eyeball will have a medially directed component.irso
addition to being an elevator by pulling the frofthe
eyeball upward and backward about the mediolasexial
it is an adductor about the vertical axis becatises o
medial pull on the front of the bulb and an intodbout
the anteroposterior axis because of its medialypoh the
superior aspect of the eyeball (see table 8-8. It
innervated by the superior division of the oculoonot
nerve.
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Table 8-3
Extraocular Muscle Functions Upon the at Rest (Digint Vision) Eye
Muscle Innerv- | Elevation- | Abduction- | Intorsion-
ation depression | adduction extorsion
Lateral rectus VI — Abduct —
Medial rectus Inf 1 — Adduct —
Superior rectus Sup llI Elevate Adduct Intort
Inferior rectus Inf 1l Depress Adduct Extort
Superior oblique \ Depress Abduct Intort
Inferior oblique Inf Il Elevate Abduct Extort

» Theinferior rectus musclearises from the common ring
tendon and runs forward in the inferior part of thbit to
attach to the inferior aspect of the anterior pathe
eyeball. Hence, its backward pull upon the fronthef
bulb will cause depression about the mediolatedsl 8ut
since it follows the orbital axis it will exert aadial pull
upon the inferior aspect of the front of the bdlhe
medial pull upon the front of the bulb will caustdaction
about the vertical axis like the superior rectussio
However, its medial pull upon the inferior aspefcthe
eyeball will cause extortion about the anteropastexis.
This muscle is innervated by the inferior divismirthe
oculomotor nerve.

» Thesuperior oblique musclearises in the region of the
common ring tendon and runs forward in the supediahe
part of the orbit just above the medial rectus.Nka
anterior orbital margin its tendon passes through a
fibrocartilaginous pulley, the trochlea. From herangles
acutely posteriorly and laterally to gain an attaeht on
the superior aspect of the posterior part of thebaif (N.
79). About the mediolateral axis this muscle willlghe
posterior part of the eyeball upward and forwardaase
depression of the corneal pole of the eye. Actimguathe
vertical axis it will pull the posterior part ofetbulb
medially and this causes the corneal pole to bectbd.
Its medial pull on the superior aspect of the elleil
cause it to be an intorter about the anteropostexis. It
is the only muscle innervated by the trochlear eerv

» Theinferior oblique muscle is the only voluntary orbital
muscle which doesn’t arise from the vicinity of the
common ring tendon at the orbital apex. It arisemfthe
medial part of the inferior orbital wall just bedithe
orbital margin (N. 79). From here its fibers pass
posteriorly and laterally beneath the bulb, prettych
paralleling the pull of the superior oblique tenddrove
the eyeball. It attaches to the inferolateral aspethe
posterior part of the bulb. Acting about the mealietal
axis it tends to pull the posterior part of thelmsle
downward and forward, thereby elevating the cornea.
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Acting about the vertical axis, its medial pull e
posterior part of the eyeball will cause abductbthe
corneal pole of the eye. Its medial pull on therdr
aspect of the eyeball will cause extorsion aboet th
anteroposterior axis. This muscle is innervatethiey
inferior division of the oculomotor nerve.

» Testing the extraocular muscles is an important @f any
cranial nerve exam, because it provides a means of
evaluating three cranial nerves and the midbrathpoms
levels of the brain. Since the lateral and mediatus
muscles are the primary abductors and adductorsaima
be evaluated by asking the patient to follow the
examiner’s finger laterally and medially. These atithn-
adduction functions will be deficient or absernthiése
muscles are weak or paralyzed. However, the elmvati
and depression functions are each carried out by tw
primary muscles. So if you ask a patient to follpour
finger superiorly into elevation you will be tegiiboth the
superior rectus and the inferior oblique. Likewisgou
ask a patient to follow your finger inferiorly into
depression you are testing both the inferior reatus
superior oblique muscles, which are even innervajed
different cranial nerves. So if a patient showsaiien or
depression weakness you cannot tell which of the
elevators or depressors is weak or paralyzed uptass
can isolate and test each one separately by placabg
maximal mechanical advantage (parallel to the Visua
axis), while placing the other muscle at a meclainic
disadvantage (parallel to the mediolateral axis).

* The inferior oblique can be isolated and testgdirist
adducting the eye, then elevating it (see figu).8Fhe
adduction puts the superior rectus at a mechanical
disadvantage by placing it nearly parallel to the
mediolateral axis. It also maximizes the elevation
capability of the inferior oblique by placing itardy
parallel to the visual axis. Elevation of this adial
position will therefore provide a relatively puest for the
inferior oblique.

» Toisolate and test the superior rectus the ¥iesit
abducted and then elevated. The abduction plaees th
inferior oblique nearly parallel with the medioletkaxis
and the superior rectus nearly parallel to thealisuis.
Hence, elevation from the abducted position pravige
relatively pure test for the superior rectus muscle
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Figure 7-7

Rationale for Muscle Testing — Superior Rectus (SRJs Inferior
Oblique (10) and Inferior Rectus (IR) vs Superior Oblique (SO)
(Utilizing on the diagrams the right eye as seen &ém above)

Visua] Axis (VA)

G- ya
T3
) A
Temporal (T) N T
Transverse
Axis (TA)
SR

Right Eye at Rest

To Test I0

1. First adduct the eye
(Eliminates the SR by
placing it nearly parallel
to the TA so it cannot
generate a significant
torque about the TA,
while the IO is nearly
perpendicular to the TA
go it will produce a
maximal torque about
the TA)

2. Then elevate the eye

To Test SO

1. First adduct the eye
(Eliminates the IR by
placing it nearly
parallel to the TA
while the SO is nearly
perpendicular to the
TA) '

2. Then depress the eye

Right Eye at Rest

q: A
AN
N T
TA
S.

To Test SR

1. First abduct the eye
(Eliminates the I0
by placing it nearly
parallel to the TA
while the SR is
nearly perpendicular
to the TA)

2. Then elevate the eye

A
N T
V’ TA
IR
To Best IR

1. First abduct the eye
(Eliminates the SO
by placing it nearly
parallel to the TA
while the R is
nearly perpendicular
to the TA

2, Then depress the eye

» To isolate and test the superior oblique theigyest
adducted. This places the inferior rectus neariglfE to
the mediolateral axis and the superior obliquelgear
parallel to the visual axis. So depression from faint
will be a relatively pure test for the superiorighk. This
is the primary test for trochlear integrity.

* To isolate and test the inferior rectus the eykrst
abducted. This places the superior oblique neautglfel
to the mediolateral axis and the inferior rectuarlye
parallel to the visual axis. Therefore, depres&iom this
point is a relatively pure test for the inferioctes.

* To summarize these elevation-depression testingtions
note that the oblique muscles are tested in aduueind
the rectus muscles are tested in abduction. If the
examining physician asks a patient to follow hmgyér
with one eye (the other occluded by being covenddle
the examiner traces an H in space, all six entlaocu
muscles and their three innervating cranial necaesbe
tested (see Figure 8-10). If the finger is disptacedially
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the medial rectus will be tested. From this addilicte
position, elevation tests the inferior oblique alegression
tests the superior oblique (the medial limb of)elf the
examiner’s finger is then displaced laterally (thessbar
of the H) the lateral rectus will be tested. Frdms t
abducted position, elevation tests the superiduseand
depression tests the inferior rectus (the laterd) bf the
H). To speed up bilateral testing, the patientlmaasked
to follow the examiner’s finger through the H wiibth
eyes simultaneously while the examiner watches bpés
to see if one lags behind the other during any qiatie
movement. In testing both eyes simultaneously the
examiner must be aware that opposite muscles arg be
tested in each eye during each part of the test.
Simultaneous testing provides a quick test for 18ctes
and 6 cranial nerves.

Fig. 8-10

Superior Inferior
Rectus ) Oblique

1 A

Lateral § Medial
Rectus . Rectus

Anterior View

: of Right ‘
\” e \L

Inferior Superior
Rectus : Oblique

VI. Eye Movements and Visual Reflexes
» Supplementary Reading: NadeMedical Neuroscience
2004;374-399.
A. Introduction

1. The oculomotor, trochlear and abducens motor nuclie
contain the LMNs that serve as the final common
pathway for all voluntary and reflex eye movements.
Coordination of the functions of these nuclei igtlya
through the medial longitudinal fasciculus (MLF)an
partly by way of pathways through the reticular
formation.

2. These motor nuclei are controlledreyicular formation
gaze centersaand other nuclei of the brain stem, eg,
superior colliculus and vestibular nuclei.

3. Eye movements can be divided into general efass
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a. Conjugate (= joined togethermovementsin which
both eyes move together in the same direction thih
same velocity, so that their visual axes remaimlper
1) Conjugate eye movementsan be further

subdivided into

» Saccadic eye movementshich rapidly shift
the fovea onto a target in the periphery of the
visual eye

» Pursuit eye movementsvhich slowly follow
moving objects to keep the image of the target
on the forea

b. Vergence or disconjugate eye movemenits which
the two eyes move in opposite directions as in
convergence or divergenceso that their visual axes
are not parallel.

4. There ar¢hree important eye movement reflexeshat
can be evaluated by the neurological examinatitre—
near reflex (triad), thevestibulo-ocular reflexand the
optokinetic nystagmus reflex.

B. Lower motor neurons of the eye movement and

visual reflex pathways
1. Oculomotor nuclear complex

a. Since the oculomotor nuclear complex is located
high midbrain levels, it and its roots are the majo
lesion level locators of high midbrain lesiondlt is
located at the level of the superior colliculus
immediately anterior to the periaqueductal gray
(PAG). The nuclei of the two sides form a wedg&/or
shaped configutation between the two medial
longitudinal fasciculi which are also V-shapedhas t
level. Each of the five skeletal muscles innervédted
the oculomotor nerve has identifiable cell columns
within the largeventrolateral somatic motor portion
of this nuclear complex. These muscles are thadeva
palpebrae superioris, superior rectus, inferiotugc
inferior oblique and medial rectus.

b. The dorsomedial part of this complex is Hunger-
Westphal nucleusthat contains the preganglionic
parasympathetic neurons which innervate the ciliary
and constrictor pupillae smooth muscles.

c. Theroot fibers of the oculomotor complex course
ventrally through the red nucleus (related to cerebellar
outflow) of the midbrain tegmentum, the medial atpe
of the substantia nigra (related to the basal gangl
and then emerge from the interpeduncular fossa just
medial to the crus cerebri. See Cerebellum andIBasa
Ganglia lectures.

d. Lower motor neuron lesions of the oculomotor
nerve produce ipsilateral:
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» Horizontal diplopia (double vision) with external
strabismus (eye deviated laterallypecause of the
unopposed pull of the lateral rectus. From this
position the eye has little if any elevation,
depression, or adduction capability.

» Ptosisbecause of loss of the levator palpebrae
superioris

* Loss of accommodation (loss of ciliary muscle)
and a fixed dilated pupil (mydriasis)which does
not respond to a light stimulu$és of constrictor
pupillae). See pupillary light reflex in Vision 2
lecture.

 If theroot fibers are injured while coursing
through theed nucleusthere will becontra-
lateral cerebellar findings (see Cerebellum
lecture). If they are injured with the substantigra
there will be associatambntralateral basal ganglia
findings (see Basal Ganglia lecture). If they are
injured with thecrus cerebri there will be
contralateral hemiparesis.This is calledsuperior
alternating hemiparesisbecause of the ipsilateral
oculomotor weakness and contralateral limb
weakness.

2. Trochlear nucleus

» Since the trochlear nucleus is located at lowhmaah
levels, it and its root fibers can serve asgor lesion
level locator for low midbrain lesions.lt is situated
just anterior to the PAG at the level of the inderi
colliculus. It indents the superior aspect of thieRViit
innervates the superior oblique muscle.

» Theroot fibers of the trochlear nerve pass dorsally
around the PAG anibtally decussate dorsal to the
PAG to form the contralateral trochlear nerve. This
nerve emerges at the pons-midbrain junction juksivbe
the inferior colliculus.

» Trochlear nerve injury causes vertical diplopia on
downgaze because loss of the ipsilateral superior
oblique will weaken downgaze in the ipsilateral eye.
In a nuclear lesion the downgaze weakness will
involve the eye contralateral to the lesion

3. Abducens nucleus

» Since the abducens nucleus is located in theplosgit
is one of the lesion level locators of low pons less.
It is situated in the dorsal part of the pons tegume
in the floor of the fourth ventricle. It is justtéaal to
the MLF and has the facial motor root coursing glon
its medial border and then looping over its rostrad.

* The root fibers of the abducens nerve then pass
ventrally and caudally through the pons tegmentnch a
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base to emerge from the pons — medulla junctian jus
lateral to the pyramids

* InaLMN lesion of the abducens nucleus or its root
fibers the loss of the lateral rectus results in a
horizontal diplopia with the ipsilateral eye in
internal strabismus (deviated medially)because of
the relatively unopposed pull of the intact medial
rectus.

» Lesionsof the abducens nucleus typically involve the
closely relatednternal genu of the motor rootof the
facial nerve to cause an associated ipsilater&lfac
palsy. Lesions of the nucleus or the tegmentalsmof
its root fibers can involve the closely relatedlgisral
horizontal conjugate gaze centeto also compromise
horizontal conjugate gaze to the ipsilateral ssie(
below). Lesions of the abducens root fiberthe pons
basecan cause an associated contralateral hemiparesis
by involving the descending motor pathways in the
pons base. This is calledraddle alternating
hemiparesisbecause it causes ipsilateral abducens
paresis and contralateral hemiparesis of the limbs.

4. TheMLF interconnects these LMN centersto provide
some of the pathways for coordinated eye movements.

Some of the descending pathways to the spinal (ti&ed

the medial reticulospinal and tectospinal) desaceitigin

or near the MLF to enter the anterior funiculushef

spinal cord.

C. Saccadic eye movements and their controlling

pathways

1. Saccadic eye movements are very rapid conjugate
movements(up to 900 degrees/saghich shift the
fovea from one visual target to another.

* When reading a page of text, scanning a picttiee o
person’s face or viewing an outdoor panorama
saccades are the usual mode of eye movement.

* The fast phases of vestibular and optokinetic
nystagmus (see below) and the rapid eye movements
that occur during sleep are also saccades.

» Saccades are ballisticie, once initiated there is no
mechanism for adjusting their size or directiorthé
target moves after initiating a saccade toward it,
second saccade must be made to correct the error.

» Saccadic eye movements are controlled by two
major brain stem reticular formation gaze centers:
bilateral horizontal and vertical gaze centers.

* Thesegaze centers are, in turn, controlled by the
superior colliculus and thefrontal eye fields.

2. Bilateral horizontal conjugate gaze centers arécated
in the paramedian pontine reticufarmation (PPRF)
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just ventral to the abducens nuclei. Each centafyares

horizontal conjugate gaze to the ipsilateral skigg 1

and 2).

* For example, theght PPRF produces right
horizontal conjugate gaze by excitatory neurons
projecting to the LMNs of the right abducemscleus.
These cause contraction of the right lateral reitus
turn the right eye to the right. But the right abéelns
nucleus also containsternuclear neuronswhich are
also excited by neurons from the right PPRF. These
interneurons send their oxoasross the midline at
low ponslevels to enter the left MLF. Theascend the
left MLF to terminate in and excite timeedial rectus
subnucleus of the left oculomotor nucleus.
Contraction of the left medial rectus will cause téft
eye to deviate conjugately to the right.

» Lesions of one PPRF will cause loss of all saccades
to the ipsilateral side,whether they are voluntary,
involuntary or the fast phase of vestibular or
optokinetic nystagmus.

* Damage to an MLF between the abducens and
oculomotor nuclei is called internuclear
ophthalmoplegia.lt is a not uncommon finding in
multiple sclerosis. For example, with damage tol¢tiie
MLF and an intact right PPRF and right abducens
nucleus, on attempted right horizontal conjugateega
the right eye will deviate to the right but thetlefje
will not follow because it has been disconnectednfr
the right horizontal gaze center. However, bothseye
will still normally converge on looking at a nedject
because both oculomotor nuclei are intact as is the
convergence center of the midbrain (see below).

3. Thevertical conjugate gaze centeis located in the
reticular formation at the midbrain-diencephalongtion
within and near the MLF. The nucleus that most
consistently produces conjugate vertical eye movisne
when stimulated is thestal interstitial nucleus of the
MLF (riMLF). The nerve cell bodies of this nucleus are
located in the interstices between the fibers efrgstral
MLF. The nucleus of each side projects to the valeye
movement subnuclei of the right and left oculomatod
trochlear nuclei to cause bilateral upgaze or dazeg
Hence Jesions which cause loss of upgaze or downgaze
must involve the riMLF bilaterally.

4. The supranuclear control of the saccadic conjugate
gaze centers is mostly through the superior collidus
and the frontal eye fields (FEF).Stimulation of either
area produces saccadic eye movements to the caiptell
side (Fig 3).

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy page 99



Neurology Review Course

page 100

» Thesuperior colliculus primarily produces reflex
saccades to visual, auditory or somatosensory ktimu
from the opposite side.

* TheFEFsare located in the posterior portion of the
middle frontal gyrus (lower part of Brodmann’s area
8). They mostly control voluntary and memory guided
saccades to the opposite side by (fjojecting to the
contralateral PPRF with a decussation in the low
midbrain or R) by projecting to the ipsilateral superior
colliculus.

» Unilateral destructive lesions involving either the
superior colliculus or FEF produces a temporary
disruption of saccades away from the side of the
lesion and a deviation of both eyes toward the side
of the lesionbecause of dominance of the remaining
FEF and superior colliculus. However, there is no
lasting impairment in producing saccades, sindeeit
area can eventually compensate for loss of the.dthe
both superior colliculus and FEF are damaged on one
side there is a permanent loss of saccades to the
opposite side.

. Smooth pursuit movements and their controlling

pathways

* Smooth pursuit movements are slow< 100 degrees/sec)
tracking movements that allow the fovea to remain
fixed on a moving object.

* The slow phases of vestibular and optokinetic
nystagmus and the vestibulo-ocular reflex are also
pursuit movements.

» The occipital, temporal and parietal associatiortices
involved in the magnocellular stream of visiorare
necessary tdetermine the direction and velocity of
moving targetsin order to match eye movement direction
and velocity to that of the target.

» Theseoccipitotemporoparietal junctional multimodal
association cortices (Fig 4project to both (1) the frontal
eye fields via long association pathways and (2pdips
that follow the optic radiations back to the brsiam to
end in the ipsilateral abducens nucleus to cqpsskateral
pursuit eye movements. Lesions in these cortical @as
can compromise ipsilateral pursuit movements (to té
side of the lesion).

. Vergence eye movements

» Vergence eye movements occur when the eyes converge
to view a nearer object or diverge to view a more
distant object.

» Thevergence system uses retinal disparitfjwhen the
images in the two eyes fall on nonhomologous rétina
areas) to drive disconjugate eye movements.

Neuroanatom Yy Schneck__Neuroanatomy_NRO (8/8/2005)



* Some cells in the visual cortex are sensitive totneal
disparity. They project back to the midbrain in close
juxtaposition to the optic radiations and terminarea
vergence center in the upper midbrain reticular
formation. From here there are projections to appropriate
parts of the oculomotor and abducens nuclei toyred
divergence to a more distant object or convergémee
closer object of interest. Convergence typicallgurs in
association with the near reflex (see below). Rer t
vergence pathway see the discussion and diagraheon
near reflex below.

F. Visual reflexes
1. Near reflex or triad (Fig 6)

a. When wdocus our eyes from a distant to a near
object:

» Both eyes convergéo direct the fovea to the new
target.

» Both eyes ciliary muscles contract to allow the
lenses to round up of their intrinsic elasticity
(accommodation)to increase themefractive
index. With aging accommodation is compromised
(= presbyopia).

» Both pupils constrict to increase the depth of field
and sharpness of the image.

b. This reflex involves theisual sensory pathway
projecting through the visual cortices.

c. Thevisual cortices projectinto the midbrain along the
optic radiation to terminate on the:

» Edinger-Westphal nucleusto cause both
accommodation and pupillary constriction

» Convergence center of midbrairnto activate both
medial rectus muscles through the oculomotor
nucleus.

2. Vestibulo-ocular reflex (Fig 6)

» Each semicircular canal is yoked through theibakr
nuclei and appropriate ocular motor nuclei to the
extraocular muscle pairs that willoduce
compensatory pursuit eye movements in a direction
opposite the head movements that stimulate that
canal.

» For example, in rotating the head 20 degreekddetft
both eyes move conjugately 20 degrees to the (bt
6).

» This permits the eyes to remain fixed on a taojet
interest in spite of head movements.

» This serves as the slow phase of a vestibuladyded
nystagmus.

3. Optokinetic nystagmus (Fig 7)
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» This is anormally occurring reflex driven by
movements of the visual scene relative to the body.

» For example, if you are standing on a train platf
and a train passes by, your eyes will pursue eaah t
car to the edge of your visual field and then geteea
saccade in the opposite direction to fix on anathe
follow the next train car.

» Theafferent limb is the visual pathwayprojecting
through the visual cortices to the pursuit cent¢he
magnocellular stream. Then thersuit pathway
generates the ipsilateral pursuit movements.

» The pursuit center also projects to ipsilateral FEF
which will generate the saccades to the opposite
side.

* Note that on Fig 7 both the descending pursuhay
and the long association paths to the FEF course in
class juxtaposition to the optic radiations. Hemce,
left homonymous hemianopé#aloss of optokinetic
nystagmus with targets moving to the side of the
lesion can help differentiate an optic radiation
lesion from the other lesions that can produce afie
homonymous hemianopia.

Figure 1. Conjugate Gaze Centers
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The ocular motor nuclei in the brain stem (parasaggital setttrough the
thalamus, pons, midbrain and cerebellum of a rhesus morikeyoculomotor
nucleus (cranial nerve l1ll) is in the midbrain at the l@fehe mesencephalic
reticular formation. The trochlear nucleus (nerve 1V) ightly caudal and the
abducens nucleus (nerve VI) lies in the pons at the leveegidramedial
pontine reticular formation, adjacent to the fasciculus efdliial nerve (VII). iC
= interstitial nucleus of Cajal; IMLF = interstitial nucleofthe medial
longitudinal fasciculus; nD = nucleus of Darkshevich; ¥Nestibular nuclei
(Adapted from Henn et al. 1984).
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Figure 2. Pathways for Right Horizontal Conjugate Gaze
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Figure 3. Frontal Eye Field and Superior ColliculusControl of PPRF
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The relationship of the frontal eye field in the right cerebeshisphere
(Brodmann's area 8) to the superior colliculus and theztwtal gaze center
(PPRF). There are two routes by which the frontal eye fieldfhrence eye
movements in humans: indirectly by projections to thesapcolliculus, which

in turn project to the contralateral PPRF and directly bjeptions to the
contralateral PPRF.
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Figure 4. Cortical Saccadic (FEF) and Pursuit (POFCenters

Frontal eye fields: Taricto-occipito-temporal area: (POT)
Contralateral saccades e e Ipsilateral puresuil

Vigual cortex

Figure 5. Near Reflex Pathways (Accommodation, Comvgence and

Miosis)
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Figure 6. Vestibuloocular Reflex — eg, When the Hekis Rotated 20
Degrees to the Left the Left Horizontal SSC Will BeStimulated to
Activate the Right Abducens Nucleus to Cause BothyEes to Move 20
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Light Reflex

: 'i-‘ Cirouior muscle of iris.

i

Fig 181.A diagram to illustrate the pathway for the light refl&ke cones anti
bipolar neurons of the retina, the first two neuranthe pathway, are not shown

in the diagram.

Light Shined Into Left Eye
Rods and Cones

Bipolar Neurons

_Ganglion Cell
Left Optic Nerve

Left Optic Tract

Left Pretectal Area A i (X Posterior Comm, ~ Right Pretectal Area

' Left Edinger-Westphal Nu.

Left IT Nerve
Motor Root Ciliary Ganglion

- Left Ciliary Ganglion
Short Ciliary Nerves
Left Sphineter Pupillae M.

(CONSTRICTION LEFT PUPIL)
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Optic Chiasm

Brachium Superior Colliculus

Right Optic Tract
rachium Superior Colliculus

Right Edinger-Westphal Nu

sRight III Nerve
Motor Root Ciliary Ganglion

Right Ciliary Ganglion
Short Ciliary Nerves
Right Sphincter Pupillae M

(CONSTRICTION RIGHT PUPIL)
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Contrel !obule
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Figure 8-1. Schematic diagram of the fissures and lobules of the cengbellu
(Larsell '51; Janeen and Brodal, ‘58; Angavne et al, ‘8jtiéns of the
cerebellum caudal to the posterolateral fissure (blue) reprégent t
flocculonodular lobule (archcerebellum), while portionshaf cerebellum rostral
to the primary fissure (red) constitute the anterior Iqgadecerebellum). The
neocerebellum lies between the primary and posterolateralfisaman
numerals refer to portions of the cerebellar vermis onlpniFCarpenter and
Sutim.Human NeuroanatomyL983; courtesy of Williams and Wilkins).
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Fig 2. Diagram of the mammalian cerebellum. Left, componentseof t
cerebellum based upon phylogenetic considerations. Right: canigoof the
cerebellum based upon the sites of termination of major affeystems for the
spinal cord (spinocerebellum), vestibular system (velstifuebellum) and
cerebral cortex via the pontine nuclei (pontocerebellum). Th@eoents of the
cerebellum based upon these considerations do not show cembefruence. In
addition, the physiologic effects of activating afferentrses project far beyond
the anatomic boundaries indicated in this diagram. (Redrawmadiied from
Brodal A.Neurologic Anatomy in Relation to Clinical Medicir3zd ed. New
York: Oxford University Press. 1981).
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Corpus cershelid

Fig 5-2. Diagram of the subdivision of the human cerebellum, based o
comparative studies of the mammalian cerebellum. In thed#fohthe diagram
the classical names of the various lobules are shown, toniygaced with the
names used in mammals in general in the right half. Olethis further
indicated the principle subdivision of the cerebellum in thectilonodular lobe
and corpus cerebelli, the latter again being subdivided iném&smior and
posterior lobe. In the vermis the Roman numerals | toggssted by Larsell
(1952 and later) for the transverse foliation are showrallyj the longitudinal
subdivision into vermis, intermediate zone and lateral(partext) is indicated.
Abbreviations for vermal lobules: LI: lingula; Lc: Lobulaentralis; Cu: culmen,;
De: declive; Fv and Tv: folium and tuber vermis; P: pyigrd: uvula; N:
nodulus. From Jansen and Brodal (1958).

VIl. Role of the Cerebellum in Motor Control

A. General function

* The cerebellum unconsciously controls coordimatd
muscle groups. This leads to skill in fine motatiates
and balance and equilibrium in posture and gait by
affecting synergy of muscle contraction and musohe.
Each cerebellar hemisphere controls the musclélseon
same side of the body. However, the cerebellunotign
initiator of movement, rather a regulator of ordgrength,
duration and timing of muscle contractions. It cenmo
play after motor plans from the cerebral cortexehbagen
formulated and sent to the basal ganglia. By ity
ongoing cortical motor input with sensory feedback
compares the intended movement with actual
performance, conferring coordination. The cerebella
targets are motor areas of the cortex and brainsteich
give rise to the descending pathways. Like thelbasa
ganglia the cerebellum is connected to corticalomateas
without responsibility for initiation of movemeritesions
do not prevent the execution of movement but result
delays in initiation and execution; errors of tigpirfiorce,
velocity, strength and direction result in incoostion.

B. Gross anatomy

* The two hemispheres and midline vermis of the
cerebellum are connected to the brainstem by 3 péir
peduncles. It forms the roof of the 4th ventri¢ls.3
major anatomic subdivisions are the flocculonodular
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anterior and posterior lobes each consisting ofctime

vermis and lateral expansions, themispheres-

between the two lies thmaravermis. The highly
convoluted, transversely folded surface (foliajasered
by a thin sheet of cortical gray matter. Basedhensource

of its afferents and destination of its efferes t

cerebellum has functionally distinct subdivisions.

* Deep nuclei in the core of the white matter dvel t
dentate, emboliform-globose and fastigial, whigbresent
both a major target for the afferents and the msgoirce
of cerebellar efferent. All nuclei receive a duglut, 1)
excitatory extracerebellar fibers and 2) inhibit®yrkinje
fibers from the cerebellar cortex. However, theanaj
output of the deep nuclei is excitatory.

C. Functional anatomy

1. Based on phylogeny and fiber connections tareBomic
lobes are recognized to have 3 functional medidate
subdivisions (not strictly related to anatomic Isjén
contrast to the cerebral hemispheres the cerebélasmo
association or commissural connections — presumably
different parts of the cerebellum do not “talk’d@ach
other.

» Archicerebellum (vestibulocerebellum) is oldest and
related to the vestibular system. Its function is
associated with the Ipcculonodular lobe consisting
of a midline (vermal) nodulus connected to latgrall
lying flocculi and 2) the uvula, an adjacent vermal
lobule. It receives vestibular input about the posiof
the body and movements of the head. The fastigial
nucleus of the vestibulocerebellum relays inforomati
from the cerebellar cortex back to vestibular and
reticular nuclei of the brainstem, controllipgsture
and balance, especially as expressed through the
trunk and coordinating eye movements with those
of the head.

» Paleocerebellum(spinocerebellum) is the next oldest
part of the cerebellum and receives a variety n§sey
inputs including stretch receptors. Anatomicaltysi
related to the anterior lobe and paravermis (anteso
of the vermis). Its function is principally related
primarily to the limbs, influencing posture, musti@e
and synergy during stereotyped movements such as in
walking. Sensory input, especially from stretch
receptors, feeds information about the status cfabes
and limb position. The cortex of the paleocerelmellu
sends its information to the emboliform/globoseleiuc
which in turn relays to the red nucleus and thiewkdr
formation. This pathway “oversees” the progresthef
intended motor events, especially those involvetl wi
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modulation ofmuscle tone and coordination of the
limbs.

* Neocerebellum(cerebrocerebellum) is the newest
acquisition and receives cerebral cortical inpatthie
pontine nuclei. The laterally located cerebellar
hemispheres are principally associated with the
posterior lobe whose primary input comes from
precisely localized, somatotopically organized, onot
areas of the cerebral cortex via the cortico-ponto-
cerebellar pathway to somatotopically organizeasre
of the cerebellar cortex. Output of the neocerabell
cortex is from the dentate nucleus which projects
principally to the thalamus (VL) which in turn peajts
to the motor and premotor cerebral cortex. The main
function of the neocerebellum is to regulate, early
the planning phaséjscrete and skilled movement of
the limbs.

D. Major cerebellar circuits
1. Pathways described here repres@nnterpretation
useful in explaining the results of certain lesiohl
cerebellar cortical outflow is via inhibitory Purie cells
synapsing on the deep nuclei which also receive
excitatory input from incoming fiber§he major

outflow of the cerebellum is from the deep nucleirad

is excitatory. The only inhibitory outflow of the

cerebellum is from the few Purkinje cells which bgp

the fastigial nucleus going directly to the veskaou
nuclei.

a. Vestibular circuit (archi) — this is principally an
ipsilateral circuit controllingvestibular reflexesand
thus related tonaintenance of body posture, balance
and equilibrium. It integrates vestibular input, ie,
body and head position, through the
vestibulocerebellumprojecting back to vestibular and
brainstem reticular nuclei. In coordinating vestk#su
reflexes the fastigial nuclei increase excitatory
discharge to the ipsilateral vestibular nuclei and
decrease discharge, ie, “inhibits” the contraldtera
vestibular nuclei. Lesions of the fastigial nuclepset
normal vestibular balance. Since vestibulospiredty
facilitate antigravity muscles lesions result irsfuwal
disturbances and gait ataxia with hypotonia on the
affected side. Voluntary deviation of the eyes talva
the side of the lesion results in coarse osciltetjae,
cerebellar type nystagmus.

* Input is via inferior cerebellar peduncle from
ipsilateral vestibular nerve (direct) and vestilbula
nuclei to the fastigial nucleus and cortex of the
vermis (flocculonodular lobe).
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» OQutput is via the ipsilateral inferior cerebellar
peduncle from the 1) fastigial nucleus — which
excite vestibular and reticular nuclei and 2) Puojeki
cells, directly from the cortex, bypass the nutdei
provide inhibition to those brainstem nuclei.
Vestibular and reticular nuclei give rise to the 1)
lateral and medial vestibulospinal tracts and 2)
medial and lateral reticulospinal tracts, to tramkl
limb muscles.

b. Spino- and cuneocerebellar circuit (paleo) An
ipsilateral circuit utilizing proprioceptive inputs
operates via 2 crossed pathways. It is active bedod
after the cortico-ponto-cerebellar path is actiddteus
integrating information on the status muscles, tesd
and joints through the anterior lobe, paravermi an
globose/emboliform nuclei fanodulating muscle
tone and postural coordination of the limbsvia all
descending motor pathways. Relaying cortical
information, emboliform/globose nuclei send crogsin
fibers to the red nucleus (and the thalamic VL)chhi
returns crossed fibers to the reticular formatibthe
pons/medulla whose reticulospinal tracts enter the
cord. (Projections to the VL also influence the onot
cortex from which originate corticospinal and cooti
ponto-cerebellar tracts.)

* Input is via ipsilateral inferior cerebellar peduncle
carrying tactile and proprioceptive informationrfro
the upper and lower extremities (spino- and
cuneocerebellar tracts) to the emboliform/globose
nuclei and the cortex of the paravermis (anterior
lobe).

» Output is via the superior cerebellar peduncle from
emboliform/globose nuclei. With cerebellar cortex
input these nuclei give excitatory fibers to the 1)
contralateral red nucleus (cross #1) and 2)
contralateral VL of the thalamus. From the red
nucleus, rubrobulbar/rubroreticular fibers cross in
the ventral tegmental decussation (cross #2) to
influence the motor areas of the brainstem and
reticulospinal tracts for control of posture, mescl
tone and gait especially through the limbs.

c. Cerebrocerebellar circuit (neo) —this circuit operates
ipsilaterally via 3 crossed paths. It is concerméti
coordination of skilled motor activities initiated by
the motor cortex regulating muscle tone and
dexterity. Motor plans initiated in the cerebral cortex
pass to nuclei of the basis pontis and then via the
middle cerebellar peduncle to excite the dentate
nucleus and cortex of the posterior lobe and
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hemispheres. Purkinje fibers pass to the dentate fr

which fibers exit in the superior cerebellar pedarmn

their way to VL before returning (excitatory
influences) to the motor cortex. Thus, impulses
originating in the cerebral hemisphere are procksse
the opposite cerebellar hemisphere and returndteto
original cerebral hemisphere. From the cerebrakgor
the corticospinal tract crosses in the pyramidal
decussation putting each cerebellar hemisphere in
charge of the ipsilateral side of the body.

* Input is via the middle cerebellar peduncle.
Corticopontine fibers from motor areas of all the
lobes pass through the internal capsule and crus
cerebri to the nuclei of the basis pontis.
Pontocerebellar fibers cross (#1) forming the maddl
cerebellar peduncle supplying the dentate and
cortex of the posterior lobe and hemispheres.

» Output is via the superior cerebellar peduncle from
the dentate nucleus. Dentatothalamic fibers invade
the midbrain and decussate caudal to the red
nucleus (cross #2) which most fibers bypass, on
their way to synapse in VL which projects to motor
and premotor areas of the cerebral cortex. These
areas then contribute to the corticospinal anddulb
tracts. The corticospinal tract crosses in the
pyramidal decussation (cross #3).

d. Olivocerebellar pathway —this circuit has no clearly
understood role though it may be involved with
adaptability to changing motor requirements in
new situations, ie, motor learning.The kind of
information received by the inferior olive is
fundamentally different from that sent to the poati
nuclei. Afferents are primarily sensory information
from the spinal cord, special senses and various
mesencephalic nuclei, eg, superior colliculus,quiet
area. There is input from a variety of motor aregs,
cerebral cortex, red nucleus, basal ganglia.
Olivocerebellar fibers are distributed widely
throughout the cerebellum.

* Input: fibers from above the olive descend in the
central tegmental tract; fibers from the spinaldcor
ascend in the spino-olivary tract. Olivocerebellar
fibers cross to enter the cerebellum via the ioferi
cerebellar peduncle.

» Output: no specific outflow for this system is
identified. It may serve in part as a cerebellar
feedback system — a dentato-rubro-olivo-cerebellar
system.
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Table 31-1.Afferent systems to cerebellum*

Tract Origin Via Distribution Impulses transmitted
Dorsal Clarke’s column (T1-L2) ICP Chiefly uncrossed tomés and Proprioceptive (muscles and
spinocerebellar intermediate part of anterior lobe | joints) and exteroceptive (skin),
and pyramis; some fibers to tuber| from trunk, hind limb and tail
uvula and medial part of
paramedian lobule
Ventral “Border” cells of ventral horn SCP Crossed and assed to vermis off Proprioceptive (muscles and
spinocerebellar anterior lobe joints) and exteroceptive (skin),
from all parts of the body
Cuneocerebellar External arcuate nucleus ICP Usetb® vermis and Proprioceptive, from upper limb
intermediate part of anterior lobe | and neck
and pyramis; some fibers to uvula
and tuber
Lateral cervical Lateral cervical nucleus ICP Unknown From all levels of spinal cord
cerebellar (C1,2)
Trigemino-cerebellar| Direct sensory fibers; ICP Forming part of commisura Tactile and proprioceptive, from
secondary fibers from all cerebelli; to dentate nucleus face to jaw
parts of trigeminal nucleus
Vestibulo- cerebellar| Vestibular nuclei, chiefly ICP Secondary fibers (crossed and Vestibular
medial and descending; somge uncrossed) to nodulofloccular lobe,
direct vestibular root fibers some to uvula and nucleus fastigii
primary fibers to same areas,
uncrossed
Tectocerebellar Quadrigeminal bodies SCH Chieftgsed, probably to Auditory and visual
declive, folium and tuber
Reticulocerebellar Lateral reticular nucleus ICP Uncrossed to entireloellar From all levels of spinal cord
cortex and from higher levels
Paramedian reticular nucleus ICP More than halfessed to From higher levels, including
anterior lobe; some to pyramis, cerebral cortex
uvula and nucleus fastigii
Perihypoglosso- Nucleus of Roller Nuclear ICP More than half uncrossed to Unknown
cerebellar praepositus Nucleus anterior lobe; some to pyramis,
intercalatus uvula and nucleus fastigii
Olivocerebellar All parts of the inferior olive ICP | Chiefly crossed to all parts of From all levels of spinal cord,;
cortex and all intercerebellar from higher nuclei and from
nuclei; partly uncrossed to nucleus cerebral cortex
fastigii
Pontocerebellar All parts of pontine gray MCH Clyiefossed to all cortex except From cerebral cortex; motor and
nodulofloccular lobe; partly sensory mostly to intermediate
uncrossed to vermis zone cerebellum; “association”
mainly to lateral zone
cerebellum
Noradrenergic Locus ceruleus SCP Deep nuclei, Purkinje and geandl Inhibit Purkinje cells
afferents cells
Dopaminergic Midbrain tegmentum SCP Dentate and interposed nucle | Unknown
afferents Purkinje and granule cells
Serotonergic Rapheal nuclei MCP Purkinje and granule cells lnkiBurkinje cells
afferents
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Figure 31-6.Simplified diagram of cerebellar circuitry. mf, mossyefipcf,
climbing fiber; gr, granule cell; Go, Golgi cell; b, baskell; s, stellate cell; P,
Purkinje cell; n, nuclear cell. White cells are excitatory; bladhipitory.
Diagram shows only what types of cell one type contacts aethehcontact is
excitatory or inhibitory.
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Putative Cerebellar Neurotransmitters

(=)
TAURINE ?

g? GrC

Fig 8. Diagram of the neuronal connections between mossy filbrars,lg cells,
cerebellar nuclear cells, parallel fibers, Purkinje cells, stellate aetl basket
cells. Inhibitory neurons are shown in black and inhilgigynaptic connections
are indicated with a (—) sign. Excitatory neurons are shavwghaded and
excitatory synaptic connections are indicated with a ( +). €gndidates for
neurotransmitter substances at each synaptic connection aaetéaldi(?)
indicates that the criteria for full identification of neusstsmitters have not been
met. mf, mossy fiber; CN, cerebellar (or vestibular) nuctalls GrC, granule
cell; pf, parallel fiber; ST, stellate cell; BC, basket cell; PGrkinje cell; GABA,
y amniobutyric acid.

(+) GLUTAMATE

(+) .
ACETYLCHOLINE ? |GrC
SUBSTANCE P ?
SOMATOSTATIN ?

mf

Fig 6. Diagram of the neuronal connections between mossy filrenslg cells,
parallel fibers and Golgi cells. Inhibitory neurons arenshin black and
inhibitory synaptic connections are indicated with a &igh. Excitatory neurons
are shown unshaded and excitatory synaptic connections araté@iwith a ( +)
sign. Candidates for neurotransmitter substances at eactiisyotaqmection are
indicated. (?) indicates that the criteria for full identificatad neurotransmitters
have not been met. mf, mossy fiber; pf, parallel fiber; Ga@lgi cell; GABA,y
aminobutyric acid.
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(—) NORADRENALIN
(+) ASPARTATE ?
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N ) ;ABA
OTILIN ?

CN

m Ic
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GLUTAMATE ?
ACETYLCHOLINE ?
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Fig 7. Diagram of the neuronal connections between Purkinje celldesyl
cerebellar nuclear cells, climbing fibers and aminergic affgrejéctions.
Inhibitory neurons are shown in black and inhibiteyyaptic connections are
indicated with a (—) sign. Excitatory neurons are shomghaded and excitatory
synaptic connections are indicated with a ( +) sign. Ciatels for
neurotransmitter substances at each synaptic connection aatéadi(?)
indicates that the criteria for full identification of neuestsmitters have not been
met. PC, Purkinje cell; rn, raphe nucleus projection; ydoceruleus projection;
CN, cerebellar (or vestibular) nucleus cell; cf, climbing fik@ABA, y
amniobutyric acid.
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E. Cerebellum (see diagrams on preceding and
following pages).

* The cerebellum receives input to both its deegeiand
cortex from (1) nearly all ipsilateral exteroceptiv
proprioceptive and special sensory systems, inctuthe
vestibular, mostly over the inferior cerebellar pede;
(2) from contralateral cerebral cortex, red nucleus
midbrain tegmentum and spinal cord via the conteadé
inferior olive whose olivocerebellar fibers croeghe
medulla to enter over the inferior cerebellar pediernand
(3) from the contralateral sensorimotor and assiocia
cerebral cortex via the corticopontocerebellar wath
with a cross in the base of the pons to enter theer
middle cerebellar peduncle. The input to the cdlabe
cortex from these various sources will be integtated
tend to excite some strips of Purkinje cells arrdbit
other strips of Purkinje cells. The Purkinje calte the
efferent cells of the cerebellar cortex and exert a
inhibitory effect upon the vestibular nuclei anecpe
cerebellar nuclei. The deep nuclei are tonicallwacand
generally excitatory and their axons project thiotlge
superior cerebellar peduncle onto the ventral #hi@fL)
nucleus of the thalamus, red nucleus, reticulanéion
and vestibular nuclei. Both the cerebellar cortea deep
nuclei are highly organized somatotopically, witle t
trunk represented medially and the limbs laterAnen a
group of Purkinje cells becomes excited they wanuitdbit
a group of deep nuclei cells. If a group of Purkioglls
becomes inhibited they would disinhibit a groupeép
nuclei cells, thereby increasing their firing fremay. The
cerebellum through its output can potentially gubrua
andy MNs through the vestibulospinal, reticulospinal or
rubrospinal pathways, but its projection through a
decussation in the low midbrain to the contraldteéta
nucleus of the thalamus is most important since thi
projects to the motor cortex. Therefore, cerebellar
influences can act through the corticospinal pagtswaith
a second cross in the pyramidal decussation tg brin
cerebellar control onto ipsilateral lower motor rens.
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Fig 4.5.Diagram illustrating the concept of the higher-ordezgnative unit of
the mossy afferent-parallel fiber neuronal chain. Neuromixnatfolium seen in
transverse (A) and longitudinal section (C), as well as ftwrsurface (B). The
assumption is made that all granule neurons inside the dimdieated are
simultaneously excited and discharge impulses along their gkengarallel
fibers. In this case, all Purkinje cells (indicated in B aalkaircles with
overlying bars) along a longitudinal strip of about 8&m length would be
excited. Basket neurons situated in the same strip wouldditecand a
powerful inhibition would be exercised on all Purkingurons situated on both
sides of the excited strip. The degree of inhibitiors -deduced from the number
and strength of connections (convergence, size of termingk- & indicated by
shading in B and by the density of hatching of Purkiejébodies in A. The
excited region is left white. Only a representative parefrteuron matrix is
indicated, for the sake of simplicity; and because of limitain space the whole
width of the inhibited side fields (10 rows of Purldrgells in reality) is not
shown [Szentagothai, 1965].
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VIIl. Summary of Cerebellar Functions and

Deficits
A. Midline cerebellum

1.

Vermal and flocculonodular cortex and fastigiatleus.
Operates o andy MNs largely through vestibulospinal
and reticulospinal pathways. Some ascending cowiol
VL nucleus of thalamus and motor cortex.
a. Major functions
» Provide balance required for ambulation
e Truncal posture and movement
» Position of head in relation to trunk
» Control of extraocular movements — regulates
vestibulo-ocular reflexes.
b. Common (though not exclusive) deficits thety be
associated with midline lesions
1) Disorders of stance and gait — truncal postural
abnormalities, irregular wide-based gait with fadli
in any direction. Exaggerated by walking with
reduced base (in tandem or on toes or heels).
2) Head or trunk titubation — disappears on rdlara
or sleep
3) Head tilt or rotation
4) Ocular motor abnormalities including

» Gaze paretic nystagmus — cannot maintain
conjugate gaze deviation away from
midposition, where shows slow center drift with
saccadic corrective movement.

* Rebound nystagmus — on lateral deviation
develop nystagmus with fast phase in direction
of gaze and on return to midposition develop
nystagmus with fast phase opposite prior gaze
direction.

e Ocular dysmetria — overshoot or undershoot
target with correcting saccades.

* Optokinetic nystagmus — increased amplitude
fast and slow phases

B. Lateral (hemispheric) cerebellum

1.

Intermediate and lateral cerebellar cortexiatetposed
and dentate nuclei. OperatesadviNs andyMNs largely
through (red nucleus), VL nucleus thalamus, motor
cortex, corticospinal pathways. Though can act also
through vestibulospinal and reticulospinal systems
a. Major functions of lateral cerebellum
1) Control muscle tone — nuclear output predontigan
excitatory
2) Postural control — particularly the posturahtion
required for movements of distal parts of
extremities.
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3) Control of goal directed movements (may even
participate in their preprogramming).

* Involved in timing activity in agonist and
antagonist muscles during execution of
preplanned ballistic movements particularly if
directed toward a target.

» Execution of rapid alternating movements.

» Execution of complex pursuit movements
especially requiring coordination of multiple
joints or extremities.

» Cerebellar cortical and deep nuclear discharge
patterns appear correlated with joint position,
load and direction of next movement in
sequence.

4) Control of eye movements

C. Common deficits with lateral lesions
1. Hypotonia — decrease in the resistance to\&assi
movement of the limbs and pendular DTR caused &y lo
of deep nuclear excitation VL thalamus- motor
cortex - corticospinal- decreased resting discharge of
static and dynamic gamma motor neurons.
2. Tremor
a. Kinetic — may result from loss of mechanisntpined
for the proper damping of oscillation produced dgri
goal-directed movements
b. Postural — rubro-olivo-cerebellar-rubral pathiwa
implicated. Involves proximal muscles and disappear
on relaxation or during sleep.
3. Dysmetria — disturbance of trajectory or plaeatrof
body part during active movements. Hypometria or
hypermetria. May be corrective movements or tremor
involving especially proximal muscles. Past poigtin
4. Dysdiadochokinesis or dysrhythmokinesis
5. Limb ataxia — asynergia or dyssynergia. Incoatibon
reflected as dysmetria and decomposition of movémen
(errors in sequence and speed of component paats of
movement).
Impaired check and excessive rebound
Ocular motor disorders
* Opsoclonus — constant random conjugate saccddes o
unequal amplitude in all directions
* Ocular bobbing — abrupt dipping with slow return
(pontine compressions)
» Ocular flutter — transient to-and-fro oscillation
* Ocular myoclonus — rhythmic, pendular or rotatory
oscillation of eyes with synchronous oscillation of
palate. Disruption dentato-rubro-olivary connecsion
» Gaze apraxia — loss of voluntary conjugate gaze
without muscle paralysis. Use head thrust to break

No
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fixation and vestibulo-ocular reflexes to refix on
intended object.
» Paresis of conjugate gaze to side of cerebeltaoh
and forced deviation away from side of lesion.
8. Dysarthria — may show speech that is scansiow,
slurred, dysprosodic, explosive, hesitant, sta¢caHto
irregular volume or altered accent.

IX. Role of the Basal Ganglia in Motor Control

A. Definition

1. The term “extrapyramidal system” is not welfided. It
can be interpreted literally as denoting all patysvaot
involving the pyramidal tract but convention hasocal
made “extrapyramidal” nearly synonymous with thedda
ganglia and its connections. The basal ganglia are
subcortical telencephalic nuclei (processing motor
information in parallel with the cerebellum) conisig of
the caudate, putamen, globus pallidus and amygdala;
functionally related are the subthalamic nucleus an
substantia nigra.

2. Terminology
* Neostriatum (striatum) = caudate and putamen
» Paleostriatum (pallidum) = globus pallidus
* Lenticular nucleus = putamen and globus pallidus
» Corpus striatum = neo- and paleostriatum
» Archistriatum = amygdala

B. Function

* The basal ganglia are related to control of masetmn
diseases affecting the basal ganglia lead to ctearstic
disturbances of movement and muscle tone but not
paresis. The precise role of basal ganglia in man i
unclear. Its function is perhaps understood byresfee to
lower forms (reptiles, birds, lower mammals) haWitite
or no cerebral cortex. In these animals the thasisthe
highest sensory correlation center while the bgaabglia
is the motor command center regulating stereotypetbr
activities regarded as “inborn or instinctual.” Tietor
activities are automatic, repetitive and gros$aatike
those of the human infant before the pyramidal$rac
begin to function. These stereotyped activitiesesan the
functions of postural adjustment for locomotionfeshse,
feeding and mating.

» With further evolution of the cerebral cortex fin@ctions
of the basal ganglia fell under cortical dominance,
deferring many of their functions to the cortexsihot
implied that the basal ganglia no longer functioum, only
that they now express their activities throughdbeex
and the functioning of these two important mot@aarare
now so intertwined that it is difficult to separaieir
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precise roles. Attributable to the cortex is iniba of
movement and skilled activities. The basal ganglia
influences grosser postural adjustments and automat
associated movements as in walking, defense, fgeatid
mating. They are important in the planning phase of
movement (motor programs), specifying the combamati
direction and sequence for movements by seledtiag t
cortical neurons that should discharge. It is satggkthat
they are important in motor learning, enabling anatic
rapid performance of well-rehearsed movements.

C. Connections of the basal ganglia

1. Cortical motor commands occur in correlatiothwi
cortical activation of the basal ganglia which tipeajects
to the thalamus, which finally projects back to tioetex,
especially to the premotor and supplementary neteas.
This circuit is complementary and contemporaneous t
cerebellar activity. The sensorimotor cortex prefdially
connects to the putamen while association aretiseof
frontal, parietal and limbic cortices project te ttaudate
in a segregated, nonoverlapping pattern. Therefore,
circumscribed cortical areas have “private linesand
through the neostriatum and globus pallidus; treaba
ganglia therefore act not like a funnel but rathea
multilane throughway. These lines are thoughtpitesof
functional integration in the basal ganglia, to mtain
their individuality in the thalamus, which perhapsjects
back to the original circumscribed cortical aredse
paths are thought to maximize computational power a
to enhance the plasticity to striatal processing.

2. Input to the basal ganglia is mainly from breaeas of
the cerebral cortex (lesser input from midline éinailc
and brainstem nuclei). The initial stage of prooess
occurs in the neostriatum; information next passes
through the globus pallidus for output (mainlythe
thalamus. The substantia nigra and subthalamienscl
provide control of the neostriatum and pallidum
respectively.

3. By virtue of a normally high rate of spontangou
discharge, ie, when we are at rest, the amountafiw
varies during the performance of a motor act, tsab
ganglia is variably but tonicallyhibitory to the
(cortically-activated) thalamus. A decrease in basa
ganglia excitation discharge to the thalamus allthves
thalamus to increase its facilitation of corticalitiated
movements while an increase in basal ganglia itdmpi
discharge has the opposite effect. In preparatioKoir)
execution of movements, commands from the cortex to
the basal ganglia, releases the thalamocorticabnsu
from this inhibition. In detail, the overall cirdyprovides,
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(1) excitatory input (glu) from the cerebral cortex to the
striatum, (2) the striatum ishibitory (GABA) to the
globus pallidus, (3) globus pallidus is tonicalpibitory
(GABA) to the thalamus. The thalamus, wékcitatory
input (glu) from the cortex, has kxcitatory effects (glu)
on the cortex modulated by the varying degrees of
inhibition from the basal ganglia. Since thalamocortical
connections excite the cortex the result of théesebasal
ganglia-thalamus-cortex circuitiiegulated excitation of
the cortex. Thus, dysfunction of the basal gancfiases a
variable and wide spectrum of posturokinetic disosd
[Major neurotransmitter@xcitatory — glutamate (glu),
dopamine (DA)inhibitory — gamma aminobutyric acid
(GABA), dopamine (DA)]
4. Striatal connections
a. The neostriatum is the major receptive compbiiien
receives inpuipsilaterally from the cerebral cortex,
thalamus and substantia nigra. Cortical and thalami
inputs are excitatory; nigral input is excitatooysome
cells and inhibitory to others. The striatum prégec
massively only to the globus pallidus and subssanti
nigra — the major effect is inhibitory.
b. Striatal afferents (are mostly excitatory).

1) Corticostriates — from all 4 cortical lobes.

* Sensorimotor cortex (raw sensory information
and motor and premotor areas) projects to the
putamen

» Association cortex (all 4 lobes) projects
integrated information to the caudate; [also,

» Limbic lobe projects to the ventral striatum
(nucleus accumbens and olfactory tubercule)].

2) Thalamostriate — from centromedian (CM) nucleus
which receives input from the cortex and reticular
activating system (arousal type information).

3) Nigrostriate — from substantia nigra (includes
excitatory and inhibitory influences). The subsi@nt
nigra influences the basal ganglia via DA to the
striatum. (Not noted in the diagrams it also
influences the VA/VL of the thalamus via GABA).

4) (Amygdala — functions in reward-learning and
emotional behaviors, eg, expression of fear. This
will be considered with the Limbic System.)

c. Striatal efferents (are inhibitory).

» Striopallidal — to globus pallidus (its major
outflow).

 Strionigral — to substantia nigra

5. Globus pallidus connections
a. The globus pallidus is the outflow of the bagaiglia
and its effect is tonically inhibitory upon the kaaus.
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Its main input is from the striatum and the suldhat
nucleus. (The sensorimotor, association and limbic
cortical areas which projected to the striatum riema
segregated in the globus pallidus in spite of iraggn
there and also remain separate when projected to
thalamic levels.) In turn, thalamic neurons project
the entire frontal lobe including supplementary onot
and premotor cortical areas (whereas those inrestvat
by the cerebellum project directly to the motortegy.
b. Pallidal afferents

« Striopallidal-caudate and putamen provide largest
input which is inhibitory.

« Subthalamopallidal-subthalamic nucleus receives
excitatory input from the cortex and is excitattry
the globus pallidus.

c. Pallidal efferents (are inhibitory).

» Pallidothalamic — to thalamus (principally VA).
This projection completes the circuit that began
with projections from the cortex to the neostriafum
which in turn relayed to the globus pallidus. Now,
the globus pallidus projects to the VA (a motor
integration center which also receives cerebellar
input) which passes on the now-processed
information back to the motor and premotor cortex
for integration with the motor activity as expresse
by the pyramidal (and extrapyramidal) tradtkis
is the major outflow path of the basal ganglia

» Pallidoreticular — a minor output to the retiqula
formation and reticulospinal tracts.

» Pallidosubthalamic — to the subthalamic nucleus

D. Summary and generalizations

» Signals from the cortex, thalamus, substantisanémnd
subthalamic nuclei converge upon the basal ganglia.
Following integration there, signals flow to andatingh
thalamus and then back to the cortex. In summary,
voluntary movement igitiated in the cerebral cortex;
motorprograms are organized by the basal ganglia
prior tothalamic integration with cerebellar
coordination added for final return to the motor areas of
the cortex. Thus, the cortex, with basal ganglia an
cerebellar input, controls movement through pyrahid
and extrapyramidal, eg, corticoreticular tractsiafl
projections may enhance or suppress movementsginrou
basal ganglia pathways by inhibitory or disinhibjto
(release) effects. Therefore dysfunction of theabas
ganglia results in hyper- or hypokinetic disorders.
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Sense of the System
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X. Major Basal Ganglia Circuits
A. Striatum (caudate and putamen) major afferent

area of the basal ganglia
1. Afferent striatal fibers include

* Massive excitatory glutamatergic from all areés o
cerebral cortex

» Excitatory glutamatergic from thalamic intralamain
nuclei (centromedian [CM] — parafascicular [PF])

» Dopaminergic from pars compacta of substantiaanig
(SNc). Some end on GABAergic — substance P spiny
cells with excitatory D1 receptors. Others end on
GABAergic — enkephalin spiny cells with inhibitory
D2 receptors.

* Noradrenergic from locus ceruleus

» Serotonergic from rapheal nuclei

2. The striatum contains aspiny interneurons, nwmnwhich
are cholinergic and efferent spiny neurons mostlath

are GABAergic (though some also contain substance P

enkephalin or other neurotransmitters and modugator

3. Striatal efferents include

* GABAergic — substance P neurons containing

excitatory D1 receptors project directly to intdrna
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globus pallidus (GPi) and pars reticularis of sabsta
nigra (SNr) =Direct Pathway to GPi

* Inhibitory GABAergic — enkephalinergic neurons
containing inhibitory D2 receptors project to exiar
globus pallidus (GPe) which will in turn projectttoe
GPi through the subthalamic nucleus (STNpdirect
Pathway to GPi

B. Pallidum
1. GPe receives fibers from
* Inhibitory striatal GABAergic — enkephalinergic
neurons
» Excitatory glutamatergic neurons from subthalamic
nucleus (STN)
2. GPe projects inhibitory GABAergic neurons to
« STN
* SNr
3. GPi (and SNr, with which it shares common
embryological origins and adult functions) are rtiagor
efferent areas of the basal ganglia. GPi receaiffesent
fibers from
» Striatal GABAergic — substance P neurons
e Glutamatergic STN neurons
* Cholinergic pedunculopontine (PPN) neurons of low
midbrain tegmentum
4. GPi projects inhibitory GABAergic fibers viad ansa
lenticularis and lenticular fasciculus into thenoiteral
field of Forel of the subthalamus from which theyurcse
to the
* VA and VL thalamic nuclei
* CM - PF thalamic nuclei
* PPN and SNc of the midbrain
C. Subthalamic nucleus
1. Afferents
» Glutamatergic from motor, premotor, prefrontattea
* Glutamatergic from CM — PF thalamic nuclei
* GABAergic from GPe
* Cholinergic from PPN
2. Sends glutamatergic efferents to GPe, GPi &rd S
D. Substantia nigra

E. Pars compacta (SNc)
1. Afferents
a. Some GABAergic from GPi and possibly SNr
b. Glutamatergic from motor cortex
2. Efferents — dopaminergic to striatum
F. Pars reticularis (SNr)
1. Afferent fibers include
a. Striatal GABAergic, enkephalinergic and substai
b. Glutamatergic from STN
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c. Serotonergic inhibitory from rapheal nuclei
d. Cholinergic from PPN
2. Efferents are largely GABAergic to
a. VA and VL thalamic nuclei
b. CM — PF thalamic nuclei
c. PPN

Diencephalon — Deep Hemisphere Vascular Lesionsd(fire 5)

Basal panpglia lesions may cause dyskinesias

(chorea, athetosis ballism, tremor,

dystonia), rigidity and postural abnormalities.

Head of caudate supplied by Recurrent Striate
Artery of Heubner from Anterior Cerebral
Artery.

Putamen mostly supplied by Lenticulostriate
Branches Middle Cerebral Artery

Globus Pallidus supplied by Anterior Choroid
Artery

Posterior limb of internal capsule lesions

can produce contralateral hemiparesis and
sensory deficits, sometimes with ataxia.
Dorsal portion supplied by Lenticulostriate
Branches Middle Cerebral Artery and ventral
part supplied by Anterior Choroidal Artery
(which also supplies beginning of optic
radiations = homonymous hemianopia)

Medial Thalamus and Hypothalamug supplied
by medial ganglionic branches of Circle-

of Willis (Thalamoperforating Arteries)
Lesions can cause emotional, visceral,
autonomic, and endocrine dysfunction.
Lateral Thalamus and Subthalamus supplied
by Thalamogeniculate Branches of
Posterior Cerebral Artery.
Lesions of ventral tier of lateral thalamic
nuclei (VP, VL, VA) can cause
contralateral sensory, cerebellar and
basal ganglia signs. Lesions of the
dorsal tier of lateral thalamic nuclei
(especially pulvinar) can produce
aphasia, dyslexia and apraxia.

Coronal Section

Recurrent striate artery of Heubner

Lenticulostriate Branches Middle Cerebral A.

Medial Central or Ganglionic Branches Circle
of Willis (Thalamoperforating Arteries)
Anterior Choroidal Artery EE

Thalamogeniculate Branches Posterior
Cerebral Artery

G. General features of basal ganglia disease

1. The degree of inhibition the basal ganglishthalamus
is responsible for the nature of the disordersgrieater
pallidothalamic inhibition results in hypokinesiass
yields hyperkinesia. The signs occur contralaterallthe
affected basal ganglia since the descending pdtieis
crossedcorticospinal tract.
» Hypokinetic disorders are characterized by significant

impairments in movement initiation and reduction in
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the amplitude and velocity of voluntary movements
(bradykinesia, akinesia).

» Hyperkinetic disorders show excessive motor activity
in the form of involuntary movements. These are
uncontrollable and purposeless movements, eg, ttemo
athetosis, chorea, ballism or dystordgigkinesiag.

* Muscle toneis frequently increasedigidity ),
sometimes decreased.

» Automatic associated movementare decreased, eg,
arm swing in walking, facial expression in emotion.

H. Common clinical disorders of the basal ganglia:

(1) Parkinson’s disease and (2) dyskinesias

1. Parkinson’s diseasea disorder of unknown etiology
occurring in the 5th-6th decade. The three cardiiggds —
hypokinesia, rigidity, tremor — occur when ~75% of

DOPAergic neurons of the substania nigra have

degenerated.

* Rigidity — muscle stiffness, ie, resistance to passive
stretch is equal in both agonists and antagonigts a
throughout the range of movement; called “lead-pipe
rigidity. If tremor is also present it is calledogwheel”
rigidity. Phasic stretch reflexes are not enhanoed;
Babinski. Rigidity contributes to, but is not theuse
of, bradykinesia since surgical lesions (of thalamu
may abolish the rigidity but not the bradykinesia.

» Tremor — is rhythmic and rapid alternating contraction
of agonist and antagonist muscles. Tremor may be
limited to the hand (“pill-rolling”) or may involvéhe
entire hand, limbs or head. It occatsest and
disappears in sleep and during voluntary activity.

» Hypokinesia (“poverty of movement,” akinesia,
bradykinesia) — patients show slow movement, masked
facies and loss of automatic associated movemegis,
habitual movements, eg, putting the hand to the,fac
folding arms or crossing legs; arm-swing in walkisag
reduced; blinking is infrequent; looking to theesithey
move the eyes but not the head. Slowing of movement
(bradykinesia) is frequently associated with rityidi
Though rigidity can cause slow movements, it is an
independent disorder.

» Disorders of postural fixation — the inability to make
appropriate postural adjustments to tilting orifiaj to
go from a reclining to sitting position; to turnemnin
bed; or initiate walking or changing directions. In
rising from a chair they fail to make the necessary
automatic postural adjustments such as putting feet
back or placing hands on the arms of the chair.
Postural abnormality — the classic flexed posture of
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Parkinson’s disease results from excessive tottgein
stronger limb and trunk flexors.

» Psychological effects- depression with slowing of
thought processes and loss of ability to concemntrat
may occur. Intelligence and memory are not
diminished. May be related to connections to the
amygdala and limbic system.

2. Dyskinesias

* Hemiballism — flailing or swinging movements
(sudden, unpredictable, violent) of the limbs. May
result from lesions of the contralateral subthatami
nucleus. Since cutting the vestibulo- or reticuloap
tracts doesn’t stop hemiballism, but paradoxically
ablation of the globus pallidus (or its outflow),
thalamic nuclei (VL), area 4 or corticospinal trdoes
stop it, it is assumed that the subthalamic nucleus
exerts control on the globus pallidus and therdley t
thalamus and motor cortex.

» Chorea and athetosis- uncontrolled choreic (GR:
“dance”) and athetoid (GR: changeable) movements
may be simple or complex, generally brisk, random i
timing and distribution and usually distinguishegdthe
continuous flow of “graceful” but purposeless
movement. When affecting distal muscles the
movement is relatively small but involvement of
proximal muscle groups result in wide swings. The
movement may be set off by minor external stimuli.
Between abnormal movements, volitional movements
are possible, ie, there is no paralysis and therg lme
hypotonia. But there is no intention tremor or
incoordination. Chorea-athetoid movements may be
uni- or bilateral and marked by inability to sustai
fingers, toes, tongue, etc, in one position. There
writhing of limbs, neck and grimacing of face. The
neostriatum is thought to be the site of the patippl

» Dystoniarefers to strong prolonged contractions of
axial and/or limb musculature resulting in transien
sustained distortions of posture of limbs or trunk.
Characteristic features are co-contraction of aones
muscles during voluntary movement and/or overflow
contraction to remote muscles. Dystonia may belfoca
or generalized and may involve slow, tonic (often
twisting) movements or fixed abnormal postures. The
strong and prolonged contractions can cause fatigue
and pain. The neuropathologic basis is associattbd w
various degenerative disorders but the specifecisit
uncertain because pathologic changes may be in a
number of locations. In some patients no patholegy
evident.
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Normal

Bra‘i}’\ stem

Spinal cord
Figure 6-1. Schematic diagram of the basal ganglia-thalamocortical circuitry
under normal conditions. Inhibitory connections amshas filled arrows,
excitatory connections as open arrows. D, direct pathwaditect pathway;
GPE, external segment of the globus pallidus; GPI, inteegthent of the globus
pallidus; SNr, substantia nigra, pars reticulata; SNc, aobatnigra, pars
compacta; STN, subthalamic nucleus; VL, ventrolateral thalamus.

Normal Parkinsonism

CORTEX ) ( CORTEX ]J

PUTAMEN

D Dv

GPi/SNr

Brain stem Brain stem

Spinal cord Spinal cord
Figure 6-2. Activity changes in the basal ganglia-thalamocortical cinguit
Parkinson’s disease. Degeneration of the nigrostriatal patleady to
differential changes in the two striato-pallidal projecsioindicated by the
thickness of the connecting arrows. Basal ganglia outghetthalamus is
increased. For abbreviations see legend to Fig 6-1.
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Normat

g CORTEX )

Brain stem Brain stom Brain stem
Spinal cord Spinal cord Spinal cord

Figure 6-3. Activity changes in the basal ganglia-thalamocortical cirgirit
hemiballism (center panel) and in dystonia (right panefje fivo conditions may
differ in preferential involvement of the indirect pathwayhemiballism and
involvement of the direct pathway in dystonia. As in appénkinetic movement
disorders, the net result is reduced basal ganglia outghe thalamus in either
case. For abbreviations see legend to Fig 6-1.

Posterior Limb

of
Internal Capsule

Epitbalamus

Antexior

Motox

Thalamogeniculate

1 Arteries
(Posterolateral Branches of
p / . Circle of Willis)
/ Thalamoperforating
/A

hal- Vthal-
amus \‘amus

Arteries

(Posteromedial Branches
of Circle of Willis)

Posterior Communicating, < -
Artery D

y
Posterior Cerebral
Artery

Basilar
Artery

An anatomical, functional and vascular subdivision of tieaciphalon into
medial (visceral, emotional, limbic) and lateral (somatic, sgred motor)
areas

Central sulcus\ Central sulcus

Parieto-
secipital
sulcus

. 7
Calcarine sulcus Lateral sulcus

Medial surface Lateral surface

Figure 15-15.Diagram of the left cerebral hemisphere showing the cortical
projection areas of thalamic nuclei. The color code is the senin Figure 15-14.
The diffuse projection of the ventral anterior nucleus (¥)Ap the frontal lobe
appears to largely overlap the projection of the dorsomedi@éus (DM).
Information concerning the cortical projection areas of somartialnuclei is
incomplete.
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Substantia nigra Area 17

tvem) Area 4 . : Trigeminothalamic trocts
Medial lemniscus
B Spinothalamic tracts Areas 3,1&2

Figure 15-14.Schematic diagrams of the major thalamic nuclei. An oblique
dorsolateral view of the thala and its major subdivisioshi@avn in A. A
transverse section of the thalamus at level of arrows, showight in A,
indicates: (a) the relationship between VPM and VPL anchélacation of CM
with respect to the internal medullary lamina of the thalahmuB, the principal

afferent and efferent projections of particular thalamic sigidns are indicated.

While most cortical areas project fibers back to the thalamienfioin which
fibers are received, not all of these are shown.

XI. Guidelines for the Study of the Thalamus

A. Objectives

» Describe the gross neuroanatomical relationsbiipise
thalamus.

» Describe how the thalamus is subdivided into ralesind
lateral groups of nuclei.

» Know the location and function of the anterior,
mediodorsal, ventral anterior/ventral lateral cosxpl
ventral posterior, centromedian, reticular, intnailzar,
medial and lateral geniculate nuclei and pulvinar.

» Describe the afferent and efferent connectioresatth of
the above nuclei.

» Describe the major clinical manifestations in thalamic
syndrome.

B. Anatomical relationships

» Anterior — the interventricular foramen

» Posterior— the pretectal area

* Medial — third ventricle
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» Lateral — posterior limb of the internal capsule
* Ventral — hypothalamus and subthalamus
» Dorsal — caudate nucleus, lateral ventricle

C. Organization of nuclear groups

1. The thalamus may be subdivided into nuclei thagmon
topography, types of connections (diffuse, specélay
and associational) and phylogenetic development (ie
archi-, paleo- and neothalamus). The following
description will attempt to combine all of the abov
methods in a logical fashion. Let the following dgiiyou
in your reading of the textual material.

2. A band of myelinated fibers, tirgernal medullary
lamina separates the thalamus im@dial andlateral
groups of nuclei. Anteriorly, the internal medujar
lamina splits to surround an anterior nucleus (E)g.
Thus, on the basis of this anatomical relationshigcan
list thalamic nuclei topographically.

3. Medial group
» *Midline nuclei — this is the most medial of the

thalamic nuclei and includes the massa intermedia

(adhesion), which is present in some brain specmen

* Mediodorsal nucleus- this is the largest of the medial
nuclei in humans and is located between the midline
nuclei and the internal medullary lamina.

4. Lateral group: we can further subdivide this group into a
ventral and a dorsal (lateral) tier of nuclei.

a. Ventral tier (from anterior to posterior):

* Ventral anterior/ventral lateral — this nuclear
complex is first seen rostrally at the same legel a
the anterior nucleus but lateral to it and thermaé
medullary lamina. It is involved with relaying moto
information from the basal ganglia and cerebellum
to the motor cortices.

* Ventral posterior: relaying sensory information
from the head and body to the sensory cortices. The
lateral and medial portions can be divided into the
ventral posterior lateral andventral posterior
medial, respectively.

b. Dorsal (lateral) tier (from anterior to posterior):

« *Lateral dorsal andlateral posterior — these are
located posterior to the anterior nucleus and amter
to the pulvinar. The location of these two nuclei
need not be learned.

* Pulvinar —is a very large nuclear mass lying well
posterior in the thalamus such that it actually
overhangs the rostral portion of the tectum, the
rostral pole of the red nucleus and the medial and
lateral geniculate bodies.
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5. Anterior group: anterior nucleus — the internal
medullary lamina splits to partially surround itig
nucleus is the most anterior and dorsal part of the
thalamus. It forms the anterior tubercle of thdaimas, a
structure that can be seen grossly. It lies neantidline
and has the stria medullaris thalami medial to it.

6. Intralaminar group
* Intralaminar nuclei — associated with the intérna

medullary lamina.

* Centromedianum — is partially surrounded by the
internal medullary lamina and is easy to visuailizéhe
posterior part of the thalamus.

7. Metathalamus— located ventral to the pulvinar
» Lateral geniculate nucleus
* Medial geniculate nucleus

8. * = do not need to identify the location ofseenuclei.

9. A second band of myelinated fibers, éx¢ernal
medullary lamina separates the ventral and dorsal
(lateral) tier of nuclei from a thireticular nucleus,
which envelopes the thalamus. Lateral to the rkticu
nucleus is the posterior limb of the internal capsu

D. Connections

» Thalamic nuclei project axons (diffusely to cortical and
subcortical gray areas; (2) $pecificcortical areas dealing
with specific functions; and (3) @ssociationalareas of
the cerebral cortex. The diffuse, specific and eissional
areas receive input from those nuclei which are
phylogenetically the oldest, more recent and meastmt,
respectively. We may then subdivide the thalamuthin
basis as seen in Table 1.

E. Functional aspects

* In general terms, nuclei of the thalamus arelwveadin the
integration and relay of sensory, visceral motat an
somatic motor information. In phylogenetically alde
organisms, the thalamus is the highest sensorgicent
the brain. Sensory information is conveyed viaraffiés
from the multisynaptic ascending reticular formatto
midline and intralaminar nuclei where there wouddeb
crude awareness of sensation. This information evthén
be conveyed to the highest center for visceral moto
activity, the hypothalamus and to the highest aefote
somatic motor activity, the basal ganglia. Reciptoc
connections would exist between them. In theserolde
organisms, little if any cortex is present and ¢fi@re there
would be no specific relay or associational nuctei
connections.

» Those relationships are still evident to somereedgn
higher forms. For example, those nuclei of the ™old
thalamus receive information from the reticulamfetion
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and this information is relayed to the hypothalamand
putamen. As the cortex evolved, the thalamus aequir
new nuclei, connections and functions while retegrand
often masking the “older” structures. The thalansuso
longer the highest center for reception of sensory
information. Now this information igelayed to specific
areas of the cerebral cortex via specific relayeiand
connections. The thalamus has acquired newer
connections to the visceral motor center, the
hypothalamus. Specifically the anterior nucleuthef
thalamus is a relay station between the mammibaay
of the hypothalamus (via the mammillothalamic fraetd
the cingulate gyrus of the limbic lobe. With thedabn of
the ventral anterior and ventral lateral nucleg, tihalamus
Is a relay station in somatic motor activity. lmstmanner,
cerebellar input for coordination of motor actigitis
relayed from the dentate nucleus of the cerebefloththe
red nucleus to the precentral gyrus. In additigguirfrom
the globus pallidus for the regulation of grosssogiated
and stereotyped movements is modulated and retayed
the motor and premotor areas of the cerebral cortex

» Although the associational nuclei receive nodire
ascending fibers, they have connections with atinetei
in the diencephalon and the associational aretseof
cortex. These connections not only help maintain
emotional stability (mediodorsal nucleus to prefebn
cortex) but also bring the thalamus (dorsal tienadlei)
under the control of associational memory mechasisin
the cortex. These functions are well developedih a
unique to, higher organisms, including man.

» The phylogenetically older intralaminar nucleiwnalso
project to widespread areas of the cortex and, in
conjunction with the reticular formation, influence
widespread electrocortical activity.

» Tosummarize the thalamus functions: (a) to perceive
crude awareness of sensory information; (b) toynate
and relay sensory and motor information to the lo=de
cortex and (c) as the highest component of theuteii
formation and is involved in the activation of tt@rtex.
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Input | Thalamic Nucleus Output Function | Lesion Defidts
Somatic Sensory Relay Nuclei
Medial lemniscus, — | VPL « | Area 3,1, 2 Pulvinar Trunk and limbs somatosensar Contralateral hemisensory losses (fac]
Spinothalamics relay and modulation. only partial). While there may be
Nondesciminative perception | decreased perception of discriminativg
Trigeminothalamic — | VPM « | Area3, 1, 2 Pulvinar Head somatosensory and tasfePain. non-painful cutaneous stimuli
relay and modulation. may trigger a paroxysmal exacerbatio
Nondesciminative perception | Of extremely excruciating pain that
— - - - - persists after the stimulus is removed
Pain via Sensory — | Posterior Zone “ Somatic Area Il, Pain relay and modulation, thesia dol thalmi -
Spinoreticulothalamic (between VP and Anterior Cingulate Crude pain perception anesthesia dolorosa or thaimic pain.
P Geniculates) Gyrus, Insular Cortex Perhaps caused by damage (o the
u yrus, insu normal pain modulating functions.
Optic Tract — | Lateral Geniculate | & | Area 17 Pulvinar Visual relay and modulation, | Contralateral homomymous
Visual arousal and attention hemianopsia
Lateral lemniscus — | Medial Geniculate | « | Area 41, 42 Pulvinar Auditory relay and modulation Usually no abnormal auditory findings
Nondescriptive auditory
perception
Associative (Integrative) Nuclei
VP — | Lateral Posterior « | Areas5,7 Somatosensory integration Lesions in language dominant
VP, Med and Lat — | Pulvinar — | Areas 18, 19, 39, 40, Multisensory and symbolic hemisphere can produce receptive
posterior temporal lobe | integration. Process language gnaPhasia, alexia, apraxia
left and spatial functions on rigtjt Lesions in right hemisphere can causg
hemineglect or constructional apraxia
Motor Relay Nuclei
Globus Pallidus Substantia| — | VA VLant < | Supplementary Motor | Preplanning and updating motof Contralateral dyskinesias like
Nigra (Pars reticularis) Cortex programs choreathetosis or hemiballism
Thalamic hand with wrist flexion, MP
flexion and IP extension, more on fifth
digit side appears like a dystonic
fragment or athetoid posture
Cerebellum — | VLpost — Motor and premotor Preplanting and updating motor| Contralateral hemiataxia, hypotonia,
cortex programs action tremor, dysmetria,
Coordinate motor activity dysdiadochokinesis, rebound
Limbic Nuclei
Septal Area Basal Forebraih — | Lateral Dorsal - Post Cingulate, Limbic integration ?
Parahippocampal
Mammillary Body — | Anterior < | Cingulate, Septal cortex, Limbic integration Anterograde amnesia
hippocampus Papez Loop Verbal on left, visuospatial on right.
Process memory Various autonomic abnormalities
Dysautonomia
Ant Hypothalamus — | MD — Prefrontal cortex Limbic integration Frontal lobe-like behavioral changes
Amygdala, septal nuclei, Ny Process memory Apathy, lack of initiative, confusion,
Diag Rand disorientation, distractability, agitation
manic delirium, logorrhea
Nonspecific Nuclei
Reticular formation — | Intralaminar Nu — | Putamen and caudate -{ Arousal Bilateral lesions impair alertness or
Spinothalamics with collaterals to corteX{ Sensorimotor integration cause drowsiness
Globus Pallidus Midline and reticular nu
Cerebellum Areas 4, 6, 8 Thalamus
Hypothalamus — | Midline Nu — | Hypothalamus, Integrate Visceral Activity Various autonomic abmadities
Reticular formation Amygdala, cingulate
Ascending sensory systems cortex
Many thalamic Nu
Collats. Thal Co. + CoThal| — | Reticular Nu — | GABAergic to all Regulate thalamic arousal and | Disappearance of spinal activity
Reticular formation, thalamic Nu thalamic flow to cortex
Ascending sensory systems Pacemaker of spinal activity

Schneck__Neuroanatomy_NRO (8/8/2005)

Neuroanatomy

page 141



Neurology Review Course

Anterior Cerebral Artery

Middle Cerebral Artery
Anterior Choroidal Artery %

page 142

Ameyomedml‘ ez Anterior cerebral ort

Middle communlicating art

gerebrol ’lOft. . \'\

X yoY
VAT
erior communicating 3/ X
art

- Medial striate art.
; J
- Int carotid art

Laoteral striate
/ : group

Anterior

:

choroidal

) T
. art—__ // | Posteromedial
“Oculomotor ngr /4 _——Pasterolateral group
N i

~Posterior cerebral

“~-Superior cerebellar art

Caudate nucleus

e

Putamen

Medial striate art.

# .~ Thalamogeniculate

> arteries
Lateral striate arteries™

"Posterior choroidal art.

Ant cerebral artery’ < ]
o ‘Amygdaloid nucleus

Internal carohid - - ‘Posterior communicating artery

artery

“Posterior cerebral artery

Anterior choroidal art.

Mlddle cerebral artery

Corona radiata
LS e
/x\l’:/\-??

v /‘\' ;

Internal capsule
( posterior limby
l

Internal capsule
e (retrolenticular port)

Middie

/

cerebral /‘1
artery > O Anterior
A ~~~23 7 choroidal art
L/;
(ﬁ» "— Optic radiation

~~Internal corotid
Internal capsule (direct branches)
(anterior limb) -

.
~ Intern
Anterior cerebra!’ LU

artery 7 ] (genu)
Putamen’ :
Globus pailidus i
-
Neuroanato my Schneck__Neuroanatomy_NRO (8/8/2005)



Figure 20-13. Diagram of the blood supply of the internlacapsule and corpus
striatum. The putamen and globus pallidus are shown rotated verdxadly

from the internal capsule. Regions supplied by branchéeeaiiddle and

anterior cerebral arteries are shown in red; portions of the internal capsule and
corpus striatum supplied by thaterior choroidal artery are in yellow. Direct
branches of thaternal carotid artery supply the genu of the internal capsule.
(based on Alexander (36).)

XIl. Cortical Functional Localization and
Blood Supply

* Note— study emphasis should be upon the location of the
cortical areas, their major functions, findings whesioned
and major arterial supplf2o not memorize the lists of
afferent inputs or efferent outputs. These are onlyisted to
provide some insight into how the functions are caied
out.

A. Introductory generalizations

1. Right-left cerebral asymmetry (hemispheric
specialization)— each hemisphere has special functional
talents that it usually perfornfetter than the other. For
these functions it is said to bleminant. This is typically
arelative and not an absolute functional segregation. A
hemisphere that is dominant for a particular funtis
typically better at attending to or controlling batides of
the body.

* In about 95% of right-handed individuals and 766
left-handed individuals thieft hemisphereis
dominant for the comprehension and expression of
languageand othesymbolic functions, like
calculation. It is also dominant féwrmulating skilled
motor activities (= praxis). It is usually also dominant
for analytical and logical thinking as expressed
verbally.

» Theright hemisphereis usually considered to be
dominant for (1) perception and expressiositial
orientation and relationships, (2) the recognitoial
expression oémotionand (3) mostnusical
discrimination and abilities.

2. The cerebral cortex can be divided functiongdtg
primary sensory and motor cortex, unimodal sensory
motor association cortex, heteromodal (higher grder
association cortex and limbic cortex (see fig Iirhbdal
sensory association cortices receive input frorr the
adjacent primary sensory cortices and carry outdrig
order processing for that modality including itgnotive
functions. Unimodal motor association cortex prtgec
mostly to primary motor cortex and helps formulate
complex motor programs. Heteromodal associatiotegor
is located in both prefrontal and temporoparietouital
junctional areas. It has connections with all urdiado
sensory and motor association cortices and thadimb
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cortices. It performs the highest order multisepsord
motor integrations and cognitive functions and ditlkese
to emotional and motivational influences. While the
extensive and complex interconnections betweerethes
cortical areas make any attempt to simplify them
inadequate, there is a general flow of informafiam 2).

Figure 2
External Environment
! i
Primary Sensory Cortices Primary Motor Cortex
!
Unimodal Sensory Cortices  Unimodal (Premotor) Motor Cortex
! 7
Heteromodal Association Cortices
Lo T
Limbic Cortex
T !

Internal Milieu
3. In general, most cortical areas receaifferents from
» Thalamic nuclei
» Short association fibers from immediately adjacen
cortical areas and
» Commissural fibers from the contralateral homolag
cortical areas, primarily through the corpus callos
4. In general, all cortical areas projeffierent fibers
» Back to the thalamic nuclei from which they reeei
afferents
» As short association fibers to adjacent cortarahs
* As commissural fibers to the contralateral horgolss
cortical areas through the corpus callosum
* To the base of the pons for relay into the cdhetre
over the corticopontocerebellar pathway and
* To various parts of the striatum

B. Sensory areas of cerebral cortex

» Primary sensory cortex— a localized cortical area to
which impulses concerned with a specific sensory
modality are principally projected, ie, an areaathi
receives the primary projection of specific sengetgy
nuclei of the thalamus.

» Unimodal (unisensory) association cortex areas
adjacent to primary sensory areas which do noivedbe
major projection of the specific thalamic sensaiay
nuclei. Instead they receive the projections from t
associative (integrative) thalamic nuclei and relfigm
the primary sensory area. They are important in the
cognitive functions of the adjacent primary sensea
by integrating and analyzing sensory stimuli aridtheg
them to past memory.

1. Primary somesthetic area
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a. Location — areas 3, 1, 2 = postcentral gyrasthe
part of the paracentral lobule immediately behimal t
central sulcus.

b. Afferentsto 3, 1, 2 — from VPL and VPM
(spinothalamics, medial lemniscus,
trigeminothalamics) andorollary discharge (or
efference copy from descending motor systems to
imprint an intended motor program on the sensory
cortex to allow it to compare the sensory feedback
about the actual results of the motor program tigh
intended program.

c. Efferents — projections to thalamus (VPL andwP
and lower sensory relay centers like the nucletigsa
and cuneatus, trigeminal nuclei, nucleus of tractus
solitarius and spinal cord sensory relay internaisci
These descend with the corticospinal system to
selectively facilitate or inhibit sensory upflow to
permitselective attention.Association fibers to motor
cortex and to rest of parietal lobe.

d. Functions
» Vertical cell columnsare the functional unit of this

and apparently most areas of the cortex. Many
neurons in a column mediate the same modality
from the same peripheral receptive field. The
columns form a specific input-output information
processing link.

* Somatotopic organization— homunculus upside
down hanging by knee from superior margin of
hemisphere with head right side up and tongue near
lateral fissure (intra-abdominal visceral sense
projects into lateral fissure toward insula). Tag-|
foot-perineal area projects to the medial aspect of
the hemisphere, while the thigh, trunk, upper limb
and head project in superior-inferior sequence onto
the lateral aspect of area 3, 1, 2. Largely
contralateral representation with some bilateral
facial representation.

» Functions as thprimary perceptive center for
the highly discriminative somatic sensationsike
— sense of position and movement of body parts,
two-point discrimination, point localization,
vibration, pressure and weight.

» Monitor and help control motor activity via
corollary discharge (see Afferents and Efferents).
Association fiber input into the motor cortex is
important (1) for learning new movements (how the
movement felt), (2) to correct a motor program
when the sensory feedback from the actual motor
program doesn’t match the intended motor program
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and (3) to allow the sensory cortex to help
compensate for incoordinate movements caused by
cerebellar disease.

» Control sensory upflowto help produce selective
attention (see Efferents).

e. Lesions of the postcentral gyrus cdoss of the most
discriminative sensorymodalities. In monkey and
man get contralateral loss of sense of position and
movement of limbs, tactile shape discriminationptw
point discrimination (texture), point localization,
vibration, pressure, weight. They produce no
significant loss of pain and gross temperatureode
touch though their threshold is increased (hypasthe
Pain is not lost because it is projected to otloetical
areas like somesthetic sensory area I, the iresuda
anterior cingulate gyrus (see Limbic Handout) and
because some pain may be perceived at thalamic
levels. So don'’t get total anesthesia. Incomplete
lesions of this area or lesions of more posterasrgpal
areas can produce contralateral tactile inatteriton
the simultaneous application of the same stimwus t
the same locus on both sides of the b@dy
extinction). Extinction may be caused by faulty
attention through interference with parietal lobe
projection paths onto lower sensory relay centers.
Extinction is especially prominent in right paridtzbe
lesions because of this hemisphere’s spatial
dominance. Thanterior cerebral artery supplies the
medially placed leg-foot-perineal areas andrtedle
cerebral artery’s postcentral branches supply the
laterally placed trunk-upper limb-head areas.

2. Somesthetic sensory area Il (S2)

a. Location — along parietal part of upper banlatdral
fissure (lower area 40).

b. Afferents — from a posterior thalamic area teda
between the VPL and the geniculates.

c. Efferents — to postcentral and precentral gyd
supplementary motor cortex.

d. Function.

* Somatotopic organization — the head area overlaps
the 3, 1, 2 head region and the rest of body is
represented in a craniocaudal sequence from
anterior to posterior. Mostly contralateral, but is
some bilateral representation.

* Function — cell columns show large receptivedtel
responding to many stimuli, including noxious
stimuli.

e. Lesions — some lesions in humans céasseof pain
without loss of other somesthetic sensations. Some
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causadysesthesignonpainful stimuli perceived as
painful or unpleasant). Some caysen asymbolia
(patient fails to display aversive or emotionap@sse
to pain, but can still discriminate pain’s integikit

3. Somesthetic unimodal association cortex — é&se@sand

upper 40

e Location — superior parietal lobule above intragtal
sulcus (5,7) and upper supramarginal gyrus (40).

» Afferents — thalamus — integrated sensory infdioma
from pulvinar and LP; somesthetic sensory infororati
from areas 3, 1, 2 to areas 5 and anterior 7.

» Efferents — association to premotor cortex and
heteromodal association areas 39 and 19. Projection
sensory relay neurons to help modulate the sensory
upflow.

* Functions — analyze integrated sensory inputs to
perform contralateradtereognosigonly moderate
dominance of left hemisphere for stereognosis) and
spatial orientation and relationships (right
hemisphere especially). Each cell column has aifspec
activating location on body surface or direction in
space as detected by tactile or visual input. Hils c
provideawareness of the body in relation to its
spatial environment (body schema or imageand
also provide th@ecessary sensory integration to
direct motor behavior toward a specific spatial
location. Like areas 3,1, 2 it helps to controlssag
upflow —selective attention.

» Lesions — produce contralateral somatic sensory
cognitive deficits usually more marked with leftlsd
lesions(astereognosis)but no loss of somatic sensory
perception. Contralateraktinction is especially
prominent in right hemisphere lesions, but may occu
with left hemisphere lesions. See section IV F for
spatial disorientation syndromesanddisorders of
prosody (right hemisphere lesiond)esions can also
produceapraxia (see Section IV E) with an inability to
open a door or to use previously familiar tools.
Supplied by parietal branchesrofddle cerebral
artery.

4. Primary visual (striate) cortex

a. Location —area 17 — lips of calcarine fissure

b. Afferents — lateral geniculate

c. Efferents — area 18, lateral geniculate (to uente
sensory upflow)

d. Functions
1) Retinotopy — right visual fields to left cortéand

vice versa), superior visual fields to inferior 6p
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calcarine fissure (and vice versa), peripheralatisu
fields anterior and macular fields posterior.
2) Conscious but not interpretative vision. The
functional modular organization of the striate eart
for ocular dominance, orientation selectively, colo
selectivity and movement direction selectivity
permit the primary visual cortex ferform a first
analysis and sorting of raw visual datdo permit
it to perceive the
» Fusion of images from two retinas to single
image

* Form and outline of objects

» Color perception of objects

» Spatial localization of objects with respecthe t
direct line of vision

» Direction of movement of objects in the visual
field

e. Lesions — unilateral — cause contralateral hymous
hemianopsia or quadrantic anopsia with or without
macular sparing. No thalamic visual perception in
man. Light reflex intact. Lesions of calcarine lntarof
posterior cerebral artery produce aontralateral
homonymous hemianopsia frequently with macular
sparing because the macular area at the occipital pole
commonly receives an overlapping supply from the
middle cerebral artery.

5. Extrastriate visual association cortices = visual
unimodal association cortex and heteromodal
association cortices mostly related to vision
a. Localization — includes the rest of the ocalpdbe

(outside of area 17), the posterior part of theegpalr

lobe and the inferolateral temporal lobe. Area 18

(visual unimodal association cortex) is a U-shaped

area of occipital cortex immediately surroundingaar

17. The rest of the extrastriate cortices are batedal

association cortex with mostly visual cognitive

functions. Area 19 is a larger U-shaped area
surrounding area 18 that extends into the posterior
parietal and temporal lobes. Also included is the
posterior part of parietal lobe area 7 and area220
and 37 of the inferolateral temporal lobe.

b. Afferents — pulvinar projects to areas 18 a@dSkee
Visual Pathway handout for projections between the
various extrastriate association cortices. Areal$8
receives some afferents from the somesthetic and
auditory association cortices and serves as a
heteromodal association cortex responding mostly to
visual stimuli.
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c. Efferents — areas 19 and posterior 7 projettido
brainstem to produce pursuit eye movements to the
ipsilateral side (see Eye Movements and Visual
Reflexes handout).

d. Functions — These extrastriate cortices transmai
form and color or object identificatiofm(hat” )
stream of visual information forward and downward
into the inferolateral temporal lobe. They alsmsmit
the spatial features and movement recognition
(“where”) stream of visual information upward and
forward to the posterior parietal lobe. Stimulatain
areas 19 or posterior 7 can produce smooth puwgait
movements of both eyes to the ipsilateral visuedfi

e. Lesions — lesions involving large areas ofi¢ifte
extrastriate cortices can cause inability to idgraind
locate objects visually perceived Yisual agnosia. In
humans lesions in different portions of the micathel
inferior temporal gyri may only affect theming of
visually perceived objects belonging to a specific
functional group such as animals, tools, vehicles o
foods.

» Recent positron emission tomography (PET) and
functional MRI in humans has revealed the
important role of thénferior surface of the
temporal lobe in facial recognition functionswith
(1) moreposterior areasinvolved inrecognition
of general facial featuredike gender, race, or age,
(2) intermediate areas for identification of a
unique individual's face and (3)anterior areas
near the temporal pole involvednetrieving other
information about a recognized individual, like
their profession or family. Deficits in facial
recognition are calledrosopagnosia.

» Lesions involving the lingual gyrus and lower
occipital lobe parts of areas 18 and 19 can cause
selective loss of color visiom¢hromatopsig in
the contralateral visual field, where patients will
only see in black and white. Lesions of areas IP an
posterior 7 can causess of optokinetic
nystagmuswhen the optokinetic tape is moved
toward the side of the lesion. Right parietal lobe
lesions especially can also cagpatial
disorientation of neglect syndromeswhich may
be partly a failure of the “where” stream of visual
information (see section IV F). Medial and inferior
regions of the extrastriate cortices are supplied b
branches of thposterior cerebral artery while the
lateral regions are supplied byiddle cerebral
artery branches.
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6. Primary auditory cortex

» Location — two transverse temporal gyri — areadd
medial part of area 42

» Afferents — medial geniculate

» Efferents — 22, 19, lower auditory centers (tadolate
sensory upflow)

* Functions — bilaterally in frequency recognitiepatial
localization of mostly contralaterally originatisgund.

» Lesions — unilateral — typically do not producy a
significant lateralizing hearing losses.

7. Auditory unimodal association cortex

* Location — lateral part of area 42 and area 22

» Afferents — area 41, pulvinar

» Efferents — 19, 39, lower auditory centers

* Functions — on stimulation hear simple sound$ s
cricket, bell, whistle mostly referred contralatira
Auditory recognition. Left hemisphere dominant for
verbal recognition of auditory stimuli and right
hemisphere seems dominant for most musical
recognitive functions.

» Lesions —auditory agnosia— can hear but not interpret
meaning of sounds especially in lesions of left
hemisphere. Supplied by posterior temporal branches
of middle cerebral artery.

8. Gustatory area

» Location — lowest part of postcentral gyrus and
adjacent parainsular cortex — near somesthetiaung
area. Some integration of the closely related fonst
of taste and smell occurs in the orbitofrontal eort
(orbital surface of frontal lobe).

» Lesions — may require bilateral destruction tosea
taste loss = ageusia or hypogeusia.

9. Vestibular areas

» Location — face part of area 2 and possibly tipesor
temporal gyrus rostral to auditory area

* Functions — cortical perception of position or
movement in space and vertigo

10. Olfactory area— see Taste and Smell handout

C. Motor cortical areas
1. Primary motor area
a. Location — area 4 — anterior wall of centrdtss and
adjacent precentral gyrus and paracentral lobule
anterior to central sulcus.
b. Afferents — all sensory cortices and VL thalamu
c. Efferents — only provides 1/3 of fibers of cavspinal
tracts. Also provides fibers to corticopontines,
corticostriatals, corticosubthalamics and cortigoais.
To 3, 1, 2 for efference copy.
d. Functions
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» Topography (like the sensory homunculus) — on
lateral aspect the motor homunculus is upside-down
(except face) with pharynx inferiorly. Leg-foot-
sphincters are located medialBrojects
predominantly contralaterally to spinal motor
neurons innervating limb muscles, motor
neurons to lower face and genioglossus. Projects
to ipsilateral sternocleidomastoid motorneurons.
Mostly bilaterally projecting to other cranial
nerve motor nuclei and to spinal motor neurons
innervating trunk muscles.

* Recent studies with positron emission tomography
(PET scans) and functional MRI have shown that
within a regional somatotopic cortical area, like t
upper limb area, there anaultiple patchesof
shoulder, elbow and hand musculature — activating
neurons arranged in a mosaic pattern compatible
with the production of upper limb movements that
involve cooperative multijoint muscle groups like
those used in performing a specific task like
reaching forward or upward.

* Functions — stimulation generally causes
contralateral movements involving cooperative
muscle groups, particularly more distal muscles.

e. Lesions — small precise ablations limited eaat
appear tacause neither paralysis nor spasticity.

Rather they causenduring flaccid paresisespecially

involving contralateral distal muscleswith deficits

in speed, agility and ability to fractionate

movements. Anterior cerebral arterysupplies

medially situated leg-foot-perineal areas and Rditan
branch ofmiddle cerebral artery supplies the
laterally located trunk, upper limb and head areas.
2. Premotor area(unimodal motor cortex)

a. Location — area 6 (possibly some 8) on thedate
aspect of the hemisphere.

b. Afferents — from all sensory cortices, VL and V
thalamus

c. Efferents — exerts its motor control functidimough
corticoreticular, corticospinal, corticopontine and
corticostriatal projections. It seems to provide th
majority of thecorticoreticular fibers that activate the
lateral reticulospinal system which inhibits angigity
muscles.

d. Functions

» Topography — similar to adjacent primary motor
cortex.

» Appears to be involved in (ihe assembly of
motor programs by integrating sensory,
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cerebellar and basal ganglia feedbacknd (2) the
preparation for motor acts by providipgstural
stabilization of the trunk and limbs prior to
movement onset. Electrical recording reveals a
readiness potential in the premotor cortex and
prefrontal heteromodal cortex, which precedes
movement onset by about a second. While the
premotor cortex has bilateral effects on trunk
muscles its effects on proximal limb (shoulder and
hip) musculature is primarily contralateral.

e. Lesions — unilateral lesions prodspasticity (likely

by removing many corticoreticulars) and some

contralateral weakness of proximal limb muscles

with little weakness of distal muscles. Left herhisge
lesions especially, produce linalpraxia (see section

IV E). Supplied by frontal branches wiiddle

cerebral artery. Bilateral lesions produce substantial

instability of posture, stance and gait.

3. Supplementary motor area(unimodal motor cortex)
a. Location — the part of area 6 on the media¢etspf
the superior frontal gyrus immediately anterioatea

4

b. Afferents — all sensory cortical cortices; \Hatlamus

c. Efferent — appears to exert its lower motorraeu
control through the corticospinal system, mostigrac
through the primary motor cortex. Also provides som
corticoreticular downflow.

d. Functions

» Topography — lower limb posterior (toe to toetwit
primary motor cortex) and head anterior

» Seems to be of major importance for gi@nning
and initiation of complex bilateral movements, but
with a more pronounced contralateral effect. Ipkel
mediate motor responses to sensory stimuli.

e. Lesions

» Bilateral lesions produce a long-lastiakjnesia
(absence of spontaneous and voluntary movements)
andmutism (absence of speech). Some automatic
and reflex movements are retained so the akingsia i
not due to paralysis.

» Unilateral lesions produce a transient akinesia,
mostly contralaterally, which typically recovers
spontaneously.

» Loss of some corticorecticulars can contribute to
spasticity.

» Supplied byanterior cerebral artery

4. Frontal eye field
a. Location — caudal part of middle frontal gy(lesver
area 8).
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b. Afferents — occipitotemporoparietal associatortex

(especially area 19).

Efferents — area 9; superior colliculi and gezeters

Functions

» Stimulation causesaccadic conjugate deviation
of eyes to the opposite side.

* Produces voluntary eye movements with or without
visual stimuli. Can override occipital slow pursuit
centers.

e. Lesions: unilateralestructive — produce @ransient
conjugate deviation of eyes toward side of lesidyy
the unopposed activity of the intact side; persisily
if the patient’s consciousness remains compromised.
run an optokinetic tape to the side of the lesien g
ipsilateral tonic eye deviation (via the pursuibies)
with no saccades. Unilateralitative lesion (eg, focal
epilepsy) -eyes deviate away fronthe side of the
irritative lesion. Supplied by frontal branches of
middle cerebral artery.

D. Complex cortical functions

1. Human cortex is characterized by its complex
discrimination and correlation of sensory impulaed its
greater ability to utilize former reactions.

2. General concept of interrelationships of primary
sensory cortices, unimodal sensory association caes
and heteromodal association cortices (figs 1 and 2)

» Sensations perceived [mimary sensory cortex

» Combined and elaborated in adjacemimodal”
(proximal) association corticesnto complex
unisensory perceptions capablesbiting an
associative mnemonic (memoryjesponse

* Relayed to more distant association areas where
various sensory modalities overlap mnemonically —
“multisensory” (distal) association cortices.
Constructs the complex mnemonic functions sensory
perceptions necessary for initiating purposive moto
activity; eg, see area 39 functions in sections C-F
below.

3. Gnosis and agnosia
a. Gnosis— the arousal of associative memory complexes

in response to afferent cortical impulses. Recaogmit
Remembered as having been perceived before. Basis
of knowledge and understanding.

b. When a lesion develops in a unisensory or
multisensory association area of the language
dominant hemisphere it may produagnosia(failure
to recognize sensory stimuli).

oo
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« Tactile agnosia(astereognosis) — lesion in superior
parietal lobule or supramarginal gyrus of the
contralateral (more commonly left) hemisphere

» Visual agnosia(small objects usually) — lesions of
extrastriate cortex, left hemisphere

» Auditory agnosia (speech, familiar sounds) —
lesion area 22, left hemisphere

4. Aphasia- mnemonic disturbances involving
comprehension or expression of language. Can vary
substantially in severity of defect. (See Languidgeture
handout for a more detailed description).

* Receptive (Wernicke’s) aphasia- impairment of
appreciation of written or spoken word. Lesion left
area 39 (angular gyrus)or immediately adjacent areas
includingWernicke’s area (posterior area 22)In
Wernicke’s (receptive) aphasia the patient hasflue
speech which contains literal or phonemic paraisasi
(a substitution error of a unit of a word, eg, peshor
measure instead of pleasure or denecessary instead
unnecessary) or verbal paraphasias (a substitetron
of a word frequently with a similar meaning), eg,
mother instead of wife. Repetition of words or nmsh
Is impaired and perseveration of words is common. |
severe cases of receptive aphasia the patient enay b
totally unaware of the deficit and the fluent sgeeay
be unrelated to any received conversational speech
may even be totally incomprehensikji@gon aphasia
or gibberish).

* In some cases the receptive aphasia may onljwiavo
the written wordpure word blindnessor visual
verbal agnosia)These previously literate patients
cannot read aloud or understand what they read, but
they can understand the spoken word, repeat what is
heard, hold a normal conversation and write
spontaneously or to dictation — but they cannad rea
what they wrote. These deficits are sometimes
produced by posterior cerebral-middle cerebrakharte
border zone infarcts where a systemically induced
reduction in brain perfusion (as in shock or dravg)i
causes the border zone areas between major atteries
suffer the most necrosis, since these areas ngrmall
have the most tenuous perfusion. This would tend to
disconnect the primary visual cortex from AreasaBél
22.

» Similarly lesions that disconnect the primary itany
cortex from posterior area 22 and area 39 couldeau
pure word deafnesswith impaired auditory verbal
comprehension, impaired repetition and inability to
write to dictation with preservation of the ability
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comprehend written language and to write
spontaneously.

* Expressive (Broca’s) aphasia impairment of ability
to express the spoken or written (agraphia) word.
Respectively, caused by a lesiorBobca’s motor
speech aredleft opercular and triangular parts inferior
frontal gyrus — area 44, 45 just rostral to tongtea of
motor cortex) or in the somewhat controversial
Exner’s writing center (posterior part of left middle
frontal gyrus just rostral to hand area of motatex).

In Broca’s (expressive) aphasia comprehension of
language is relatively normal, but speech is namnftu
(effortful, decreased verbal output, poor artidolak
There is a tendency to omit small words, filler dsr
and modifiers. So speech may be telegraphic (gguf
ask a patient what brought them to the hospitaiy th
response may be “stroke — ambulance — come
hospital”). May omit word endings, plurals and verb
tenses. In the most severe cases the patient may lo
speech completely or may only utter a few habitual
expressions like hi, fine, thank you or express
expletives when angry.

* Occasionally lesions in the inferior frontal lowel
cause gure word mutism where the patient loses all
capacity to speak while retaining completely thaitgb
to write, to understand and repeat spoken words by
writing and to read silently with comprehension.

» Total or global aphasia— occlusions of the left
internal carotid or middle cerebral arteries can
compromise both the receptive and expressive abrtic
speech areas. Here all aspects of speech and gngua
are affected with no or extremely limited auditory
visual speech comprehension or written or verbal
language expression.

» Lesions involving the underlying ledircuate
fasciculusanywhere from area 22 to area 45 can
interrupt the connections of the receptive and
expressive areas to cause an expressive aphakia wit
compromised speech and writing. This soaduction
aphasiawhere comprehension is relatively preserved,
speech is fluent but paraphasic, but repetition is
severely impaired.

5. Higher symbolic functions— largely functions of the
heteromodaleft Area 39 (angular gyrus)and
immediately adjacent areas, &gernicke’s area
(posterior part of area 22).Afferents from all unimodal
sensory cortices and pulvinar. Efferents to prafibn
cingulate and parahippocampal areas.
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a. In addition to the above descrilbvedeptive aphasias
lesions of these areas can cause
» Alexia or dyslexia— reading difficulties
» Acalculia or dyscalculia— difficulty manipulating
numbers
» Agraphia — inability to write and copy
« Various agnosias- since object recognition is
typically expressed linguistically
» Apraxia — see below
b. Area 39 is supplied by the angular branch ef th
middle cerebral artery.

6. Apraxia — difficulty or inability to perform learned

complex movements upon command even though there is
no paresis, sensory deficit or incoordination pnése

lesion left hemisphere in and around area 39 (angul
gyrus) or anywhere along arcuate fasciculus to the
premotor cortex. An interruption of centers that
comprehend the command or centers that generate the
motor program (or their connections).

. Spatial disorientation (neglect) syndromes and

disorders of prosody(the aspects of language that

convey attitudes and emotions) — right hemisphere

lesions. A large lesion of the nondominant (righgjietal
lobe causes disturbances in spatial orientation and
attention in the contralateral half of both perd@mace
and extrapersonal space so that the patient idait@ab
identify parts of the body, denies existence of gaat of
the body and is ignorant of any disease afflicobthat
part. This loss of body scheme or image is called
asomatognosiaPatient ignores or neglects left side of
personal or extrapersonal space —rigbt parietal lobe

neglect syndrome Can also produce extinction or a

dressing apraxia(fails to dress left side of body). A

common test is to ask the patient to draw from mgmo

copy a figure of a daisy or clock, in which caseyteither
distort or fail to draw the left side of the damyclock

(constructional apraxia).

* The lesions producingisorders of prosodyinvolve
the same inferior frontal lobe and/or parietoterapor
junctional areas of the right hemisphere whichim t
left hemisphere produce aphasias. Right inferiontl
lobe lesions can cause alterations in or totakloss
the melody, pauses, intonation, stresses and pitch
accents of speech, which normally help convey
attitudes and emotions. The right parietal loba&ls®
important in recognizing emotion in the speech of
others. So there can be eitleapressiveor receptive
dysprosodywith respective lesions of the right frontal
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or parietal lobes. Dysprosodies will obviously
compromise normal social communication.
8. Prefrontal cortical functions — see Limbic System
lecture handout.
9. Anteromedial temporal lobe functions- see Limbic

System lecture handout.

10. Cingulate and hippocampal functions- see Limbic

System lecture handout.

11. Interhemispheric disconnection- theanterior

cerebral artery supplies the corpus callosum, except for

the splenium which receives posterior cerebraharte

supply. Vascular or surgical lesions of the corpus
callosum can disconnect the hemispheres, thereby
preventing transfer of information to or from tleguage
dominant hemisphere.

* For example, a patient may develop onlgfalimb
apraxia including an inability to write with the left
hand (left-handed agraphiggt have no dyslexias
might occur if there were a direct lesion of thie le
Wernicke’s-angular gyrus area. This occurs bectuse
understand the command, information must be
processed by the left Wernicke’s-angular gyrus area
and be transferred across the corpus callosuneto th
right hemisphere and forward to the right premotor
area before the motor responses can be carriaaslithut
the left hand.

» Furtherobjects placedin the left hand cannot be
namedsince naming would require that the sensory
information coming to consciousness in the right
parietal lobe would have to be transferred across t
corpus callosum to the left parietal lobe for vérba
cognition and then forward to the left Broca’s ai@a
be verbalized.

E. Summary of cortical blood supply
1. Topographic and functional distribution of

» Anterior cerebral artery — motor and somesthetic
areas of leg, foot and anogenital region, suppleangn
motor area and most of the corpus callosum.

» Middle cerebral artery — motor and somesthetic
areas: face, upper limb, trunk and thigh; motoespe
area; auditory area; angular gyrus, superior fariet
lobule; internal capsule and optic radiations.

» Posterior cerebral artery — visual receptive area,
hippocampal region (hippocampal amnesia for recent
events with bilateral lesions or with left sideditas).
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Major Cortical Areas, Functions and Arterial Supply

Branches Middle Lateral View
Cerebral Artery
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Ruléndic
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Medial View

Posterior Cerebral
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Anterior
Cerebral
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XllI. Language |

» Supplementary readin§urves Neuroscienc€hapter 27.
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A. Introduction

1. In the broadest definitidanguageis the ability to encode
ideas or feelings into signals for communication to
someone else. These signals could be spoken oenvrit
words, gestures or facial expressions, frequersiydun
combination. Most commonly language depends on an
appropriate use of words and grammar.

2. Aword is an arbitrary association between a sound gor it
written symbols) and a meaning that is shared by a
community of speakers or writers.

3. Grammar is a system that specifies how vocabulary units
can be combined into words, phrases and sentendes a
how the meaning of a combination can be determinyed
the meaning of the units or the way they are ageng
Grammar has three components: phonology, morphology
and syntax.

» Phonology, consists of the rules for combining sounds
into meaningful patterns in a language. In thisardga
phonemeis a member of a set of the smallest unit of
speech (speech sounds) that serve to distinguish on
utterance from another in a language. For exanipte,

p in pin and the fin fin are two different phoneane

* Morphology is the study of word formation in a
language including their derivation, componentfart
compounding and inflexion.

» Syntax consists of the rules for combining words into
phrases and sentences and determining the
relationships between the words.

4. Toproduce a meaningful sentencene must choose
words and use grammatical rules to encode ideas and
intentions (that is, the message) and generated se
articulatory or writing commands to the motor syste

5. Tocomprehend a sentencene must coordinate the
sensory information that comes in through the augior
visual systems with the grammar and lexicon (kndgée
of words) and send information about the resulting
interpretation (the message) to the systems uridgrly
memory and reasoning.

6. Language disorders aphasiascan appear as a
disturbance of any of these aspects of language
processing. They can compromise the comprehension o
language, the formulation of language or both. Amna
consists of a breakdown in the two way translationa
process that establishes a correspondence between
thoughts and language. Patients with aphasia drabt®
to translate with reasonable fidelity, the nonvenmeges
which constitute thought into the symbols and
grammatical relationships which constitute language
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* Impairment in the appreciation of the spoken atten
word is called aeceptive or sensory (Wernicke’s)
aphasia.Impairment of the ability to express the
spoken or written word is called arpressive or
motor (Broca’'s) aphasia.There are also a host of
other subsets of aphasia to be described later.

B. The anatomy of language processing

» The dominant hemisphere for language processitiigi
left hemisphere in the great majority of individsaial he
first model of language processing was based on the
investigations of Pierre Paul Broca and Karl Wetaim
the 1860s and 1870s who examined the brains adrati
with language disorders. Broca’s pathological exetion
of the brains of patients with difficulty expresgin
language caused him to conclude that the parteobtain
responsible for expressing language was locatéukein
posterior part of the inferior frontal gyruBrpca’s motor
speech area This area is the triangular and opercular
parts of the inferior frontal gyrus (Brodman'’s areBA
44, 45) which are located just anterior to the tangrea
of the motor cortex. Wernicke examined the brains o
patients with difficulty comprehending language and
found consistent involvement of the posterior mortof
the superior temporal gyrus (posterior BA 22). Tdame
to be known a¥Vernicke’s area. A large arched
association fiber bundle called tascuate fasciculus
situated deep to these cortical areas and congebm
was thought to provide the primary interconnection
between Wernicke’s and Broca’s areas. Since timeg &
plethora of data from experimental animals, humans
studied during neurosurgical procedures and funatio
imaging studies have expanded these areas. The
expressive areas for speech have now expandeditolé
other areas of the lateral aspect of the frontag lo
including parts of BA 6, 8, 10, 46, 47, the suppieary
motor cortex and anterior cingulate gyrus on thdiale
aspect of the frontal lobe, the anterior insulatecoand
even the subcortical head of the caudate nucledipaits
of the thalamus which connect to these corticadsréhe
receptive areas for language have expanded todache
lower parietal lobe (BA 39 and parts of 40 andpoytions
of the lateral and inferior temporal lobe and thaamic
nuclei that project to these cortical areas. Theeotions
between the receptive and expressive processiag foe
language now include also immediately subcortibalts
association pathways, in addition to the arcuateicalus.

C. Aphasias involving the dominant hemisphere
1. Receptive, sensory or Wernicke’s aphasia
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» Lesionstypically involve theeemporoparietal
junctional cortex.

» The hallmark of Wernicke’s aphasianspaired
comprehension of spoken or written language.

» This posterior area seems toifmportant in the
lexical (word meaning) and phonological aspects of
language.Hence while speech is fluent because of
intact anterior expressive areas it contdibesal or
phonemic paraphasiaga substitution error of a
phonemic unit of a word, eg, peshure or measure
instead of pleasure or denecessary instead of
unnecessary). It may also contaarbal paraphasias
(a substitution error of a word with an often samil
meaning, eg, mother instead of wife). This canltesu
speech which is full of nonsensical paraphasials wit
the production of neologisms or nonwords that make
the speech empty and meaningless.

* Repetition of words or numbers is impairedand
perseveration of words is common.

* In severe cases of receptive aphasia the patiaptoe
totally unaware of the deficit and the fluent sgepay
be unrelated to any received conversational speech
may be even the totally incomprehensifalgon
aphasia.

2. Expressive, motor or Broca’s aphasia

» Lesionstypically involvelarge areas of the frontal
lobesincluding Broca’s motor speech area and
Exner’s writing center (posterior part of middle
frontal gyrus just rostral to the hand areas ofrtingor
cortex).

* The hallmark finding imonfluent speechwhich is
labored and slow with impaired articulation ancklat
the normal melodic intonation. There is reduction i
the numbers of words and the pauses between words
may be more frequent than the words themselves.
There is a tendency to omit small words, filler dsr
and modifiers so speech may be telegraphic (gguf
ask a patient what brought them to the hospitaly th
response may be “stroke — ambulance — come
hospital”). They may omit word endings, plurals and
word tenses.

» Since these anterior areas seem torportant in
processing syntaxthese patients have difficulty
organizing words into sentences that accord with
grammatical rules. They may also halficulty
understanding grammatically complex sentences.

» Repetition is impaired.

» Because comprehension is relatively intact, these
patients are often well aware of the errors inrthei
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speech and as a result they frequently demonstrate
frustration and depression.

* In the most severe cases the patimeay lose speech
entirely or may utter only a few habitual expressions
like “hi, fine, thank you” or express expletives avh
angry. However, this is most often seen with global
aphasias (see below).

3. Total or global aphasias— occlusion of the left internal
carotid or middle cerebral arteries can comprorhcé

the receptive and expressive cortical areas. Here a

aspects of speech and language are affected with no

extremely limited auditory or visual speech
comprehension or written or verbal language exprass
4. Conduction aphasia

» Lesions can involve the cortical areas between th
receptive and expressive speech areas, their
immediately underlying short white matter assoorati
bundles and/or the arcuate fasciculus.

» These patients can comprehend simple sentendes an
produce intelligible sentences. However, they canno
repeat sentences verbatim, they cannot name objects
correctly in confrontation naming tasks and they
produce phonemic paraphasias.

5. Transcortical aphasias

» In transcortical aphasias the major receptive and
expressive areas and their conduction pathways are
intact, but theiconnections with adjacent cortical
association areas are interruptedThere can be
sensory, motor or mixed tramscotcial aphasias. They
are commonly produced liporder zone (watershed)
infarcts where a systemically induced reduction in
brain perfusion (as in shock or drowning) causes th
border zone areas between major arterial terrgdade
suffer the most necrosis, since these areas ngrmall
have the most tenuous perfusion.

» Transcortical sensory aphasia- commonly produced
by posterior cerebral — middle cerebral artery bord
zone infarcts. This separates the primary visugkego
and unimodal visual association cortex from the
heteromodal language receptive area to capsee
word blindnessor visual verbal agnosiaonly
involving the written word. These previously litera
patients can understand the spoken word, repedtisvha
heard, hold a normal conversation and write
spontaneously or to dictation — but they cannad rea
what they wrote. Similarly lesions that disconribet
primary and unimodal auditory cortex from the
heteromodal language receptive cortex can produce a
pure word deafnesswith impaired auditory verbal
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comprehension, impaired repetition and inability to
write a dictation with a perservation of the alilid
comprehend written language and to write
spontaneously.

e Transcortical motor aphasia— lesions commonly
separate Broca'’s area from the left frontal costice
above or in front of Broca’'s area by anterior ceaéb
middle cerebral border zone infarcts. These paient
demonstrate some impaired fluency, but have normal
comprehension and repetition. Occasionally lesions
the inferior frontal lobe will causeure word
mutism where the patient has impaired speech but
retains the ability to write, to understand andegdp
spoken words by writing and to read silently with
comprehension.

» Mixed transcortical aphasias— can be caused by
combined anterior cerebral-middle cerebral and
posterior cerebral-middle cerebral artery borderezo
infarcts which isolate both language areas fronr the
unimodal association cortices. Show features of
combined transcortical sensory and motor aphasias b
often have intact repetition.

6. Other sites of language impairment

» Subcortical lesions of the head of the caudate or
thalamic nuclei which are connected to the language
cortical areas can produce various types of aphasia

» Damage to the supplementary motor cortex and
anterior cingulate gyrus which play an important role
in initiating and maintaining speech can cause snuti
by virtue of akinesia (difficulty initiating movem®.

» Damage to lateral and inferior temporal corticegses
impairments of word retrieval without any
accompanying grammatical or phonemic difficulty.
These arépure naming defects.” Lesions near
temporal pole (area 38) cause defects in retrieving
“proper nouns” (the unique names of places or pex)so
but not in retrieval of “common nouns” (naming of
nonunique objects). More caudal lesions in areas 20
and 21 involve retrieval of both proper and common
nouns. See Cortex Lecture — Visual Association
Cortex.

7. Other findings with lesions in the temporoparietal
junctional area

» Losses of other symbolic functiorealculia or
dyscalculia— inability to manipulate numbers
arithmetically.

» Various agnosias- since object recognition by any
sense requires linguistic expression
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» Apraxia — difficulty or inability to perform learned
complex movements upon command even though there
IS no paresis, sensory deficit or incoordinatioesent.
Typically a lesion of the left hemisphere in anduard
area 39 (angular gyrus) or anywhere along arcuate
fasciculus to the premotor cortex. An interruptain
centers that comprehend the command or centers that
generate the motor program (or their connections).

D. Nondominant (usually right) hemisphere

involvement in language
» The nondominant hemisphere plays the major rotbe

paralinguistic elements of language I®sody (the
aspects of language that convey attitudes and ens)fi
gesturesof the limbs and trunk arfdcial expressions.
Prosodic aspects of languageclude alteration in pitch,
melody cadence, loudness, tempo, stress, accemirdg
of pauses.

The lesions producingdisorders of prosodyinvolve the
same inferior frontal lobe and/or parietotemporal
junctional areas of the right hemisphere whictim left
hemisphere produce aphasias. Right inferior frdotze
lesions can cause alterations in or total losséiseof
melody, pauses, intonation, stresses and pitcmecoé
speech, which normally help convey attitudes and
emotions. The right temporoparietal junctional erris
also important in recognizing emotion in the speafch
others. So there can be eitlegpressiveor receptive
dysprosodywith respective lesions of the right inferior
frontal or temporoparietal junctional areas. Dyspities
will obviously compromise normal social communioati
Lesions in the right inferior frontal lobe can cau® loss
of spontaneous gestural activity of the limbs or faial
expressionghat accompany languagakewise lesions
in the right temporoparietal junctional area can caise
loss of recognition of the meaning of these gestwer
facial expressions.
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Figure 1 — Limbic System

Cingulate gyrus and cingulum

Indusium
iseum and

longitudinal

striae

" (supracommissural septum)

Anterior
nuclear
tract

Momillstegmental.

tract
Paraterminal
gyrus
(precommissural
septum)
Prehippocampal
rudiment
Parolfactory
area

Olfactory
bul

Column of fornix
{postcommussural fornix)

Parahippocampal gyrus Mamillary body

Figure 2 — An anatomical, functional and vascular gbdivision of the
diencephalon into medial (visceral, emotional, limiz) and lateral
(somatic sensory and motor) areas — coronal section
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XIV. Limbic System Structures

A. Limbic lobe (cortex) — (Fig 1)
1. Rhinencephalon (= smell brain — see Olfactiwth Baste
lecture handout)
» Olfactory nerve fila
» Olfactory bulb, tract, stria
* Uncal or primary olfactory cortex = periamygdaloi
cortex
» Olfactory association cortex = orbitofrontal @xt
2. Hippocampal formation — on medial aspect offteral
lobe
* Hippocampus — cornu ammonis
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7

* Dentate gyrus

* Subiculum

Parahippocampal gyrus and uncus — the anterior
parahippocampal gyrus is the entorhinal cortex.
Cingulate gyrus — encircles corpus callosum

Septal cortex — 2 gyri just anterior to theil@rterminalis
of the third ventricle

Anterior perforated substance or substantiarntinata
(containing basal nucleus of Meynert) — on undefase
of frontal lobe between olfactory striae and optacts
Prefrontal cortex, anterior insula

B. Subcortical limbic structures (figs 1 and 2)

Amygdala — deep to uncus

Septal nuclei — deep to septal cortex and doosal
substantia innominata. (Septal nuclei + basal st
Meynert = basal forebrain, a major source of clestyc
neurons)

Septum pellucidum

Ventral basal ganglia — includes nucleus accumlifen
ventral striatum) and the ventral pallidum.
Hypothalamus

Epithalamus

Anterior, mediodorsal, midline and intralaminbaliamic
nuclei

Brainstem reticular formation

XV. Limbic System — Emotion and Motivation
» Supplementary reading—Purves’ Neurosciencehapters 29
and 31.

A. Introduction

1.

A limbus is an edge, border, rim or margirilifbic
lobe” was originally described by Broca as that porbbn
the cerebral cortex on the medial aspect of thebral
hemisphere that forms a margin around the corpus
callosum and upper brainstem. As the functionfhiesé¢
cortical regions were further investigated the emof
the“limbic system” has been expanded to include other
nearby cortical areas and many subcortical strastur
There is no general agreement on exactly whicltistres
should be included in the limbic system. The ligtan
pages 1 and 2 of this handout encompass a pretty
complete description of the structures that hawnbe
incriminated as important to the functions of timelic
system.
The functional attributes that bind these sohew
disparate parts of the brain is thefrared behavioral
specializations.These include
* The binding of cortically distributed information
related to recent events and experiences in a manne
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that facilitates episodic or semantic declarative
memory and emotionahemory.

* The appropriate channeling @otions and drives
(motivation) to extrapersonal events and internal
mental content

» The coordination of behaviors that foster norswial
interactions

* The linking of mental activity witlsontrol of
autonomic and hormonal activity

» Perception and analysis of some sensory
information (like smell, taste and pain) important in
controlling the above behavioral specializations

3. All parts of the limbic system do not shareatyin the
performance of these functions. The approach tstilngy
of this widespread system will be to examine sofrtb®
major parts of the limbic system in terms of theajor
pathways and functions, eg, hippocampal formation,
amygdala, basal forebrain, cingulate gyrus, nucleus
accumbens and prefrontal cortex. Then we’ll sumpeari
the major contributions of the limbic system to ¢imo
and motivation.

B. Hippocampal formation (HF)

1. The hippocampal formation (HF) is made up ef th
hippocampus, dentate gyrusaandsubiculum (figures 1
and 4). It is phylogenetically the oldest partlod terebral
cortex. It has two way connections with extensegons
of the brain via both thentorhinal cortex and the
fornix.

2. Inputs (figure 3) — primarily come (1) from thest
complex multisensory and higher order associatieas
of the cerebral cortex and (2) from ascending cateind
brainstem neurotransmitter systems.

a. From the adjacent entorhinal cortec (EC) wimcturn
receives inputs from the complex multisensory and
higher order association areas of the cerebragxort
via thecingulum (a fiber bundle underlying the
cingulate gyrus) and other long association fibacts.

b. Largely via the fornix (F) it receives
» Cholinergic fibers from thebasal forebrain (BF)

which includes theeptal nucleiand thebasal
nucleus of Meynert.

» Dopaminergic fibers from theventral tegmental
area(VTA) of the midbrain. The VTA is situated in
the ventral midbrain tegmentum just dorsal and
medial to the substantia nigra.

» Serotonergicfibers from theraphe nuclei(R) of
the midline reticular formation of the midbrain and
pons
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* Noradrenergic fibers from thdocus ceruleugLC)
which lies in the floor of the upper fourth venteic
and spans the pons-midbrain junction.

c. All of these neurotransmitter systems are vedlin
arousal or attention mechanisms and dopamine and
noradrenalin are important in the reward or motorat
system (See section VI of this handout). Clearly,
adequate arousal, attention and motivation are
important prerequisites of learning or the acqiaisit
of new memory.

Figure 3 (Medial View of Midsagittal Brain. See pp. 11-14tbfs
handout for an overview of the four major neurosraitter systems.

3. Organization of the hippocampal formation

a. The hippocampus and subiculum are three layered
cortices with a prominent middle pyramidal layeheT
dentate gyrus is a three-layered cortex with a
prominent middle granular layer.

b. From the hippocampal fissure to the dentatagtie
hippocampus is divided into four pie-shaped sectors
which have some unique functional attributes (fegur
4).

* A ventrolateral CA (cornu ammonis) 1 sector

» A dorsolateral CA 2 sector

* A dorsomedial CA 3 sector and

* A ventromedial CA 4 sector — poorly visualized in
humans

c. The afferent fibers from the fornix and entodii
cortex terminate on either the pyramidal cellshef t
hippocampus directly or upon the granule celldhef t
dentate gyrus which in turn project to the pyrarhida
cells. Most of the neural transit through the
hippocampal formation flows from the entorhinal
cortex — dental gyrus granule cells CA 3
pyramidal cells-» CA 1 pyramidal cells- subiculum
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- entorhinal cortex from which projections can feed
back through the cingulum and fornix to the cerkbra
cortex and subcortical limbic centers.

d. CAl pyramidal cells are particuladgnsitive to
anoxia and ischemiaThey also show early
degenerative changesAizheimer’s diseaseand the
most severe changestamporal lobe epilepsy CA1
cells also appear to participatereward mechanisms,
since direct injection alopamine or cocainento this
area increases their firing frequency and also
reinforces self-administration of these drugs G#l.

e. CA3 and 4 pyramidal cells also show moderate
degeneration itemporal lobe epilepsy CA3 cells
participate ireward mechanismsin response to
endogenous opoids

f. CAl and 4 pyramidal cells respondeerciseby
upregulating the gene for appeabtain derived
neurotrophic factor which supports the cholinergic
neurons (eg, basal nucleus of Meynert) that show
dramatically reduced function in Alzheimer’s diseas

Figure 4

Fimbriodentate
sulcus
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Figure 5 (Fibria fornix)

Entorhinal
Cortex

o

4. Outputs (figure 6)

* Some HF fibers feed back to thetorhinal cortex,
from which they cariplay back” to theassociation
corticesover the sameingulum (C) path as the
inputs.

» Other HF fibers project over the fornix to widiebic
areas, including thanterior nucleus (AN) of the
thalamus, nucleus accumben@NA), basal forebrain
(BF), mammillary bodies (MB), other parts of the
hypothalamus (H) andmidbrain reticular formation
(RF).
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Figure 6

5. Functional attributes

a. The neurons of the HF, especially those in Gale a
very low threshold to damage byoxia or ischemia
Further, in many types alementia,including
Alzheimer’s disease, there is major early loshete
cells, as well as the cells of the entorhinal corte
through which the major inputs and outputs to tke H
flow.

b. The neurons of the HF also have a \ewthreshold
for any type of stimulation; physical, chemical or
electrical. Therefore, they have a very low thrégho
for seizure activity. They can serve as the site of a
temporal lobe epileptic focus that can produce a
complex partial seizure or a generalized convulsive
state by spreading to more distant cortical argas o
the fornix or directly into the adjacent tempoahé.
By MRI the HF typically shows atrophy on the side o
the seizure focus.

c. Visceral and emotional functions Both stimulation
and lesions of the HF have produced rage and jvacid
and a wide variety of sympathetic and parasympiathet
responses. The rabies virus characteristicallglkdta
the hippocampus and these patients show profound
changes in emotional state including bouts of terro
and rage. The fact that the HF receives highly
integrated information from all of the complex c¢oat
association areas caused Papez to describe the HF a
the cortical focus where tlemotive processes of
cortical origin were built up prior to discharge to the
hypothalamus where the appropriate responses were
assembled. Papez further described a feedbacktcircu
currently calledPapez loopor circuit wherein HF-
mammillary body— anterior nucleus of thalamus
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cingulate gyrus- enthorhinal cortex- HF. This
feedback loop (still widely cited in psychiatry)utd
allow the HF to monitor the motor programs about to
be initiated by the hypothalamus to be certain tinay
are appropriate for the ongoing needs of the
association corticeglowever, current evidence
ascribes most of these emotive processes to the
amygdala (see below).

d. Endocrine functions The HF contains receptors that
can monitor the levels of circulating ACTH and
adrenocorticosteroids. Then by its projection ® th
hypothalamus it caocontrol ACTH secretion via the
hypothalamic corticotropin releasing hormones. It
thereby affects the body’s response to stress.

e. Through the direct and indirect projectionshef HF
to the reticular formation it may hegontrol the
ascending reticular activating system

f. The most important function of the HF relatests
role inlearning and the encoding but not the retrieval
of declarative memory(verbally expressed memory).
It is defects in these functions that are most
consistently observed in lesions of the HF. Mangdi
of evidence attest to the role of the HF in leagrand
memory. First, bilateral lesions of the HF or even
unilateral lesions of the language dominant HF can
cause inability to learn new information and
anterograde amnesiawhere past memory is
generally preserved but no new long-term memories
can be established. Tpesterior cerebral artery is
the major blood supply to the hippocampal formation
and its occlusion in the language dominant hemisphe
produces anterograde type of amnesia. Second,
experimentally there is also very high correlatdn
the activity of HF neurons with the learning of new
conditioned responses in experimental animals.dThir
HF neurons exhibit a high level of synaptic plastic
(the abilty to change their synaptic interactions).
Fourth, they demonstrate long-term potentiation
whereby excitatory inputs cause the HF neurons to
remain highly sensitive to subsequent stimuli for
prolonged periods. Hypothetically, this increases t
ease of long-term “play back” to the association
cortices to consolidate long-term memory, since
“repetition is the mother of learning.” All of thes
unique HF neuron characteristics play a role imenir
theories of learning and memory.

* The declarative memory system (figure 7) is
hypothesized to use a pathway from sensory input
to the primary sensory cortex higher order
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sensory association cortices parahippocampal
gyrus and hippocampus prefrontal cortex (over
cingulum) with or without an intermediate relay in
the medial thalamus (over fornix). This thalamic
relay may occur with or without a relay in the
mammillary bodies and mammillothalamic tract.
From both the prefrontal cortex and
parahippocampal gyrus and hippocampus there can
be feedback to the sensory association cortices
presumably for storage of long-term memory.
Consolidation of memory of an individual event
into long-term memory is thought to be a function
of frequency of utilization of this pathway and the
time period over which these utilizations occureTh
basal forebrain cholinergic system projects to all
parts of this pathway to facilitate its activityes
section 4C7).

Figure 7.
Declarative Memory System
Senzory Input to Primary Sensory Cortices

1
— High Order Sensory Cortces (Relay and Storage)
1 T

Parahippocampal Cyrus and Hippocampus
1
Mammillary Body
1
Limbic Thalamus {MD, Ani}

! *
Prefrontal Cortex

g. Animal experiments have revealed that specéits in

the HF respond only when an animal is in a specific

place. Theselace cellsare thought to be important in

directing an animal’savigation through its
environment. It has been suggested that the
hippocampus might also store temporal information.

Since episodic memory is memory learned at a

particular time and place, some have suggestedhbat

HF is necessary tstore episodic memory.

* In humans the complex sensory information brought
to the HF from the multisensory cortical associatio
areas seems to providepatiotemporal cognitive
map whereby we recognize our position in space
and time in relation to external events. Patierite w
bilateral HF lesions are sometimes permanently lost
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in space and time, even in familar everyday
surroundings.

h. Human positron emission tomography demonstrates
more intense activity in theft HF during the
processing of memories for words, objects or
people, while the right HF shows more activity
during the processing of spatial memorySimilarly
lesions of the right HF cause problems with spatial
orientation while lesions in the left HF cause dé&fen
verbal memory. These findings are consistent vhiéh t
usual left hemisphere dominance for language amd th
right hemisphere dominance for spatial orientatind
relationships.

C. Amygdala (A)
1. Alimbic basal ganglion underlying and helptog
produce the uncus. Tlanygdala(A) has a
corticomedial portion underlying the uncus with major
olfactory connections and a more laterally situated
basolateral portion with connections tmultisensory
cortical association areaslts major input and output
pathways are the ventral amygdalopetal (VAP) and
amygdalofugal (VAF) paths and the stria terminéd$).
2. Inputs (figure 8) over both ST and VAP paths
» Olfactory from olfactory bulb (OB) and primary
olfactory cortex (POC)

» Multisensory cortical associationareas largely via the
cingulum (C)

* Hypothalamus (H) via ST and VAP paths

» Like the hippocampal formation, receivd@®linergic
fibers from the basal forebrain (BE)ppaminergic
fibers from the ventral tegmental area (VTA) of the
midbrain,serotonergicfibers from the raphe nuclei
(R) andnoradrenergic fibers from the locus ceruleus
(LC).

Figure 8 Figure 9

3. Outputs (figure 9) — over bo8T andventral
amygdalofugal (VAF) paths
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Direct fibers to therefrontal cortex (PF) including
theorbital frontal cortex and anterior cingulate

gyrus (CG)

Indirect fibers tarbitofrontal prefrontal cortex via
themediodorsal nucleugMD) of the thalamus
Nucleus accumbengNA) which in turn projects to the
anterior cingulate gyrus (CG).

Basal forebrain (BF)

Hypothalamus (H)

Reticular formation (RF) of the brainstem

4. Functions
a. Electrical stimulation in animals has produaesiate

of arousal and increased attentivenesgossibly via
the basal forebrain and reticular formation proget.
Electrical stimulation in man has producedifeg of
fear and anger. In animals stimulation has produced
defensive postures attack and rageandaggressive
behavior. Surgically induced bilateral lesions
(amygdalotomy) decrease aggressive and assaultive
behavior in both human and animals.
Stimulation and lesions have produced a fulfeaof
sympathetic and parasympathetic responses
The amygdala plays a critical roleregulating both
the perceptive and expressive aspects of emotional
and social behavior It has been demonstrated that
patients (characteristic of a widespread degemwerati
disease called Urbach-Wiethe disease) can with
bilateral lesions of the amygdala have severely
impaired recognition of facial emotional expression
(fear but sometimes also anger, surprise or diygust
impaired long-term memory for emotional experiences
and decreased conditioned autonomic responsesydurin
emotional learning situations. Amygdaloid neurons
also play a role in detecting gaze direction amthfa
orientation in others. Facial orientation and diet
of gaze indicate the object of ones attentionvwteat
one has in mind) and recognition of facial emotlona
signals from others is essential for correct social
cognition and successful behavior in a complexaoci
environment. For examplautistic children are
inattentive to facial expressions and, hypothdiicat
least, their interaction problems “may” be partly
related to this emotional and social control systieat
converges on the amygdala.
» Because of these findings it is thought that the
amygdala plays a role in establishing
appropriate links between stimuli (from the
sensory association cortices)d their emotional
value (whether they are good or bad). That is, the
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amygdala may encode, store and retrieve the
hedonic qualities(rewarding or aversivef all
sensory stimuli(like recognition of emotion in
faces). Consistent with this function of processing
emotional memory, cells of the amygdala exhibit
long-term potentiation and its attendant alteration
of synaptic efficacy.

» Schizophrenicsoften display inappropriate mood
or lack of affect and they also have difficulty
identifying the emotional status of other people.
This, plus the extensive connections that the
amygdala has with the prefrontal cortex (whose
dysfunction is believed to be a central feature of
schizophrenia) and the extensive dopaminergic
upflow to the amygdala (dopamine overactivity is
another part of the schizophrenia story) have
suggested possible involvement of the amygdala
in schizophrenia

e. Stimulationincreases ACTHsecretionvia the

f.

corticotrophin releasing hormones of the
hypothalamus. It alscontrols gonadotrophic
hormone secretionvia their releasing hormones.
Hypersexuality is one of the behavioral changes tha
occurs after bilateral destruction of the amygdala.
Thebasolateralamygdalanhibits the hypothalamic
feeding center,while thecorticomedial amygdala
stimulates the feeding centerHence, the amygdala,
which is under the control of the higher cortical
association centers, may play a role in eatingrdess
like anorexia or bulimia.

D. Kluver-Bucy syndrome
1. First produced by bilateral temporal lobectamy

monkeys. It has also been observed in humansesil r
of surgical ablations for temporal lobe epilepsy. |
typically requires bilateral destruction of the pgampal
formation, amygdala, entorhinal cortex and adjacent
temporal association cortex. It produces symptoms
reflective of the functions of these areas.

Loss of fear and ragereactions — become docile (loss
of amygdala)

A type ofpsychic blindnessor visual object agnosia
where, eg, cannot discriminate edible from inedible
objects (loss of complex visual gnostic functiofs o
adjacent temporal association cortex — see Cortical
Functional Localization handout).

Compulsive tendencieso repetitively examine objects
visually, orally or tactually (caused by visual agia).
Hypersexuality — with opposite sex, same sex or
inanimate objects (loss of amygdala)
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Excessive eatindloss of amygdala)
Severe memory deficitloss of hippocampal
formation).

E. Basal forebrain (BF)
1. Includes theeptal nucleiand thebasal nucleus of
Meynert which contains mangholinergic neurons
2. Inputs (figure 10)

HF via fornix (F)

Amygdala (A) via ST and VAF

Ventral tegmental area(VTA) (dopaminergic)raphe
nuclei (R) (serotonergic) aridcus ceruleug(LC)
(noradrenergic) via the medial forebrain bundle BYIF

Figure 10 Figure 11

3. Outputs (figure 11)

Widespread cortical areas

HF via fornix (F) andamygdala(A) over VAP
Hypothalamus (H) andmidbrain reticular

formation (RF) via MFB

Over stria medullaris thalami (SMT) to habenular
nucleus (HN) which in turn projects to the
interpeduncular nucleus (IP) of the midbrain which
projects into thenidbrain reticular formation (RF).

4. Functions

Maintains the normal activity of the HF, RF through
its excitatory cholinergic projections. Important i
arousal and attention

By virtue of its HF and amygdala inputs it mayveeto
integrate some of their functions.

Produces variougutonomic responses

Appears to be part of theward systemof the brain,
since animals with an indwelling electrode will
continually self-stimulate while ignoring all other
stimuli. Appears to produce pleasurable response of
erotic nature

Stimulationincreases ACTH secretiorvia
hypothalamic corticotropin releasing hormones.
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» Confirming these ACTH functions is the findingath
ablationsin man maydecrease aggressiveiolent
and hyperactive behaviorandreduce the amount of
ACTH released in stress situations.

» The projection of its cholinergic neurons to wageead
areas of the cortex and other parts of the limjpstesn
(especially the hippocampus) are thought to be
important inmemory since there is extensive loss of
these cholinergic cells iAlzheimer’s disease Further,
increased acetylcholine levels may play a role in
schizophrenia

F. Cingulate gyrus (CG)

1. Inputs (figure 12)
» Ascending pain system$APS) to anterior cingulate

gyrus

» Anterior nucleus of thalamus(AN) — part of Papez
loop

* From mostomplex cortical association areasia
cingulum (C)

* Locus ceruleus(LC) (noradrenergic) angphe nuclei
(R) (serotonergic)

__ Figure 12 Figure 13

R
NAmb

2. Outputs (figure 13)

* Over cingulum teentorhinal cortex (EC), most
cortical association areashypothalamus(H) and
amygdala(A)

» Toperiaqueductal gray (PAG) which in turn projects
to thenucleus ambiguug(NAmb) and the serotonergic
brainstenraphe nuclei(R)

3. Functions

* By recent PET studies the anterior cingulate gysu
involved in the specifiencoding of pain
unpleasantnessthereby possibly reflecting the
emotional experience that provokes our reactions to
pain. Cingulate lesions and cingulectomy reduce a
patient’s reaction to and concern about pain butato
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eliminate the ability to recognize and even acalyat
grade the severity of the pain.

* The projections to the PAG which in turn projexthe
rapheal nuclei may contribute pain modulation (see
PAIN lecure handout).

» Stimulation produces all kinds afitonomic
responsesncluding respiratory, blood pressure,
peristaltic, pupillary and bladder responses.

* Producesomatic motor functionsrelated to
autonomic responses — like the skeletal muscle
involvement in respiration, chewing, swallowing,
defecation.

» Anterior cingulate gyrus exerts some control over
speech and its emotional contentia its connections
to the PAG and nucleus ambiguus. Lesions of the
anterior cingulate gyrus (and the PAG) can cause
impairment in expressing emotion through intonation
of speech and at times even mutism.

* Involved inattention andexploratory behavior. Plays
a role in motivational guidance of attention fuonos.
Bilateral lesions can cause severe apathy and
personality changes.

* In humansstimulation has sometimes produced
feelings offear, anxiety or pleasure Bilateral
cingulectomies have been performed in agitated
psychotic patients with a diminution of emotional
reactionsCingulectomy has also been used to relieve
some cases of severe and chral@pression and
obsessive compulsive disorderperhaps because it
relieves rigid hyperattentiveness to pathological
thoughts and emotions.

G. Nucleus accumbens (NA) = ventral striatum
1. The most ventral portion of the head of theded& and
putamen, where they are grossly joined togethés. It
located just deep to the septal cortex mediallythed
orbital cortex ventrally.
2. Inputs (figure 14)

» Fromlimbic corticesincludinghippocampal
formation (HF), entorhinal, olfactory, insular and
prefrontal (PF) cortices.

* Amygdala (A)

» Dopaminergic upflow via the medial forebrain bundle
from theventral tegmental area(VTA) which is, in
turn, influenced by noradrenergic upflow from the
locus ceruleug(LC)
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Figure 14 Figure 15

3. Outputs (fig 15) — predominantly to the venpallidum

(VP) from which projections can be relayed

» Upstream to thenediodorsal nucleusof the thalamus
(MD) and from there to thprefrontal (PF) and other
limbic cortices.

» Downstream to aedunculopontine nucleugPPN) of
the low midbrain tegmentum, which is located just
ventral to the inferior colliculus

4. Functions

* The nucleus accumbens appear to play a keyrrall i
brain reward circuit involving locus ceruleus—
ventral tegmental area— nucleus accumbens-
ventral pallidum - mediodorsal nucleus of
thalamus - dorsolateral prefrontal cortex (see figs
13 and 14). Dopamine release in the nucleus
accumbensappears to be a critical event in this reward
circuit. This reward circuit plays an important {iar
current concepts afrug abuse and addiction The
common denominator in the acute brain actionslof al
abused drugs appears to be a surge of dopamiseele
in the nucleus accumbens via the projections fitoen t
ventral tegmental area. Various drugs of abusetffe
this dopamine release by acting on the nucleus
accumbens, ventral tegmental area and/or locus
ceruleus.

* The nucleus accumbens, as part of the basaligang|
system, may act as amterface between the limbic
and somatic motor systemsnd hence may be
important for the association wicentive, motivation,
reward, or emotion with appropriate somatic motor
behavior. This could occur by direct interactiohshe
nucleus accumbens with the rest of the basal gangli
This also may occur through the nucleus accumbens’
projections via the ventral pallidum to the cholie
pedunculopontine nucleus, which because it receives
input from both the cerebellum and basal ganglia
systems is thought to serve as a functional interfa
between the limbic system and these motor control
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systems in the control of motor behavior. Obvious
examples obehaviors linking motor activity and
reward include the athlete that trains hard to win the
gold medal, the medical student that studies hard t
pass tests and receive the M.D. or the drug atthtt
aggressively panhandles or robs banks.

H. Prefrontal cortex

1. The prefrontal cortex is the frontal lobe rakto the
motor, premotor and supplementary motor cortidgs. |
generally divided anatomically and functionallyar{tl)
orbitofrontal and medial and (2) dorsolateral conmgrus.

2. Orbitofrontal and medial prefrontal cortex — the
orbitofrontal cortex is the orbital surface of finental
lobe and the medial prefrontal cortex is the mealsglect
of the prefrontal cortex and includes the antecingulate
gyrus.

* Inputs — receives inputs from all parts of tmeHic
system particularly the amygdala and hypothalamus

» OQOutputs — projects to all parts of the limbicteys

* Functions — are largely assumed on the basiseof t
effects of lesions involving the orbitofrontal amedial
prefrontal cortex which produce tegndrome of
frontal disinhibition. Appears to play a major role in
bringing behavior under emotional guidance
probably involving the amygdala which seems to
assign hedonic values to external stimuli. Patieus
lesions seem to have their behavior disengaged from
normal emotional guidance. Hence, they extpbibr
judgement and foresight, are unresponsive to the
consequences of their actions, cannot develop
successful strategies for making advantageous
decisions, fail to learn from experience and showna
inability to inhibit behaviors which consistently
produce disastrous consequences. This can cause
loss of social and moral restraints, inappropriate
social conduct and emotional lability.

3. Dorsolateral prefrontal cortex — located on dorsolateral
convexity of the hemisphere.

a. Inputs — receives inputs from all higher orsksnsory
association cortices and from the hippocampal
formation and nucleus accumbens.

b. Outputs — projects widely to motor, sensory amdlic
cortical areas

c. Functions
» The input of integrated memory patterns from the

multisensory association cortices may provide the
basis for synthesizing the complex memory patterns
involved inabstract thinking.
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e The input from the hippocampus appears to provide
the memory substratum farorking memory
which not only provides continual instantaneous
awareness of the world around us but helps totdirec
memory attentiveness and ongoing behavior (see
Memory and Learning lecture handout).

e The input from the nucleus accumbens and other
limbic sites of reward behavior appears important i
providing theinitiative and motivation which
inspires our actions.

» Consistent with these functions lesions of the
dorsolateral prefrontal cortex produoss of
creativity, initiative and curiosity. The patients
showimpaired working memory, apathy,
indifference, motor peseveration and
impersistence, abnormal motor behavioand
stimulus boundednesgunable to shift attention to
other stimuli). This is called th&/ndrome of
frontal abulia. Abulia is loss or impairment of the
ability to form voluntary actions or make decisions
It causes a reduction in speech, movement, thought
and emotional reaction.

|. Emotion

« Emotion can be broken down into @nscious
emotional feelingsprobably mediated by the orbitofrontal
and medial prefrontal cortex and (& physical
manifestationsthat involve the autonomic, endocrine and
skeletomotor response to an emotion, which ardylike
mediated through the hypothalamus and brainsteen (se
Hypothalamus section of Autonomic Nervous Systerh pa
2 lecture handout). For example, when frightenedhoate
only feel afraid, but we experience increased hexaait
respiratory rate, sweating and may use our skelgtimm
system to stand and fight or flee.

* Theamygdala probably plays a pivotal role in the
generation of both phases of emotiosince, as
previously described, it receives sensory inpunfall the
complex sensory association cortices, plays aimole
evaluating the value of sensory stimuli and setgls i
output to the orbitofrontal and medial prefrontaitex
and the hypothalamus. It also plays a roladqguiring,
storing and retrieving conditioned emotional memory
responseghrough a pathway probably involving primary
sensory cortices. higher order sensory cortices
amygdala- limbic prefrontal cortices of the cingulate
gyrus and orbitofrontal cortex for emotional memory
storage.
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J. Motivation

* Motivation is the aggregate of all of the intdrdaves,
needs and motives which at any moment are operative
influence our will and behavior. Motivation cantiate,
sustain, modify and terminate behavior.

* The simplest motivations are tlave statesthat are
produced by the homeostatic processes relatednigenu
thirst and temperature which are described in the
Hypothalamus section of the Autonomic Nervous Syiste
part 2 lecture handout.

* However, motivation can be regulated by othenfttiese
feedback systems that satisfy tissue needs. The mos
potent additional factor in motivating humans is th
hedonic factorwhich can involvepleasure (reward) or
the avoidance of pain (punishment)While we have
described a number of pleasure (reward) centdtgein
hippocampal formation, basal forebrain and anterior
cingulate gyrus probably the most significant redvar
pathway is thelopaminergic pathwayfrom the ventral
tegmental area which projects to the nucleus aceusb
septal area and dorsolateral prefrontal cortex kvplays
an important role in drugs of abuse and addiction
previously described (Section VI). Dopamine appéars
be involved in the anticipation and satisfactioricafd and
sexual rewards. This system plays an importantimote
only in mediating the immediate pleasurable aspects of
natural rewards but also mediates the arousal effects that
are predictive of impending rewardm(icipation).
Incriminated as disorders of the reward systendasg
abuse and addiction, disorders of pain sensation,
depressive syndromes, eating and psychosexual ioeslav
abnormalities and aggressive behavior.

K. Pages 15-18 of this handout are not to be leagd

in any detail.
* They areonly to provide some perspective on where the
four major neurotransmitter systems are located.

Figure 8-29. Neurons and pathways that use acetyloline as a
neurotransmitter.

Some neurotransmitters are found in neurons widely llig&d in the nervous
system. Glutamate, for example, is a common excitatory trémsin neurons
throughout the brain. Similarly, gamma-aminobutyric agid nearly ubiquitous
inhibitory transmitter. In contrast, some transmitteesfatnd only in neurons in
restricted locations (although the axons of these neurondendigtributed
widely). Acetylcholine, the first neurotransmitter todiscovered, is a case in
point. Acetylcholine is of major importance in the perigth@ervous system,
where it is the principal transmitter released by motoraresjmpreganglionic
autonomic neurons, postganglionic parasympathetic neuronssamel
postganglionic sympathetic neurons. Within the brairdiggibution is more
restricted. Acetylcholine is used as a neurotransmitter by sasr@éurons of
the striatum and by some parts of the reticular formatiomvever, the most
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prominent collection of cholinergic neurons in the braifoisid in the basal
nucleus (of Meynert), the septal nuclei and nearby partsedfasal forebrain.
Collectively, these neurons project through the cingulumeattetnal capsule
(the white matter between the claustrum and the lenticular m)c@ed blanket
the cerebral cortex and amygdala with cholinergic endingslditian, some of
the septal neurons send cholinergic axons through thix fiarthe hippocampal
formation.

0 CH 5
CH; C O ~CH, CH,— N™ CH,

CH,

septal 7 cingulum
nuclei

basal
nucleus

caudate nucleus

putamen

;
basal

nucleus

Abbreviations:
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[1l, oculomotor nucleus (representing motor neuronseinegal)

X, dorsal motor nucleus of the vagus (representing pgdigaic autonomic
neurons in general)

HC, hippocampal formation (receiving cholinergic innervatiamf the septal
nuclei)

PSG, parasympathetic ganglion cell

RF, reticular formation

T, thalamus

Figure 8-30. Neurons and pathways that use norepipérine as a
neurotransmitter

Norepinephrine, one of the catecholamine neurotransmitersalled because of
the catechol group, shown in red, that forms part of theeuats), is the
transmitter used by most postganglionic sympathetic neuvditisin the central
nervous system it is found in a series of pontine and taegwmeurons with long,
branching axons that collectively innervate most areas dfrtiie and spinal
cord.
The majority of these noradrenergic neurons (noradrenaliasynonym for
norepinephrine) are located in the locus ceruleus, a catdipigmented cells in
the rostral pons. Others are located in the dorsal motoeusiof the vagus, the
nucleus of the solitary tract, the medullary reticular fornma#iod a few other
sites.
Ascending noradrenergic fibers (mostly from the locusleas) travel through
the brainstem in the dorsal longitudinal fasciculus antraketegmental tract.
When they reach the cerebrum, many of them join the mextfain bundle,
which travels longitudinally through the lateral hypothalamThey then diverge
to innervate practically all cerebral areas. Descending noradrefibegic
(mostly from more caudally located neurons) similarly diegxinnervate the
cerebellum, brainstem and spinal cord.
These diffuse, nearly global projections are clearly unsuitabimediating
functions that depend on precise, point-to-point communitaind it is thought
that instead they are involved in regulating the overall le¥attivity in the
brain, eg, as levels of attention and vigilance vary.
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Abbreviations:
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Figure 8-31. Neurons and pathways that use dopamires a

neurotransmitter

Dopamine is a second major catecholamine neurotransmitter (sd battause
of the catechol group, shown in red, that forms part@htblecule). Most
dopaminergic neurons are located in the midbrain, eithéeisubstantia nigra
(compact part) or in the medially adjacent ventral tegmental Bineg. project
rostrally to most parts of the cerebrum, in three payt@lerlapping streams of
fibers.
The first of these streams is the projection from the anbatnigra (compact
part) to the caudate nucleus and putamen (see figure Bdeguse of its origin
in the midbrain, this nigrostriatal pathway is also refitoeas the mesostriatal
dopaminergic pathway (midbrain = mesencephalon).
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Mesolimbic and mesocortical fibers originate mainly in thetnadtegmental area
and project through the medial forebrain bundle to limblated subcortical
structures (like the amygdala, septal nuclei and ventralstrjednd to cerebral
cortex (especially motor and limbic areas).

Additional dopaminergic neurons are found in the retirthiarthe hypothalamus.
The latter project to the infundibular stalk, where dopaméfeased into
capillaries of the pituitary portal system regulates the g8enref prolactin by the
anterior pituitary.

CH,— CH,— NH,

HO

OH

substantia nigra,
ventral tegmental area

medial
forebrain

bundle to the

amygdala

ventral tegmental area

/

_substantia nigra
(compact part)

Figure 8-32. Neurons and pathways that use serotanas a
neurotransmitter

Serotonin (shown below), a derivative of tryptophansisduas a neurotrans-
mitter by a collection of neurons located at most brainstexls in a series of
raphe* nuclei. Serotoninergic neurons, like noradrenergimonsugive rise to
widely branched axons that innervate most parts of theatemrvous system,
including the hypothalamus (H), striatum (S) and thalag@iisSerotonin, like
norepinephrine, is thought to be involved in regutatime overall level of
activity in the brain.
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*The Greek wordhaphemeans “seam” and is used in this case to refer to the
midline seam between the two halves of the brainstem.
medial

forebrain
‘bundle

raphe
nuclei

amygdala

to the -
hippocampal
formation

to the
spinal cord

ROSTRAL PONS CAUDAL MIDBRAIN

ROSTRAL MEDULLA
CAUDAL PONS

XVI. Functional Subsystems of the Limbic
System of Psychological and Psychiatric

Importance
* Objective: be able to appreciate how different parts of the
limbic system and their associated neurotransnsitstems
might play a role in psychological processes arydlpatric
disorders.
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A. Arousal system
1. In addition to the general arousal systemsrde=stin the

Reticular Formation handout, the limbic system palat

goal-directed and emotional arousaéand is involved in

selectiveattention.
2. Anatomic sites for limbic arousal

 Itis produced by limbic cortical, (cingulate gyraisd
hippocampal formation) and subcortical (amygdaloid,
accumbens, anterior thalamic and septal nucletecen
which are reciprocally connected with many reticula
formation (RF) nuclei. Since many of these areas a
also part of the reward or punishment systems, they
add incentive or motivation that can cause reward
seeking or aversive behavior.

3. Major neurotransmitters involved amousal

» Noradrenergic/adrenergicsystems — Locus ceruleus
(LC) and other lateral RF nuclei project widelythe
limbic system and other cortical areas. They are
involved in general and limbic arousal, selective
attention, vigilance, anxiety and fear reactiond isn
pain and other affective responses. They enhance
cortical arousal, sensory perception and motor.tone
They are also involved in reward and reinforcement
and in drive and aggression.

» Cholinergic systems arise from the basal forebrain
(septal area and substantia innominata includiag th
basal nucleus of Meynert) and from the pedunculo-
pontine nucleus of the low midbrain-upper pons
tegmentum. Project widely to cortex and thalamus. A
maximally active during waking and REM sleep.

» Dopaminergicsystems — from ventral tegmental area
(VTA) project through medial forebrain bundle t@th
hippocampus, amygdala, septal area, cingulate gyrus
nucleus accumbens and prefrontal cortex to help
mediate limbic arousal and reward mechanisms.

» Serotoneragicsystems — raphe nuclei show the highest
discharge rates during arousal, moderate ratesgluri
nonrapid eye movement (non-REM) or slow wave
sleep (SWS) and almost complete quiescence in REM
(rapid eye movement or paradoxical) sleep. Lesudns
the raphe nuclei produce severe insomnia.

» Histaminergic system — located in the tubero-
mamillary nucleus of the caudal hypothalamus.
Discharges tonically during both waking and REM
sleep. Antihistamines cause drowsiness through this
system.

4. Neurotransmitters involved in sleep

» Serotonin may promote non-REM sleep. Destruction

of the raphe nuclei produces severe insomnia.

Schneck__Neuroanatomy_NRO (8/8/2005) Neuroanatom Yy page 189



Neurology Review Course

* Noradrenergic cells in the locus ceruleus and
dopaminergic cells in the VTA inhibit non-REM sleep
and promote waking.

» Acetylcholine produces arousal and promotes REM
sleep.

5. Some neurotransmitters involvedamxiety

» Stimulation of LC (noradrenergic) at moderate levels
results in arousal, increased vigilance and seiecti
attention. High intensity stimulation produces iaty
fear and panic.

* Increased serotoninactivity is also associated with
arousal, fear and anxiety. Many hallucinogenic drug
produce anxiety by increasing serotonin levels.

» Amphetamines stimulate by releasing both
norepinephrine and dopamine.

» Anxiolytic drugs act to inhibit the noradrenergicd
serotonergic systems.

B. Reward and punishment systems

1. Anatomic sites of reward: based on self-stimutatio
experiments, these sites include LC, ventral tegaten
area (VTA), nucleus accumbens, septal area, priairon
cortex, anterior cingulate gyrus and hippocampal
formation.

2. Neurotransmitters in reward systems
* Dopaminefrom the VTA uses the medial forebrain

bundle of the lateral hypothalamus to project ® th
nucleus accumbens, septal area and prefrontakcorte
Amphetamines, cocaine and morphine increase both
dopaminergic activity and self-stimulation (Seeleus
accumbens in Limbic handout for effects of drugs of
abuse and addiction). Dopamine is also involveithén
anticipation and satisfaction of food and sexual
rewards. This system plays an important role ngt on
in mediating the immediate pleasurable aspects of
natural reward, but also in mediating the aroufacts
that are predictive of impending rewards (anticgoat
For example, repeated pairing of auditory or visual
cues followed by reward causes increased
dopaminergic activity at the time of the cue, impty
that dopaminergic neurons encode expectations about
the reward.

* LC stimulation andhoradrenalin administration
enhance self-stimulation through excitatory LC
projections to VTA.

3. Anatomic sites of punishment systemsnclude a
hypothalamic periventricular fiber systemin the walls
of the third ventricle that connects the midbraiplre
nuclei and the limbic system. When stimulated utses
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avoidance behavior and when destroyed it produces a
defect in avoidance.

4. Neurotransmitters in punishment systemsserotonergic
and cholinergic systems have been incriminated.

5. Disorders of reward and punishment systemsdrug
abuse and dependence, disorders of pain sensation,
depressive syndromes, eating and psychosexual
behavioral abnormalities, aggressive behavior.

C. Learning and memory systems
1. Learning and memory as a change in synapiicaeff =

synaptic plasticity

» Learning and memory were classically, but vaguely
attributed to the “wiring diagram” of the brain,,eg
reverberating circuits. As advances in molecular
biology occurred in the 1960s and 1970s the mocul
hypotheses of learning and memory became poplilar.
was thought that learning information could be
encoded in the brain in terms of specific molecwoles
unique proteins such as RNA and DNA. It was
therefore speculated that the molecular code for a
learned experience could be extracted from one
individual and transferred into the brain of anothe
individual. However, a plethora of studies faited
find cumulative evidence for this molecular hypdaiise
Today there is a consensus of opinion amongst
neurobiologists that the neuronal changes assdciate
with learning and memory occur at the level of the
synapse. Studies have shown that animals tramed t
perform specific tasks not only develop new synapse
but also demonstrate changes in existing synapses,
such as increases in the number of synaptic vesicle
and postsynaptic changes related to receptor gpes
density, dendritic branching and density of demdrit
spines. Hence, currently the underlying molecular
events are thought to express themselves through
morphological changes in synapsesymaptic
plasticity. These synaptic changes can occur in young
and old animals and can even occur subsequent to a
single learning experience. Long-term potentiation
phenomena (described with the hippocampal formation
in the Limbic and the Memory and Learning handouts)
likely play a role in synaptic plasticity.

2. Short-term versus long-term memory

» Short-term memory generally refers to recall of
material immediately after it is presented or dgrin
uninterrupted rehearsal. Short-term memory isghbu
to be of limited capacity, holding an average ofese
or eight bits of information at any one time. This
information may be retained for up to several nmasut
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but it will be lost or replaced by new informatidrit is
not sustained by rehearsal.

Long-term memory — refers to the ability to
remember the information after a delay intervatjmy
which the individual’s attention is focused awagyrir
the target information.

3. Declarative (explicit or episodic) versus norideative
(implicit or procedural) memory
» Declarative memoryrefers to the acquisition of facts,

memory that is directly accessible to conscious
awareness and can be declared verbally — sometimes
described as “memory of what.” Examples including
naming the first president of the United States, th
capital of France or the location of the local paf§ite.
These are memories that we must consciously search
our minds to recall. Declarative memory can be
divided into episodic or semantic memagpisodic
memory refers to memory learned at a particular time
or place in one’s life — what you ate for breakfast
where you were or what you were doing when you firs
heard of the Challenger disaster or what were the
words on the list you heard earlier. To recalltdrget
information you must be able to access information
about the time and place of the original event.
Semantic memoryrefers to general knowledge of the
world that is not linked to a particular temporal o
spatial context. Examples would be to define the
words breakfast or disaster or recall the alphabet.
Nondeclarative memoryrefers to various forms of
memory that are not (“usually”) directly accessitde
consciousness. These include skill and habit iegrn
or conditioned learning where memory is expressed
through performance rather than through conscious
recollection. Examples include tying a shoe, gdin
bicycle, driving a car, playing an instrument ofrap
arithmetic. This kind of learning involves altered
behavior, but the stored material is not ordinarily
subject to consciousness. The stored information
usually becomes accessible only by performing the
skill — sometimes described as “memory of how.”
Although some aspects of skills can be declared, th
skill is most often performed automatically without
conscious retrieval of information. In fact cormae
attention to procedural information can sometimes
disrupt performance of the skill.

Another form of nondeclarative memory involves ou
conditional emotional responses to externally or
internally generated stimuli.
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4. Learning and memory systems are inextricably relatd
to the arousal and reward-punishment systemsince
arousal supplies the necessary alertness andiattemid
reward-punishment provides motivation. All these
systems utilize similar brain structures, pathwayd
neurotransmitters. For example, both the LC and
amygdala are important in selective attention ded t
reward-punishment systems. Lesions of the LC imats
cause perseveration of inappropriate behavioreaszd
distractibility and over-inclusiveness of attentiohhe
amygdala may help encode, store and retrieve ttierhe
gualities (rewarding or aversive) of all sensomnsti
(like recognition of emotion in faces).

5. Anatomic sites important in learning and memory
» Bilateral hippocampus lesions cause loss of tecen

memory with preservation of remote memories.

* Memory defects also occur after damage to
diencephalic structures like the medial dorsal and
anterior nuclei of the thalamus and the mammillary
bodies which are all directly or indirectly conretto
the hippocampus by the fornix.

» Association cortices — localization of complex
mnemonic functions (see Cortex handout).

6. “Models” of the neuroanatomy of memory
» Two major unique pathways have been proposed for

mediating declarative and nondeclarative memory.

» Thedeclarative memory systenis hypothesized to
use a pathway from sensory input to the primary
sensory cortices. higher order sensory cortices
parahippocampal gyrus and hippocampugrefrontal
cortex with or without an intermediate relay in the
medial thalamus (and this thalamic relay may occur
with or without the participation of the mammillary
bodies and mammillothalamic tract). From both the
prefrontal cortex and parahippocampal gyrus thare ¢
be feedback to the sensory association cortices
presumably for storage of long-term memory. The
basal forebrain cholinergic system projects tgatts
of this pathway and can likely facilitate its adyv

* Thenondeclarative memory system for motor
learning is proposed to use a pathway from primary
sensory cortices- higher order sensory cortices
striatum-globus pallidus. pons base- cerebellum-
ventral thalamus- premotor and supplementary motor
cortices presumably for procedural or habitual megmo
storage.

» The pathway for nondeclarative memory for
conditioned emotional responseprobably involves
primary sensory cortices higher order sensory
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cortices— anygdala— limbic cortices of cingulate
gyrus and prefrontal cortex for emotional memory
storage.

» The evidence for these hypothetical systems comes
from animal studies, correlating patient lesiongwi
memory defects and functional imaging of memory
processes in normal humans. For example, patients
with lesions in the medial temporal lobe or medial
thalamus have declarative memory deficits but tlte s
able to learn some habitual tasks, while patieris w
basal ganglia diseases like Parkinson’s disease or
Huntington’s chorea have difficulty with
nondeclarative motor memory and relatively normal
declarative memory. Likewise, patients with lesions
involving limbic structures like the amygdala have
difficulty learning new conditioned emotional
responses while retaining relatively normal dediaea
memory and nondeclarative memory from motor tasks.

7. Neurotransmitters in learning and memory: the
cholinergic systems of the basal nucleus of Meynert
substantia innominata and septal region which ptdge
the hippocampus and other extensive cortical regaoa
dramatically reduced in the early stages of Alzlezim
dementia. There are also significant reductions in

serotonin, norepinephrine and cortical glutamaiel (a

possibly an increase in aluminum levels in the

hippocampus, septal area, amygdala and cerebtakgor

D. Disorders of mood: depression, mania and
anxiety are often thought of as disorders of the

reward and punishment systems.

1. A potential anatomic site for familial unipolar and
bipolar depression has been identified in cingulate
gyrus ventral to the genu of the corpus callosum the
subgenual region of the prefrontal cortexby positron
emission tomography and functional MRi.the
depressive phase of the illness activity in thggae is
decreased and there is nearly a 50% reductiorein th
volume in this region. In patients with bipolarehse this
area shows increased activity during the manicghas
This area has extensive connections with limbigoresg
involved in emotion like the amygdala, lateral
hypothalamus and the nucleus accumbens, as welttas
the noradrenergic, serotonergic and dopaminergic
neurotransmitters systems of the brainstem. Fuyrther
people with lesions in this area have difficulty
experiencing emotion and have abnormal autonomic
responses to emotionally arousing stimuli. Irnitati
lesions of this area can cause episodes of anger an
aggressive behavior.
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2. Neurotransmitters involved in unipolar or bipolar
depression — depresssion appears to be related to a
dysregulation of the noradrenergic, serotonergic ath
dopaminergic systemdor the following reasons.

» Drugs effective in treating depression act primary
on the noradrenergic and serotonergic pathways.
For example, the tricyclic antidepressants inhgt
uptake of both norepinephrine and serotonin and
synapses, thereby prolonging their synaptic actions
The selective serotonin reuptake inhibitors dosthime
for serotonin.

» The dopaminergic systemis likely also involved in
depression because of its role in positive motbrati
and pleasure. Also the noradrenergic system stiesila
the dopaminergic system.

» Other mechanismsare also likely involved in
depression. Theholinergic systemmay be involved
because it excites the locus ceruleus. Further,
antidepressant drugs also have some effects on the
cholinergic system. In additioexcess secretion of
adrenocorticotrophic hormone occurs in depression
and some depressive patients show adrenal gland
enlargement. This is likely caused byiacreased
secretion of corticotrophin-releasing hormone
whose release is stimulated by both the noradremerg
and cholinergic system.

3. Anxiety disordersfall into four major categories, all
related tanorepinephrine or serotonin dysfunction.

» Panic attacks — locus ceruleuss thought to be
involved because its noradrenergic cells responst mo
effectively to stimuli that produce intense feals@
panic disorders respond well to tricyclic antideysant
drugs.

» Post-traumatic stress disorders -thought to be
produced by &yperactive noradrenergic system
because some patients excrete high levels of
norepinephrine in their urine, uncontrolled stress
produces major increases in noradrenergic levdlsen
brain and drugs that reduce noradrenergic trangmiss
can reduce the symptoms.

» Generalized anxiety disorders- appear to be related
to an abnormality in thaction of GABAergic
neurons upon the serotonergic systenbrugs like the
benzodiazepines librium and valium which enhance
GABA activity are effective in treating the disordes
are the major antidepressants.

» Obsessive-compulsive disorder appears to be
related to a disturbance of the basal ganglia,césibe
the pathway that connects the head of the caudate to
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the prefrontal cortex. This GABAergic pathway
appears to be hyperactiven obsessive-compulsive
disorder. Since the disorder responds to selective
serotonin uptake inhibitors it is thought that the
extensiveserotonergic innervation of the head of the
caudatemay be involved.

E. Schizophrenia (a splitting of the mind)

1. Schizophrenia has been viewed as a failurbeohormal
integration of the arousal, reward-punishment,neeay-
memory and cognition systems. This “fragmentatbn
the mind” can express itself inappropriate affect or
psychotic episodesvhere the patient’s thought processes
arenot able to test reality correctly,ie, such patients are
unable to examine their beliefs and perceptions
realistically and to compare them to what is atyual
happening in the world.

2. The chroni¢negative symptoms” of schizophrenia,
which often precede or intervene between psychotic
episodes, reflect the absence of certain normadisoc
interpersonal behaviors. These include social iewiaand
withdrawal, impairment of normal fulfillment of egpted
roles, odd behavior and ideas, neglect of perdoygiene
and blunted affect.

3. The“positive symptoms” of schizophrenia occurring
during the psychotic episodes include loss of tgali
testing, memory disturbances, delusions and
hallucinations.

4. Anatomical abnormalities that may be seen énttains
of some schizophrenics
* Reduction in cerebral blood flowin particularly the

left head of the caudate, left globus pallidus and
frontal lobes.

» The cortex of the medial temporal lobe is thinner
and thenippocampus is smaller particularly on the
left side. These first two findings suggest that the
hippocampus, prefrontal cortex and globus pallhes
part of a cognitive system that is impaired in
schizophrenics.

* Aloss of brain volumeparticularly in frontal and
temporal lobes, manifested by widening of their
cortical sulci and an enlargement of the lateral an
third ventricles.

* When schizophrenics with classical auditory-vérba
hallucinations were examined by PET scdunsng
their hallucinations they showed activation of
pathways that normally participate in the functions
inferotemporal cortex which is critically involved in
the discrimination of objects and prosopagnosias Th
closed loop pathway includes the inferotemporaiecor
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- ventral striatum- pars reticulata of substantia nigra

- VA nucleus thalamus. inferotemporal cortex.

These hallucinations may be caused by excessive

dopamine stimulation of the ventral striatum, which

causes the pars reticulata to increase the acof/MA
nucleus of the thalamus and thereby the inferater
temporal cortex.

5. Neurotransmitters involved in schizophrenia

a. The classical theory thépaminergic overactivity

from the VTA over the medial forebrain bundle to the
nucleus accumbens, amygdala and prefrontal cortex
was based on the following observations.

* Many effective antipsychotic drugs block one or
more of the types of dopamine receptors.

* Drugs that increase dopamine levels like L-DOPA,
cocaine and amphetamines can induce psychotic
episodes resembling paranoid schizophrenia.

b. However, antipsychotic drugs typically relies@ne

but not all the symptoms of schizophrenia. Further,

some antipsychotic drugs also have some effects on

other neurotransmitter systems. Hence, there recur
evidence thabther neurotransmitter systems may
play a role in the etiology of schizophrenia

including the cholinergic, noradrenergic, serotgier

histaminergic and GABAergic systems.

Paraventric Dorsomedial \\
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Figure 10-1. Schematic diagram of the medial hypothalamicutlei. Nuclei in
the supraoptic region are in blue. The paraventricular goéasptic nuclei are
dark blue; the suprachiasmatic and anterior nuclei of thethgfamus are light
blue. Nuclei of the middle or tuberal region of the hjxatamus are yellow.
Nuclei of the caudal or mammillary region are shades of rieel pfeoptic area
lies rostral to the anterior hypothalamic region and clasgisategarded as a
forebrain derivative functionally related to the hypothalanffaiom Carpenter
and SutinHuman Neuroanatomyl983; courtesy of Williams & Wilkins.)
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Fig 19-15.Transverse sections through supraoptic (A), infundibi@aand

mammillary (C) portions of human hypothalamus (afteriCet al, ‘38) Ent,
entopeduncular nucleus.
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6. Functions of hypothalamus
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a. Parasympathetic control — stim. ant. and med.
hypothal. Sympathetic control — stim. post. and lat
hypothal.

b. Motor expression of behavior and emotion
» Sham rage — stim. post. hypothal. or lesion VM
» Sleep — lesion post. hypothal.

» Wakefulness — lesion ant. hypoth.

c. Temperature control

» Post. hypoth. responds to low temp. by heat
production mechanisms; lesion-poikilothermia

» Ant. hypoth. responds to high temp by heat loss
mechanisms; lesion-hyperthermia.
d. Hunger
* Ventromedial Nu-satiety center — if lesioned
hyperphagia and obesity

» Lat. hypoth. — feeding center — if lesioned
hypophagia and starve — also drinking center in Lat
Hypoth.

e. Supraoptic Nu produces ADH post. hypophysis-
prevents HO diuresis — lesion produces diabetes
insipidus
Paraventricular Nu produces oxytoGinpost.
hypophysis— milk ejection and uterine contraction

f. Regulates anterior lobe of hypophysis — thru
hypophyseal-portal circulation
» Paraventr., ant. and post Nu — corticotrophin RH,

ant. hypothal and med. preoptic-gonadotrophic RH,
ant. and post. Nu — somatotrophin RH, DM and VM
Nu — thyrotropin RH

g. Suprachiasmatic Nu — endogenous neural pacemake
lesion destroys circadian rhythms of sleeping and
wakefulness, drinking, locomotion,
adrenocorticosteroid secretion

h. Positive reward (pleasure) centers — MFB steshg
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