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ABSTRACT This paper deals with the experimental production of involuntary
movements and abnormal tonus in macaques (Macaca mulatta) and their alterations
in these animals and in children with cerebral palsy and other cerebral lesions.

The first major subdivision of the paper has three parts. The first part describes
the effects of lesions in the macaque cerebral hemispheres, ranging from a small de-
structive lesion in area 4 to an essentially complete bicortectomy. The case histories of
a few patients document some of the results. The second part reports the effects of
lesions in the macaque cerebellum ranging from small vermal injuries to complete
cerebellectomies. The third part is concerned with successive lesions in the cerebellum
and cerebral hemispheres of macagues and with planned cerebellar lesions in a few
children with grave hypertonicity and marked involuntary movements. This sub-
division is illustrated with photographs of the monkeys and the children at various
stages of the procedures, photographs of many monkey brains at postmortem, and
some photomicrographs showing lesions.

The second major subdivision has a discussion of the anatomic and the physiologic
bases for the experimental results obtained and for the operations on the children.
It correlates the material presented with data from the literature and is illustrated
with photomicrographs of degenerated tracts and with diagrams. The paper stresses
the balancing of cerebral hemisphere and cerebellar discharges in the regulation of
tonus and in the stabilizing of movements, It discusses the possibility of producing
a more effective tonus by making carefully planned lesions in cerebellar areas of

animals or of children with highly handicapping hypertonicity.

INTRODUCTION

For over ten years the two senior authors
and, of later years, the two junior authors
as well have been studying, by experi-
mental procedures on primates and in clin-
ical cases, various alterations in tonus and
the development of involuntary move-
ments. This study has required a rather
extensive consideration of the interrela-
tions of various parts of the nervous sys-
tem and an appreciation of the interplay of
the discharges of certain brain regions
with those of other parts of it. Partial sub-
stitution in function — such as that of an
intact cortical area for certain activities of
an injured cortical field — and the initia-
tion of activity in one cortical region as a
result of the firing from some distant cor-
tical area have also had to be taken into
account.

The fact that one is dealing with com-
plex activities of the nervous system, that

is, not merely with the functioning areas
themselves but with the activities of inter-
balancing neuron arcs, has been increas-
ingly apparent with the progress of the
investigation. The tremendous importance
of the higher centers as regulatory mecha-
nisms of brain stem and spinal cord activi-
ties has also been emphasized by these
studies.

Various reports (Schneider and Crosby,
54, 60, ’63a, b; Crosby, ’56) have been
made and several lectures given by the
senior members of the group during the
progress of this work. Previously published
work will be referred to as briefly as is con-
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sistent with its correlation with the very
much larger bulk of unpublished observa-
tions to be presented. Of course the pres-
ent report leaves many questions unan-
swered.

MATERIALS AND METHODS

From a wide range of experimental and
clinical material, the results of many ex-
perimental procedures and the case his-
tories of several patients have been se-
lected for presentation in this article, be-
cause they afford documentation of the
material presented and of the viewpoints
suggested. More than double the number
of experiments on monkeys which are re-
ported in this paper have been carried out
and various other patients with symptoms
similar to those described have been seen.
A considerable number of the experimental
results are not discussed because they are
merely confirmatory. Certain experiments
were unsuccessful, because the stimula-
tions or the ablations were poorly located
or because the animal succumbed before
he could be properly tested.

Many of the animals were kept for con-
siderable periods (in some cases for over
three years) to demonstrate how much
substitution of function occurred and what
permanent behavioral changes resulted
from the lesions. Many of the operations
were additive. For example, tremor and/
or hypotonicity or hypertonicity were pro-
duced by one or more operations and then
altered by further operative procedures.
Certain animals, the brains of which were
to be processed by one of several special
techniques, were sacrificed at such times
following the operations as were believed
to be most advantageous for the technical
procedures.

Preoperative and postoperative exami-
nations were carried out. Detailed case
histories were kept and are still available.
Badly handicapped animals received ex-
cellent nursing care. For animals in which
the cortex had been ablated bilaterally, a
special, balanced diet, a hammock to pre-
vent the development of sores due to pres-
sure, frequent turning from side to side,
baths, passive motion to prevent contrac-
tures, and other supportive methods were
employed. The special walkers used for a
monkey with a cerebellectomy and bilat-

eral removal of the upper and the lower
extremity regions of area 4 are shown in
the figures (figs. 1 and 2). Monkeys which
had had hemicortectomies or massive cere-
bellar lesions were removed from their
cages frequently and encouraged in many
ways to walk. Nursing care for the mon-
keys with extensive brain lesions and
careful and frequent testing of all the
animals are necessities if satisfactory ob-
servations and results are to be obtained.

After a few trial experiments had been
made, ether was almost invariably used if
stimulation was to be carried out. In some
cases, where only ablations were contem-
plated, a barbiturate (usually Pentothal
but occasionally Suritol) was used in dos-
ages appropriate for the body weight of the
animal. In some of the longer operations
— and particularly in the cortectomies and
the hemispherectomies — intravenous in-
jections of fluid were given during the op-
eration. Normal saline or other fluids and
penicillin were injected postoperatively
after most major operations. The experi-
ments were carried out under sterile neuro-
surgical technique.

In many cases, direct exposure of the
operative site was obtained by a craniec-
tomy. Stimulation of the areas thus ex-
posed and stimulation and/or destruction
of deep structures were carried out by use
of the Grass stimulator (earlier, Type C;
later, Type D). Stimulation and/or de-
struction of deep structures stereotactically
were effected by use of the Chicago Lab-
Tronics apparatus. The strength of the
current employed was usually between
three and eight volts, the pulse frequency
usually 40, and the duration of the stimu-
lus 1-5 msec.

The animals were sacrificed by adminis-
tration of an overdose of ether or a barbi-
turate, followed by intravital injection of
the fixative (such as 10% or 15% buffered
formalin, or ammoniated alcohol) to be
used in further processing. The brains
were removed, the sites of the lesions were
checked, and, in many cases, photographs
were taken to document the findings. Var-
ious standard techniques were employed,
such as Weil and thionin staining methods
and Marchi, pyridine silver, and Nauta-
Gygax techniques, for preparation of the



Fig. 1 Animal in barrel walker.

Fig. 2 Animal in canvas sling walker.
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microscopic material. Not all of these are
llustrated.

The microscopic material was checked
carefully to determine the location, the
extent, and the character of the lesion.
Often photomicrographs were made of in-
formative sections.

For many of the monkeys and for the
patients, frequent records of the behavioral
changes, the motor deficits, the shifts in
tonus, the presence or the absence of in-
voluntary movements, and any other varia-
tions from the normal were acquired by
use of the moving picture camera. It has
been possible to obtain some “stills” from
these records, but the authors have no
satisfactory way to reproduce, in a pub-
lished article, this most valuable part of
the documentation of the results of the
experiments on the monkeys or of the op-
erations here reported on patients. Some
photographs for publication have been
taken with an ordinary camera.

EXPERIMENTAL RESULTS

Lesions of cerebral hemisphere(s)

The cortical lesions in this series of ex-
periments range from destruction of a
small part of area 4 to bilateral cortec-
tomies. In some cases, the basal ganglia
were included, wholly or in part, in the
lesion. Many of the lesions were additive,
beginning as small involvements of por-
tions of one cortical field. Then the lesion
was increased, area by area, until the
total territory destroyed was very large. In
other instances, a complete hemicortec-
tomy or hemispherectomy was effected in
one operation.

In the presentation which follows, the
general effects of a particular type of lesion
are given first, based on data accumulated
from the records of all the monkeys in the
series that had had this type of lesion. The
documentation of the statements made
follows (in small print) by presenting the
actual case histories of one or more mon-
keys with such an injury. Supporting evi-
dence is provided from photographs, photo-
micrographs, and “stills” from moving pic-
ture records.

Lesions in area 4

When area 4 is stimulated to establish
the precise location of the various parts of

the motor pattern and a lesion then placed
in some special portion of the area (for ex-
ample, the region from which, on stimula-
tion, movements of the contralateral thumb
or a sneer on the face on the side opposite
to the excitation are produced), a slight
hypotonia of the involved part of the face
or body results (figs. 3a and b). Such a
hypotonia disappears within a short time
of the operation, often within a day.

Following small lesions in area 4 which
give contralateral extremity or face move-
ments, there is a permanent loss of very
precise movements, most noticeable when
the finger, the toe, or the lip is involved.
Complete destruction of area 4 on one side
results in a contralateral hemiplegia with
the loss of discrete, highly specialized
movements such as bending of one finger.
This is most marked in movements of the
fingers and the toes. With bilateral re-
moval of area 4, a quadriplegia appears,
with a permanent, bilateral loss of highly
discrete motor performance and a difficulty
in eating and in vocalization. Because of
the difficulty in eating, in many bilateral
ablations of area 4, the face area was
spared at least on one side.

In bilateral removals of area 4, the tonus
remains approximately normal, or slightly
below normal, providing the ablation is
superficial and no other areas are involved
in the lesion. The animal walks and climbs
very well again within a short time, al-
though his hands and feet are paretic.

A bilateral frontoparietal craniectomy was per-
formed on Monkey 5276, on November 10, 1960.
The dura was retracted, the motor area iden-
tified, and the regions producing contralateral
lower extremity, upper extremity, and face move-
ments were established by stimulation. The face
area was spared but the remainder of area 4 was
undercut, bilaterally, in both the paracentral and
the precentral regions.

Throughout the postoperative period, from
November 12 to December 1, the animal showed
a loss of precise, individual movements of the
fingers and the toes. He walked with a shuffling
movement of his feet but he climbed the cage
walls fairly well. From the time he had recovered
from the anesthetic, there was an approximately
normal tonus in both upper and lower extremities
and in the trunk. On December 1, 1960, area 6
was removed on the right (see p. 7).

Lesions in motor and sensory strips

If areas 3, 1, and 2 are destroyed uni-
laterally, a sensory loss appears on the side
opposite the lesion. Although the threshold
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Fig. 3

(a) Flaccid monoplegia in a child resulting from a lesion in the forearm and hand regions

of left area 4. (b) Comparable left monoplegia in monkey from a similar lesion in the right area 4.

(Reprinted from the Proceedings of the Second International Meeting of Neurobiologists,

Amster-

dam, ’59, by permission of the publishers, Elsevier Publishing Company — Schneider and Crosby, ’60).

for painful and gross tactile stimuli may
be slightly higher on the side contralateral
to the lesion, the animal responds to both
types of stimuli very readily after the
operation, possibly suggesting that they
may come into consciousness at subcorti-
cal levels. When an animal with this type
of lesion handles an object there is, possi-
bly, some evidence of a loss of discrimi-
natory tactile sensibility in the hand con-
tralateral to the lesion in the way he tends
to feel the object with the intact hand. His
loss of positional sense is evident not only
in placing tests but also in his increased
difficulty in climbing the cage. Such an
animal frequently catches his hand or
foot in the meshes of the cage and some-
times injures himself badly. Bilateral abla-
tion of areas 3, 2, and 1 was distinctly dis-
advantageous to the animal.

A motor pattern, which may be regarded
as an extension of that on area 4 (Penfield
and Rasmussen, ’50), or as evidence of
the existence of a supplementary motor
area in the somesthetic cortex (Foerster,

’31), is easily elicitable on stimulation of
the sensory strip. It has been demon-
strated by stimulation in the paracentral
and the postcentral regions of many of the
monkeys which have been studied (Crosby,
Humphrey and Showers, '59). However,
destruction of areas 3, 1, and 2, without
involvement of area 4, produced no recog-
nizable motor defects in our monkeys, a
fact which may favor regarding the re-
gion as a second motor (or supplementary
motor, or extrapyramidal) area as Foerster
has done (see also p. 55).

On May 25, 1958, a bilateral craniectomy was
performed on a female monkey (4806) which had
been normal in respect to motor power and tonus
on preoperative testing. The areas along each
fissure were exposed and the regions giving leg
and foot movements were identified by stimula-
tion in each paracentral area and were destroyed
bilaterally. The lesion was carried back behind
each motor area to involve the adjoining somes-
thetic cortex.

The following day, an inability to carry out dis-
crete movements with the toes, a paretic position
of the feet when at rest, and a loss of positional
sense in both feet were very evident. The loss of
positional sense was highly disadvantageous to
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the animal in walking and climbing. The loss of
fine tactile sensibility was not demonstrated sat-
isfactorily. There was evidence of a slight hyper-
tonicity in the involved extremities as late as
July 1, 1958. Gradually, during July, the tonus
became approximately normal but the sensory
loss and the motor deficits were unchanged
(fig. 4). On July 22, a right hemispherectomy
was carried out on this animal.

A similar operation was performed on Monkey
4755 with confirmation of these results. However,
Monkey 4755 had less hypotonia and this hypo-
tonia disappeared earlier.

On February 8, 1958, the areas on each side of
each central fissure giving leg and foot move-
ments were identified by stimulation and de-
stroyed in Monkey 600. A slight hypotonicity of
the legs and the feet was demonstrable immedi-
ately postoperatively but disappeared rapidly.
Testing, on March 5, showed an animal with a
normal tonus but inability to place satisfactorily
with the feet and so a demonstrable loss of posi-
tional sense. On November 18, 1958, the motor
and the somesthetic fields for face and upper
extremity areas on each side of each central fis-
sure were identified and destroyed bilaterally. In
the immediate postoperative period, the monkey
had a mild increase in tonus in all extremities
which, however, soon became normal. Fine move-
ments of the hands and around the mouth were
lacking and there were obvious sensory deficits,
which showed particularly in the loss of posi-
tional sense on the upper extremities. There was

Fig. 4 Monkey 4806, July 17, 1958.

an inability to place with the four extremities.
The animal had difficulty in eating and swallow-
ing because of the lesions in the face areas of the
cortex. No other lesion was placed and, on
December 14, 1958, the animal was sacrificed
and the extent and the positions of the lesions
verified in postmortem material.

Bilateral removal of the motor and the somes-
thetic areas along the central fissure in the regions
verified by stimulation to be related to upper and
lower extremity movements was carried out on
Monkey 732, on November 7, 1957. The motion
pictures taken on November 14, 1957 showed a
somewhat belligerent animal that was able to
walk and to jump up on the cage readily, but that
could not hang onto the meshes with his normal
dexterity. There was, possibly, a very slight in-
crease in tonus in the lower extremities. On
November 21, 1957, the animal had a left subtotal
hemispherectomy (p. 36).

On November 20, 1958, the arm and the leg
areas on either side of the left central fissure were
identified by stimulation and destroyed in Monkey
4929. The lesion was continued down to the
corpus callosum on the medial hemisphere wall
and invaded area 5 directly posterior to the main
lesion. Postoperatively, the animal had a motor
deficit on the side opposite the lesion, most evi-
dent in the loss of fine movements of the fingers
and the toes, a loss of positional sense on the
involved limbs, and a mild hypotonicity. The
sensory loss was permanent. The tonus rapidly
became normal. By December 1, 1958, the animal
could walk and climb quite well. He had, how-
ever, a tendency to hold his affected arm in ex-
tension as he sat in the cage. Discrete, individual
movements of the fingers were no longer possible
and he was unable to recognize the position of
these digits, The animal died of diarrhea on
December 6, 1958. The locations of the lesions
were verified in the postmortem material.

Lesions involving areas 4 and 6

Since it has sometimes been proposed
that hypertonicity results from the addi-
tion of lesions of area 4s and/or area 6
to injuries in area 4, unilateral and bilat-
eral ablations were made in all three areas
in several macaques. Some of these abla-
tions were carried back into the somes-
thetic cortex.

The results may be summed up by stat-
ing that the tonus tended to be slightly
below normal in animals with one-sided
involvements but was either approximately
normal or slightly and transiently de-
creased in animals with bilateral lesions.
A grasp reflex (fig. 14) could be demon-
strated postoperatively if area 6 was in-
volved bilaterally but often could not be
elicited when only one area 6 was ablated
(see Travis, '55).
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The operated animals showed a lack of
fine movements of the extremities (par-
ticularly of their distal parts) but they
could walk and climb. There was a loss
of positional sense demonstrable on the
extremities contralateral to the lesion if
this lesion involved the somesthetic cortex.
The amount of the loss was consonant
with the precise location and extent of the
lesion. There may have been some lower-
ing of discriminatory tactile sensibility
contralateral to the involvement more
readily demonstrable on the hand. How-
ever, none of the tests on tactile discrimi-
nation were entirely unequivocal.

In Monkey 2003, a left craniectomy was per-
formed on November 4, 1954. The dura was
reflected and areas 4 and 6 were stimulated to
identify the regions giving upper extremity move-
ments. These regions were ablated. Quite pos-
sibly area 4s was invaded by the lesion. Post-
operatively the monkey showed a loss of fine
movements of the fingers on the side opposite to
the lesion and a hypotonicity in the distal part
of the upper extremity on this same side.

On November 11, 1954, a similar lesion was
placed in the right hemisphere, the region to be
ablated being determined again by stimulation.
Following this second lesion, the tonus was still
below normal in both upper extremities. Indi-
vidual finger movements were impossible on either
hand.

The animal lived for six months after the last
operation. His status remained unchanged, except
that the hypotonicity lessened and the tonus was
approximately normal. Examination of the brain
suggested that there had been a slight abrasion
of the somesthetic cortex in the arm area on the
left, as well as the intended bilateral lesions in
areas 4 and 6,

Monkey 5276, that has been reported on (p. 4)
as having undergone a bilateral ablation of the
upper and lower extremity regions of area 4, was
reoperated on December 1, 1960. At this later
date, area 6 was also removed on the right. Post-
operatively, there were no recognized changes in
the animal’s status nor did it change during the
next two months, up to the time that he was
released to another experimenter. No grasp reflex
was demonstrated, although Travis reported (’55)
a slight transient grasp reflex on the removal of
one premotor area in the monkey. The deficits
from the earlier operation remained but his tonus
was normal.

Lesions in cortical areas other
than area 4

In order to assess the motor perform-
ance, after lesions in supplementary motor
or extrapyramidal areas but in the pres-
ence of intact areas 4, a series of small
ablations in various cortical regions was

carried out. The results varied depending
upon the site of the lesion.

On November 4, 1955, the skull was trephined
on the left and the temporal lobe exposed in
Monkey 2013. The rostral end of the lobe and
the superior temporal gyrus were spared but the
remainder of the temporal cortex was removed.
There were no overt changes in behavior. One
week later, by a similar procedure, the corres-
ponding areas of the right temporal lobe were
removed and an attempt made to ligate the right
anterior choroidal artery. The day following the
operation the animal showed some posturing of
his extremities and possibly a slight increase in
tonus. These signs of possible basal ganglion in-
volvement persisted for at least three weeks.

The animal had been borrowed for the experi-
ments and was returned to his owner following
tests on December 8, 1955, However, reports were
received of the postmortem examination of the
brain when the animal was sacrificed. This ex-
amination indicated that the division of the ante-
rior choroidal artery had not been successful.
There was some hemorrhage into the striatum.

In a series of monkeys used for demonstration
of the homolateral and contralateral face move-
ments obtainable on stimulation of the rostral
part of the temporal lobe (Schuneider and Croshy,
’54), only a slight hypotonicity, or possibly a nor-
mal tonus, was present after a one-sided lesion
and perhaps a slightly increased tonus after bi-
lateral ablations. The movements obtained on
stimulation of this temporal area and the slight
hypertonicity present on bilateral destruction have
been verified in various experiments. The move-
ments elicitable throughout the extent of the
temporal lobe have been reported by Dr. DeJonge
in a separate publication.

In 1955, the results of a series of experiments
dealing with parietal lobe stimulations to deter-
mine the patterns of movements clicitable from
supplementary motor areas 5 and 7 were pub-
lished by Fleming and Crosby (°53). Excision
of areas 5 and 7 resulted in a slight transient
hypotonia and some impairment, which was also
transient, of the use of the contralateral extrem-
ities in the performance of movements. At the
time the series was done, this was spoken of as
“a slight transient impairment of the voluntary
use of the contralateral arm and leg.” In retro-
spect it seems probable that this was a sensory
apraxia due to the destruction of the sensory
association arcs in the parietal cortex.

A lesion was made in the lower half of area 6
on the lateral surface of the left hemisphere in a
female macaque, Monkey 5406, on August 2, 1961,
Postmortem verification of the site of the lesion
indicated that it extended also slightly ventral to
the arcuate fissure. The animal recovered rapidly
from the operation, moving around the cage freely
on the same day. On August 3, no deficit in
motor power, no abnormalities in tonus, and no
grasp reflex could be elicited. However, not all of
the upper extremity area had been involved in the
lesion. There was an inability to close the eye on
the side of the lesion due quite certainly to the
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extension of the lesion beyond area 6. During the
succeeding two weeks the status of the animal
remained unchanged.

On August 17, 1961, a lesion was placed in the
face area of the cortex at the base of the parietal
fissure on the right, the area being identified by
stimulation. No observed changes in tonus, be-
havior, or motor power followed this lesion, The
animal was sacrificed September 6, 1961, and the
site of the lesion verified.

Hemicortectomies in monkeys

All of the monkeys with total or sub-
total hemicortectomies had a homonymous
hemianopia on the side opposite the lesion,
so that objects brought into the lateral side
of the visual field contralateral to the cor-
tectomy did not produce head and eye de-
viations even when the monkeys responded
to stimulation of the visual field on the side
of the lesion by turning the head or eyes
in that direction. It was not always possi-
ble to obtain satisfactory results on every
examination of each monkey because
sometimes the animal would not cooperate.
In some monkeys, the loss of following eye
movements away from the side of the
lesion was demonstrated, but again, not all
monkeys could be interested in the pro-
cedure. With few exceptions, if the eyes
were watched during a unilateral removal
of the frontal cortex, they deviated toward
the side of the lesion. Sometimes, because
of the exigencies of the operation this re-
action was not noted. As the monkey re-
covered from the anesthetic, following a
hemicortectomy, such eye deviation was
often present and often persisted post-
operatively for a time.

Monkey 4806, that underwent a right
hemispherectomy, on July 22, 1958, showed
deviation of the eyes toward the side of
the lesion on July 25. Monkey 3516 had a
tendency to keep his eyes turned toward
the left following a left cortectomy and
this response was still evident two weeks
after the experimental procedure although
he could readily turn his eyes in all direc-
tions if he wished to do so. Monkey 4981,
semicomatose for several days after a left
hemicortectomy on May 4, 1959, had a
postoperative forced deviation of the eyes
toward the left; however, this deviation
was not evident on May 15, when the ani-
mal’s condition was such as to warrant an
extensive examination.

Without exception, all of the monkeys
which suffered subtotal or total hemicor-
tectomies had a loss of positional sense on
the side opposite the lesion. Such an ani-
mal had an inability to place. His difficulty
in learning to walk again was markedly
due to a lack of knowledge of the location
of his extremities, since he improved more
rapidly after the examiner showed his fore-
leg to him and persuaded him to walk
with it as he tried to move forward on
four feet. Some monkeys quite definitely
watched the involved forefoot as they tried
to walk (for example Monkey 4981). The
way the monkey placed his paretic hand
and foot on the cage meshes so that a
finger or toe was caught and often
abraided may be regarded as another ex-
ample of a sensory deficit on the appropri-
ate side.

The monkeys tested after hemicortec-
tomies responded to superficial and deep
pain and gross tactile stimuli on either
side of the body, although the responses
to such stimulation were a trifle slower
on the side contralateral to the lesion in
some of these animals. It is possible that
this slowing was due to the motor loss on
the side opposite the lesion. The present
experimenters, however, are not inclined
to accept this as the only explanation since
a monkey with a lesion only in one somes-
thetic cortex did not react quite so readily
(particularly if the stimuli were not very
strong) to painful or tactile excitation on
the side contralateral as on the side homo-
lateral to the cortical destruction. In a few
cases some evidence was obtained that
suggested that, although tactile sensibility
was retained bilaterally after hemicor-
tectomies, there was some lack in tactile
discrimination. A monkey that was really
curious about some object would always
pick it up with the hand on the side of the
lesion (that is, the unaffected hand), al-
though before the operation he had showed
no handedness. It seems probable that
this was largely due to his motor deficit in
the contralateral upper limb. However,
after the object was in his unaffected
hand, if he were sufficiently curious, he
might not only lock at it and perhaps taste
and/or smell it but he might also rub it
between his fingers. With the object in the
affected hand, the monkey made mno at-
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tempt to examine it until he had trans-
ferred it to the other hand. The proof for
loss of tactile discrimination in these hemi-
cortectomized monkeys is certainly equiv-
ocal.

Occasionally, after a hemicortecomy, a
monkey acted as if he did not recognize
his extremities on the side opposite the
lesion as belonging to himself. Such a
monkey often had more than the usual
difficulty in learning to walk again al-
though he made excellent progression
movements. Monkey 2007 illustrated this
curious condition which represents a kind
of loss of body scheme. In the two mon-
keys where this condition was better rec-
ognized, it was not possible to determine
whether it had any relation to handedness.
Many, but not all, of our monkeys ap-
peared to be ambidextrous. In man, the
inability of a patient to recognize a part of
his body as belonging to himself (although
he may identify it as a hand or foot) is
regarded as indicative of a lesion in the
parietal association cortex usually of the
nondominant (Critchley, ’53) but some-
times of the dominant (Nielsen, '58) hemi-
sphere.

All of the monkeys with a hemicortec-
tomy had a loss of highly specialized, dis-
crete movements, particularly evident in
the performance of the individual fingers
and toes. When such a monkey had a
small object placed in his affected hand,
he did not grasp it between his thumb and
index finger but closed all, or nearly all,
the fingers of his hand about it. In climb-
ing, he grasped the cage wires with all of
his fingers in a combined and relatively
gross movement. Although, after a one-
sided cortectomy or hemispherectomy, a
monkey was not able to stand, he was
usually pulling himself around the cage
within a day or so after the operation,
standing upright by leaning with the un-
impaired side of the body against the cage
wall, and attempting to climb within a
week, or less, postoperatively, if his recov-
ery were not hindered by infection, hemor-
rhage, or some unrelated illness. A hemi-
cortectomized or hemispherectomized mon-
key learns to walk again and to climb very
well, and within a surprisingly short time,
but none of those studied in this series
ever regained individual finger and toe

movements or recovered from his sensory
disabilities. When the animal tried to
walk or climb, the fingers and the toes flat-
tened out (or curled against the wire), a
condition which persisted for several years.
Sometimes, a reflex very like the Babinski
was obtained, in hemicortectomized mon-
keys, on the paretic lower extremity but it
was not always possible to elicit it, The
affected hand or foot was often held in a
paretic pose, when the animal was at rest,
even though he walked and climbed quite
well.

All of the animals with hemicortec-
tomies (like monkeys with unilateral fron-
tal ablations) showed circling or repetitive
movements. Monkeys kept for a long time
after the cortex had been removed on one
side still exhibited stereotyped responses
typical of frontal lobe involvement. Mon-
key 5398 who had had a cortectomy on
August 8, 1961 and was kept without fur-
ther operation until August 7, 1963 still
showed, at this later date, the typical re-
petitive and stereotyped movements char-
acteristic of a frontal lobe ablation.

After a unilateral cortectomy, a monkey
still makes sounds that presumably are his
means of communicating his sentiments
about a given situation to his fellow mon-
keys and probably to the world in general.
Such speech, and studies by those com-
petent to judge state that the monkey has
speech (Lockard, ’48), may be largely
emotional in type, with bilateral repre-
sentation in the cortex and projection to
lower centers over corticchypothalamic
and extrapyramidal systems. The crying
and the movements sometimes obtained,
in response to painful stimulation, from a
bilaterally decorticate monkey or from a
child with generalized cortical deficiency
undoubtedly require only intact arcs from
the thalamus through the hypothalamus
or the basal ganglia to produce them.

Very shortly after a hemicortectomy, a
monkey may have an essentially normal
tonus or may show a slight hypotonicity.
However, when in addition to the removal
of the cortex there is an involvement of
the lenticular nucleus, some increase of
tone is usually demonstrable. If the lentic-
ular lesion is quite large, clasp-knife rigid-
ity (or hypertonicity suggesting it) often
develops.
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Where one caudate nucleus is involved
to any considerable extent, head deviation
occurs. If the caudate on the other side is
injured in the same operation, there is no
deviation of the head, then, to either side.
The head deviation is of fairly short dura-
tion. With caudate injuries there is a
tendency toward hypotonicity, but where
the destruction of the caudate is only a
part of the experimental picture this hypo-
tonicity may not appear.

On April 29, 1958, the skull of Monkey 4755
was trephined and the dura retracted to reveal
the paracentral, the precentral, and the postcen-
tral gyri in each hemisphere. The regions were
stimulated to verify the positions of areas giving
lower extremity movements and such areas were
ablated with a sucker. The animal had an un-
complicated recovery. Postoperatively, she walked
around the cage easily although her toes were
unduly straight, She climbed less well because
of the bilateral loss of individual toe movement
on the hindlegs and a handicapping loss of
positional sense on the lower extremities, espe-
cially on the feet. The inability to place with the
feet was demonstrated. No abnormalities of tonus
were noted.

On June 26, 1958, the opening in the skull was
further enlarged to reveal area 6 and the dorsal
part of the prefrontal area on the left. The motor
pattern on area 6 was demonstrated and area 6
was ablated on both the medial and the lateral
surfaces of the left hemisphere. The lesion ex-
tended a short distance rostral to area 6 into the
prefrontal area, Immediately postoperatively, the
animal showed some shock effects but recovered
rapidly from the procedure. She was hyperkinetic,
exhibited marked curiosity, and showed a tend-
ency to perform stereotyped movements — all
signs of frontal lobe involvement, No change in
tonus or in her previous motor and sensory handi-
caps was noted, except a slight tendency to pos-
ture with the right hindleg. This might be inter-
preted as a motor apraxia, due to involvement
of area 6. There was no grasp reflex.

On July 11, 1958, the skull opening was again
enlarged in Monkey 4755 and the dura resected to
reveal the medial surface and the dorsal part of
the lateral surface of area 5, bilaterally. The
cortical areas 5 were stimulated to delimit the
regions from which lower exiremity movements
had been reported (Fleming and Crosby, ’55) and
these regions were ablated with a sucker. Follow-
ing this ablation the animal was in excellent con-
dition. She was still hyperkinetic, although per-
haps not quite so overactive as before this last
procedure. She showed more posturing of the
lower extremities, particularly of the right hind
limb, than before with the general appearance of
increased tonus. Possibly a parietal lobe apraxia
had also been added to her other deficits. The
motor and the sensory losses incurred from the
first experiments of course still persisted. Never-
theless, the animal walked quite well and climbed
all around the cage. During the period between

July 12 and September 30, she was tested repeat-
edly. Immediately after the operation, the tonus
may have been slightly above normal in the lower
extremities but, by July 17, it was essentially
normal and remained so up to September 30.

On September 30, 1958, the skull opening was
carried farther away from the midline on the
left, in order to expose the arm and the face
areas of area 4 on that side. These regions were
identified by stimulation and abiated. Postopera-
tively, the animal showed a right central facial
paresis (which implies a motor weakness of the
lower part of the face) and a paresis of the right
upper extremity, in addition to the earlier deficits.
The right upper extremity had a typical paretic
pose and fine, individual finger movements were
not possible on the right. No increase in tonus
was noted. The animal moved around the cage
and still climbed the cage walls although less
well than did the unoperated animals.

On October 6, 1958, the skull was reopened on
the right to reveal right area 4. The region from
which upper extremity movements were obtain-
able on stimulation was ablated. Postoperative
testing showed a paretic left upper extremity hav-
ing a loss of fine movements, along with the
defects accumulated from the earlier operations.

On November 27, 1958, a left craniectomy was
performed, the dura retracted and the remaining
cortex removed from the left hemisphere. Al-
though there were evidences of shock following
this procedure, within two days she was trying to
move her extremities even though she was prone
on the cage floor. By four days after the hemi-
cortectomy, the monkey was attempting to climb
the cage wall. However, when removed from the
cage, she fell as she tried to walk. The inability
to walk appeared to be due particularly to her
loss of positional sense on both lower extremities
and the right upper extremity, so that she was
not able to place her feet properly for maintain-
ing an upright position. With a little help and a
little practice she learned to walk within ten days
of the last experimental procedure, although she
had a tendency to walk with her left side close
to the wall. Perhaps this was due to her tendency
to circle toward that side which was marked after
the hemicortectomy. She had evident piloerection
over the shoulders.

When tested, the animal showed a right ho-
monymous hemianopia. Light reflexes were nor-
mal. She had a right hemiplegia involving trunk
and extremities, the lower part of the face and
the one side of the tongue. She also had a paresis
of the left lower extremity. There was a slight
overactivity of the deep reflexes in the knees, more
particularly in the knee on the left, but other-
wise there were no overt evidences of increased
tone except a certain stiffness in pose suggesting
hypertonicity in the legs. The hand and the feet
were held in a paretic pose when the animal was
not moving about the cage. When rechecked on
January 7, the animal showed little change except
some passive resistance to movement of the left
lower extremity at the hip as well as at the knee.
This waxed and waned and it was difficult to be
sure that it was not due to uncooperativeness on
the part of the animal. She continued to be hyper-
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kinetic and given to repetitive movements al-
though she gradually circled less unless excited
or angry.

During the period between January 7 and May
5, 1959, the animal was checked frequently. She
remained in good general health and gradually
stabilized. The piloerection over the shoulders
still was evident and the monkey still performed
stereotyped movements if excited but she was less
irritable than earlier. The same motor and the
sensory deficits were present as on January 7.
She was still unable to perform individual move-
ments of the involved fingers and toes. The deep
reflexes were increased in both legs and in the
wrist on the right and there was some evidence
of a right wrist drop. The tail was extended.
There was a slight extensor tonus at the knee and
the ankle on the right although none could be
demonstrated on the left. The pose indicated
some extensor tonus. It is to be remembered that
at this time the animal had lesions in both hemi-
spheres, greater on the left than on the right.
On May 5, 1959, further operative procedures
were carried out on this monkey.

On May 12, 1959, a left craniectomy was per-
formed on a previously unoperated male monkey
(Monkey 4981) and all the cortex removed from
the left hemisphere except for small remnants in
the precommissural septal area and in the hippo-
campal gyrus. Although the animal was awake
that night he was still obtunded the next day.
At that time he was hemiparetic on the right and
held the right lower extremity extended and the
right upper arm flexed. There was a further
minor increase in tone. There was a loss of posi-
tional sense, as evidenced by his inability to place
on the right, and a right homonymous hemi-
anopia. A tactile loss was hard to assess. Light
reflexes were normal.

By May 15, 1959, the animal was beginning to
drag himself around the cage by his arms and
was trying to feed himself. The extension of the
right lower extremity and the flexion of the right
upper extremity were no longer evident and there
was no clear indication of further increase of
tone. The other deficits were as reported earlier.

When the animal was removed from the cage
for examination on May 16, and held by the body
with all extremities extended downward, he could
move all of them. However, if he were placed in
a walking position, the right extremities dragged
as if he did not know where they were, suggest-
ing a handicap in locomotion from the loss of
positional sense. One finger had an abrasion
where he had caught it on the cage. When laid
on his normal side and then turned over, he
responded by attempting to turn back. He had a
loss of fine movements, most noticeable on the
fingers of the right hand and the toes of the right
foot. The right homonymous hemianopia noted
earlier was, of course, permanent.

The monkey improved very rapidly and, by
May 18, could feed himself quite well and could
stand and even walk a little by leaning against
the wall. By May 28, his walking had improved
and he was learning to climb the walls of the
cage. By May 27, he had become quite active and
could walk and climb quite rapidly. Because of

a tendency to circle toward the side of the lesion,
due to the frontal lobe destruction, he preferred
to walk along the wall with his left side toward
it. It was felt that he used the wall not only for
support but to prevent circling. In walking, he
stretched out his right paretic upper extremity
and placed it very carefully, often looking at it,
and he dragged his right lower exiremity slightly.
The same increased tonus persisted. There was
an obvious loss of fine movements of the fingers
and the toes,

The animal was watched carefully during the
summer and examined frequently. The report on
October 6, 1959, approximately 5 months after
the operation, states that the monkey could climb
around the cage quite easily. When not using his
right arm he held it in the typical hemiparetic
position. He had obviously lost fine movements of
the fingers and the toes. When taken out of the
cage for examination, the fingers were flexed with
the thumb turned in, on the right. The right arm
was slightly hypertonic as compared with the
left. The right foot with its extended toes had
the appearance characteristic of a hemiplegic foot
and the right leg was slightly extended. How-
ever, only a minimal increase of tonus was de-
monstrable in the right leg when compared with
that found in the left leg.

Among other animals with subtotal unilateral
cortectomies (some with and some without basal
ganglion involvements) were Monkeys 772, 874
(fig. 5e,f), 3998 (fig. Sa), 4109, 4981a, 5028
(fig. 5¢,d), 5316 and 5337 (fig. 5b). The results
obtained from observations of these animals were
confirmatory of those described, differing only in
minor details. Their case histories are available
but space does not permit their presentation in
this paper.

On February 4, 1955, a left craniectomy was
performed and the dura retracted on Monkey
2007. Both the cortex and the basal ganglia were
removed on the left. Fluid was given by intra-
venous injection during the operation. In spite
of this, postoperatively the animal showed con-
siderable shock.

By February 6, the monkey had begun to re-
cover and, at that time, showed a hemiparesis
on the side opposite the lesion, evidenced particu-
larly by the paretic positions of the hand and the
foot and the loss of highly specialized movements.
There was a lack of placing on the right and a
right homonymous hemianopia. At this time, the
animal was unable to stand.

During the succeeding two weeks, although the
motor and the sensory deficits present on Feb-
ruary 6 remained, the animal gradually regained
an upright position and, by the end of the period,
could walk quite well. He was decidedly hyper-
kinetic and moved restlessly backward and for-
ward in the cage in the stereotyped manner of
a monkey with a large frontal Iobe lesion.

Attempts to take movies of this animal, on
March 14, were unsuccessful since, as soon as
the lights were turned on, he crouched down on
the bottom of the cage. At other times he exhib-
ited whirling movements and a tendency to jump
toward the side of the lesion. On the slightest
stimulation, he showed rage responses, baring
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Fig. 5 Postmortem views of the brains from Monkeys (a) 3998, (b) 5337, (c-d) 5028, (e—f) 874,

his teeth and grabbing the floor of the cage and
shaking it vigorously. He had piloerection partic-
ularly around the shoulders. There was some
increase in tone in his right arm but no true
spasticity, It was difficult to determine to what
extent the increased tonus was due to the animal’s
unwillingness to cooperate. He often stood on
three legs with the right foot mnot touching the
floor. Possibly this was an indication of his loss
of positional sense. When not walking, he kept
his right arm flexed without movement of hand
or forearm. He acted as if he did not know the
right side existed, even though he could walk.

On March 24, the animal showed a clasp-knife
rigidity and a dorsiflexion of the right ankle. The
right arm was held in a hemiplegic position. Con-
siderable movement of the right arm and leg were
possible on the side opposite the lesion, but fine
movements of fingers and toes were lacking on
that side. The circling movements toward the
left and the jumping toward the left when ex-
cited persisted and the animal still appeared
hyperkinetic and also highly enraged. On Septem-
ber 29, 1955, the right cerebellar hemisphere was
cxcised.
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On July 26, 1960, a left cortectomy was per-
formed on Monkey 4997, with slight invasion of
the head of the caudate but with the remainder
of the basal ganglia and the thalamus uninjured.
On the day following the operation, the animal
had a pronounced head deviation (which per-
sisted for several days) and a hemiparesis on
the side opposite the lesion. There was no in-
creased tonus.

By July 28, the monkey could pull himself
around the cage with his left arm, could stand if
supported by the cage wall, and was beginning to
feed himself. When tested on August 1, he showed
a right homonymous hemianopia, an inability to
place on the right, possibly some evidences of a
loss of discriminatory tactile sensibility, particu-
larly on his hand (indicated by his better recogni-
tion of an object, such as a grape when it was
placed in his left rather than his right hand and
he was not permitted to look at it), and a mild
hypotonicity with a loss of fine movements on
the right, Strength appeared to be somewhat bet-
ter in the upper extremity than in the lower. The
circling to the left, due to the frontal lobe involve-
ment, still remained, but the turning of the head
was no longer evident. The animal was in ex-
cellent physical condition and was already trying
to walk by leaning against the wall. During the
succeeding days, he learned to walk and climb
very well. Except for the loss of individual move-
ments of the fingers and toes, the motor weakness
was not apparent. The loss of positional sense
was marked and was probably his greatest
handicap. The right homonymous hemianopia
remained. The tone was approximately normal.
The animal was sacrificed on September 22, 1962.

Another monkey (Monkey 571), in which the
cortex on the left hemisphere was removed and
the caudate nucleus injured, was sluggish and
sleepy, but moved all extremities on the day
following operation (September 5, 1958), She
was not able to stand or to move around the cage.

On September 6, she began pulling herself
around the cage and when, on September 8, she
was removed from the cage for better examina-
tion, it was found that she could stand erect and
could walk if she leaned against the wall for
support. As usual, such support was needed on
the side of the body on which the lesion had been
made, that is, on the side opposite the hemi-
paresis. Testing showed a loss of placing of the
involved upper and lower extremities and that
fact, together with the way the animal dragged
her foot, suggested a loss of positional sense on
the side opposite the lesion. The tests for loss of
discriminatory tactile sense were not satisfactory.
There was an evident loss of individual finger
and toe movements on the side of the hemiplegia,
a slight head deviation due to a caudate involve-
ment, and a right homonymous hemianopia.
There was a tendency to hold the right arm in a
somewhat flexed position at the elbow when the
animal was at rest, but no true increase in tonus
was demonstrable, The head deviation disap-
peared before the end of the month, but the other
losses persisted. When moving pictures were
taken on October 16, the tendency of the animal
to circle due to the frontal lobe involvement was

Fig. 6 Monkey 571, November 11, 1958, fol-
lowing left hemispherectomy.

very evident although she could walk quite well.
Her arm was held in a somewhat flexed position
at the elbow with the fingers outstretched (fig. 6).
Her slight awkwardness, possibly an apraxia, was
revealed as she moved around the cage. During
the next month there was little change. How-
ever, pictures taken during November showed the
posturing of the right hand (fig. 6) and the right
hindleg. At no time had this animal shown an
increase in tonus. On November 13, 1958, the
monkey underwent a further operative procedure.

Hemicortectomies in children

Total or subtotal hemicortectomies in-
volving the non-dominant hemisphere in
man produce many of the same signs seen
in the monkey. There is a contralateral
homonymous hemianopia, a loss of posi-
tional sense and of highly discriminatory
tactile sensibility in man (it is hard to
prove in the monkey) and an astereognosis
on the side opposite to the lesion. Some-
times apraxias or other signs of involve-
ment of the associational fields may ap-
pear. There are fewer changes of associ-
ational type in a child in which a hemi-
sphere lesion has developed earlier than
in an adult who had a relatively normal
cortex bilaterally for many years. Presum-
ably, the child never built any (or many)
associational patterns in the injured cor-
tical area and so lost little when it was
removed.

On the motor side, there will be a per-
manent loss of fine movements (such as
individual finger movements), a central
paresis of the lower part of the face, the
tongue, and the uvula on the side opposite
the lesion and often a transient deviation of
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the eyes toward the side of the lesion. The
child, like the monkey, may walk again
and carry on a fairly normal life. He may
even be better adjusted to his surroundings
than preoperatively. This is not meant to
imply that the intellectual potential of any
normal individual will not be significantly
lessened by a hemicortectomy or a hemi-
spherectomy. Removal of the cortex from
the dominant hemisphere is avoided if
possible.

LAUREN had had a stormy birth history, hav-
ing been the product of a rather prolonged and
difficult labor. At nine months she was diagnosed
as a cerebral palsy child but she did not have her
first convulsive seizure, which involved the left
arm and the left leg, until she was eight years
old. She continued to have seizures intermittently
for some time but they gradually became worse
until they were very severe and of two types. One
type was a left Jacksonian seizure; the other was
of psychomotor or temporal lobe type with asso-
ciated déja vu phenomena and macropsia. A
neurosurgeon, Dr. Francis Martin, performed
a pneumoencephalogram and demonstrated a
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marked cerebral atrophy and dilation of the lat-
eral ventricle on the right. Every attempt was
made to control this child’s seizures by anticon-
vulsant medication but all attempts failed. She
was then referred to the neurosurgical group at
the University of Michigan Medical Center for a
right hemispherectomy.

At the time of her admission to the University
of Michigan Medical Center Lauren was 15 years
old. She had a childish type of behavior. She
had bursts of laughter, a marked interest in the
opposite sex, and a rather bizarre type of behavior
pattern.

Injection of the carotid arteries, bilaterally,
demonstrated a thrombosed or undeveloped right
middle cerebral artery. Both of the anterior cere-
bral arteries filled from a right-sided injection.
An electroencephalogram showed that the en-
tire right hemisphere had a marked delta
wave pattern.

A right frontotemporoparietal craniectomy was
performed on November 30, 1960 and a huge
porencephalic lesion, following the distribution of
the middle cerebral artery, was disclosed (fig. 7).
Electrocortigraphic recordings taken during the
operation showed a hemispheric abnormality on
the right. An almost complete right hemispherec-
tomy was performed with an attempt to spare

Fig. 7 Porencephalic cyst of right frontotemporoparietal region.

This figure, and figure 8, are reproduced from the Journal of the Michigan State Medical Society, 62:
175-204, Schneider and Crosby (’63), by permission of the publishers.
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the anterior cerebral artery in order to provide
collateral blood supply to the left hemisphere.
Postoperatively, the child did well for 12 hours.
Then she had an increase in blood pressure, di-
minished respiration, and dilated fixed pupils.
She was returned to the operating room and a
large clot was found in the space where the xight
hemisphere had been removed., The tentorium
was cut and the wound closed. The child made
an uneventful recovery.

Pastoperatively, this child has remained seizure
free. She has less spasticity in her left upper
extremity than before operation (fig. 8), In gen-
eral, her mental development and her behavior
are better than preoperatively. Her school work
has gradually improved and she graduated from
high school in June, 1964.

Bilateral cortectomies in monkeys

Total and subtotal bicortectomies, some
with and some without basal ganglion in-

Fig. 8 Lauren two years postoperatively.
For acknowledgment, sece figure 7.

volvement, were attempted and seven ani-
mals survived. All of these bicortectomies
were the final results of additive lesions,
for, in the series here reported, the cortex
was not removed on both sides at a single
operation. Sometimes a series of opera-
tions was employed in producing a bicor-
ticate animal. All seven animals which
had undergone bilateral cortectomies (Mon-
keys 571, 732, 4755, 4806, 4865, 4981,
and 5398) showed certain common defi-
cits and certain typical reactions.

Five of the animals in this group had
apparently complete cortical blindness
(even though there was a little sparing of
the inferior occipital region on the right
in Monkey 4806). Monkey 571 had some
useful vision on the left due to a deliberate
sparing of the right occipital cortex and
part, at least, of the radiations to it. In
these monkeys, that were otherwise blind,
a slow blinking sometimes occurred when
the hand was thrust suddenly toward the
animal’s face, but the experimenters were
never quite certain that this was due to vis-
ual stimulation (that is, arcs which relayed
through the superior colliculus and never
reached the cortex). It is conceivable that
it was brought about by stimulation of the
face from the air currents set up by the
moving object. All of the monkeys, of
course, had light reflexes which do not
depend on arcs through the cortex.

Even when the animals were not too
stiff to move their limbs, no placing could
be elicited and there is little question that
all types of discriminatory somesthetic re-
sponses were lacking. Taste and smell
were not checked. The animals jerked
when sudden loud noises were made, such
as clapping the hands or dropping a tin
pan. That they recognized tones of differ-
ent pitch is probable (though not proven
here) in view of the experimental work of
Diamond and Neff (°57) and others, but
there was no evidence that the sounds
the monkeys heard were very meaningful.
The animals responded to touching and
sometimes to painful stimuli by jerky
movements,

Precise, fine movements of single fingers
or toes were lacking bilaterally. The ani-
mal with a total or subtotal bicortectomy
did not walk, stand erect, feed or care for
himself, or carry on any purposeful activ-
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ity. Unless very ill, he slept and awakened
approximately the normal amount. He
was not in coma. He even had some sort
of dim awareness when he was moved
about and sometimes cried, but he had no
interest in his surroundings unless actively
stimulated. He displayed no ambition or
intelligence. Consequently, even when the
hypertonicity was reduced by removal of
some of the cerebellum and he might con-
ceivably have walked again, and certainly
fed himself, he showed no desire to do
anything at all. He had reached the point
of no return.

Such bicorticate animals had a loss of
precise, fine movements most marked on
the extremities and a similar loss of cor-
tical automatic associated movements so
that they often had very expressionless
faces. On stimulation, such animals gave
jerky responses and, if the tonus were not
too great, moved all extremities in what
certainly appeared to be progression move-
ments. Finally, the tonus which followed
the first cortectomy was approximately nor-
mal after the animal had stabilized, pro-
viding the basal ganglia had not been
greatly involved. In those animals in
which there had been considerable involve-
ment of the basal ganglia, there was evi-
dence of increased hypertonicity, although
it was not very incapacitating in amount
and was most evident when the animal
was at rest (p. 13). In the bilateral cortec-
tomies this was not true. Whether there
were some bilateral (Monkey 4806) or
limited unilateral (Monkeys 571, 4865)
basal ganglion lesions, or no basal gan-
glion involvement (Monkeys 4755, 5398),
there was a gradual development of hyper-
tonicity, which ultimately became an opis-
thotonos if the monkey survived long
enough.

On November 13, 1958, Monkey 571, that had
survived (p. 13) with the usual deficits, a left-
sided removal of the cerebral cortex and portions
of the basal ganglia, was reoperated and a sub-
total removal of the right cerebral cortex was
carried out with sparing of the occipital and some
of the adjoining portions of the posterior temporal
and the posterior parietal cortices. Postopera-
tively, the animal gave jerky movements when
touched.

Because of her weakened condition, she was
not fully tested until four days after her opera-
tion. At that time, her right arm and, to a slightly
less degree, her right leg, were extended and

rigid, with the right foot fanned and the toes
extended. The extremities on the left were slightly
flaccid. The left upper extremity was flexed but
there was some ability to move the fingers. The
head was bent backward in opisthotonos, the
pupils were equal and reacted to light, and the
eves deviated to the right (fig. 9). Pinching of
the trunk or of either leg resulted in a flexion of
the left arm and the right leg and a flipping
movement of the right leg toward the left. These
movements were followed by a clonic Jacksonian
seizure in which the right arm extended and
revolved around the shoulder, the right leg ex-
tended, and the eyes turned up (fig. 10). In the
postictal stage, the right leg relaxed.

By December 1, there was increased tonus on
the left as well as on the right, but not so severe.
When the animal was stimulated, the head raised
slightly and the eyes jerked upward toward the
left, Both right extremities were rigid, with the
lower one extended and the upper one adducted
and held posteriorly. In an attempt to relieve the
tonus, a suboccipital craniotomy was carried out,
the dura reflected, and an attempt made to re-
move part of the cerebellum. The animal suc-
cumbed.

Postmortem examination showed that nearly
all of the cortex had been removed from the left
hemisphere of Monkey 571 except for small rem-
nants in the region of the lamina terminalis and
in the temporal lobe, where a small part of the
amygdala had been spared. The putamen had
been destroyed and there was an invasion of the
globus pallidus, the dorsal thalamus, and the
midbrain. There was considerable injury to the
head of the caudate. On the right, (fig. 11) the
cortex had been removed except for the inten-
tional sparing of the occipital lobe and the more
posterior temporal and parietal areas (fig. 12).

The early experimental data on Monkey 4755
has already beecn reported (p. 10). On May 5,
1959 a second and a right cortectomy was cax-
ried out. Examination, on May 6, showed that
the upper part of the animal’s body and head
were tilted toward the left, with the chin turned
toward the right. There was increased extensor
tonus in both lower extremities, but, although the
right leg was rigidly extended, the left leg could
be moved at ankle, knee, and hip. Both upper
extremities could be moved at all jeints and
marked grasp reflexes could be elicited except
from the very rigid right foot. An action tremor
was present in the upper extremities. The eves
had to-and-fro movements, the eyelids showed
fluttering movements, and the left eye was open.
The animal was blind but had light reflexes.

As the animal lay on her left side on May 8,
the right arm was flexed at the elbow and the
wrist and the fingers were extended. Some move-
ment occurred in this extremity when the animal
was touched. The right leg was flexed at all
joints. The extensor tonus was increased on the
left. When the animal was turned on her right
side, the position of the extremities remained the
same except that the right leg was extended.
Strong grasp reflexes were elicitable from all
extremities.



Fig. 9 Monkey 571, November 18, 1958, following an incomplete bilateral cortectomy.
Fig. 10 Monkey 571 during a seizure.

Fig. 11 Brain of Monkey 571 showing incomplete bilateral cortectomy.
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Fig. 12 a-b Brain of Monkey 571. (a) Section through the right lateral and ventral
nuclei of the dorsal thalamus to show the sparing of the basal ganglia and thalamus, 6 X.
(b) Section through the rostral midbrain and caudal end of the pulvinar showing the
spared corticotectal fibers (arrow), 6 X,
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Fig. 12 c~d (¢) Section through the medulla at the level of the vagal and hypoglossal
nuclei. On the left note the marked degeneration of the pyramidal tract and on the right
only some hint of early degeneration, 9 X. (d) Planes of sections a, b, and c.
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During the succeeding days, there was in-
creased tonus on the left and some clenching of
the right fist. The animal made no attempt to
eat, but would swallow food placed in her mouth.
She developed a violent tremor on being moved
or fed. She had no interest in anything and had
only a slight grade of awareness, vet she was not
in coma and not asleep. She was provided with a
foam rubber mattress and, finally, a hammock
when she developed a pressure sore. The arms
were bandaged in splints to try to prevent contrac-
tures. She was given baths and actually had the
services of a technician who had been an army
nurse. By May 15, her rigidity was extreme al-
though she did try to move a little and learned
to suck from a bottle (fig. 13). On June 18, 1959,
portions of the cerebellum were removed.

Monkey 4806 (p. 55, having the usual effects of
a right hemicortectomy (with evidence of a slight
basal ganglion involvement), had the cerebral
cortex removed on the left on December 9, 1958,
By the next day she showed the beginning of
hypertonicity and marked motor deficits. She
could not stand and did not move around in the
cage. On December 11, there was marked rigidity
on the left, slightly greater in the leg than in
the arm. On the right, the tonus was approxi-
mately normal and on this side, a grasp reflex
(fig. 14) could be demonstrated. The bilateral loss
of fine movements and the sensory defects, in-
cluding blindness, were as to be expected. Light
reflexes were present. The animal developed Jack-

Fig. 13 Monkey 4755 on June 9, 1859.

Fig. 14 Monkey 4806, December 23,
with pronounced grasp reflex after bilateral
cortectomy.

1958,

sonian convulsions in which the lower extremities
moved alternately and the arm on the side of the
second lesion grasped the monkey’s head. The
right arm either did not move or grasped her
right foot.

On December 16, 1958, the monkey showed
marked hypertonicity although the tonus was
perhaps slightly less on the right than on the left.
On December 23, there was mot much change.
The lower extremities and the left arm showed
marked rigidity and the hand was bent at the
metacarpal-phalangeal joints. The right arm was
flexed with the fist clenched. The monkey had a
masked face (fig. 15). There was an intention
tremor. The hair was erected over the upper part
of the body, but there was a decrease in the early
irritability and some lethargy. The animal was
sacrificed and the brain photographed on January
4, 1959.

Postmortem examination of the brain of Mon-
key 4806 showed that, on the right side, there
had been some preservation of a small inferior
portion of the occipital cortex and of the adjoin-
ing temporal cortex and that the lenticular nu-
cleus had been slightly injured. On the left, the
entire cortex, the putamen, and the outer part of
the globus pallidus had been removed.

On August 8, 1961, Monkey 5398 had had a
left hemicortectomy and, 21 days later, showed
the usual effects of such a procedure after an
animal had stabilized. He walked well, but had
a loss of fine movements on the right, an inability
to place, a loss of positional sense on that side,
and a right homonymous hemianopia.

On August 29, a part of the right cexrebral cor-
tex was removed through a right craniectomy.
On the following day, the animal lay on the
bottom of his cage and showed some increased
tonus but could move all extremities. Up to the
time of his death, September 3, from an acute
massive brain hemorrhage from the anterior cere-
bral artery (fig. 16), a slight hypotonicity per-
sisted on the side of the lesion. He moved the
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Fig. 15 Monkey 4806, December 23, 1958, one
week following the second cortectomy.

Fig. 16 Postmortem appearance of brain of
Monkey 5398.

right side better than the left side, where marked
hypertonicity was developing. The left hand was
clenched and the left arm bent at wrist and elbow.
He blinked when a hand was thrust suddenly
before his eves (whether as the result of visual or
tactile stimulation) but otherwise gave no evi-
dence of having cortical vision. Light reflexes
were present,

Postmortem examination showed that Monkey
5398 had had a complete left cortectomy with a

sparing of the basal ganglia and the thalamus.
On the right, the front end of the cerebral cortex,
the hippocampus and the amygdala had been
removed. There was marked evidence of a large
hemorrhage (fig. 16).

Bilateral cortectomies in children

Bilateral subtotal or total destruction of
the cerebral cortex in man, as in the mon-
key, represents a condition from which
there is no return and a loss for which
there is no useful substitution. A child
with such a devastating lesion resembles in
many ways the monkeys with subtotal and
total bicortications. The following case
history illustrates these statements.

SUSAN was said to have been perfectly normal
until 14 months of age at which time she devel-
oped an ear infection and had a temperature of
105°, During this illness she convulsed for a
period of 13 hours, after which she had a residual
left hemiparesis and a left internal strabismus.
From that time, the child had convulsive seizures
which were clonic and tonic. Sometimes she
would lie down on the floor and just stare into
space. These occurred 20 or 30 times a day in
spite of careful anticonvulsive therapy.

When she was three vears old, she was exam-
ined by the neurosurgery staff at the Univexsity
of Michigan Medical Center. There was an
equinus deformity of the left foot, with ankylosis
of the left ankle. The legs were of equal length.
There was a right pelvic tilt. The child was ex-
tremely umncooperative and irritable. She could
not speak plainly and it was difficult to evaluate
her mental status and intelligence. Except for
the internal strabismus on the left, indicating a
paralysis of the ipsilateral abducens nerve, her
cranial nerves were normal. There was marked
weakness of the left arm and the left leg. She
had a circumduction type of gait and was quite
unsteady. The deep reflexes on the left were
hyperactive and the Babinski positive on that
side.

The child’s skull and chest films were normal.
Her pneumoencephalogram demonstrated a mark-
ed degree of right cerebral atrophy. Her electro-
encephalogram showed maximal involvement of
the right hemisphere with occasional shifts of
slower waves into the left hemisphere. Seizure
formations were present in any two seconds of
the patient’s recording. The greatest spike bursts,
however, were predominantly on the right side.

On July 19, 1954, the patient had a right fronto-
parietotemyporal craniotomy with electrocorticog-
raphy; a right hemispherectomy was performed.
Postoperatively she convulsed, requiring pentothal
for her seizures. Her temperature spiked to 108°.
Following this, the child had coma and decere-
brate rigidity. She was maintained on dilantin,
phenobarbital, anticonvulsants, and gavage feed-
ing. The fever persisted, averaging around 101°
daily with spikes to 103°. She developed severe
opisthotonos and marked decerebrate rigidity (fig.
17). Repeated lumbar punctures were negative.
She had a slight urinary tract infection.
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Fig. 17 Susan in the posture of decerebrate rigidity.

Second International Meeting of Neurobiologists,
Elsevier Publishing Company — Schneider and

The patient cried in response to deep pain.
Motor examination showed that the patient re-
sisted flexion of the left elbow and extension of
the wrists and the fingers bilaterally. In the lower
extremities, full flexion of the thighs and knees
occurred with resistance. No clonus was demon-
strable. The reflexes were slightly hyperactive in
the right upper extremity and the ankle jerks
were absent in both lower extremities. There was
a left extensor plantar reflex. There were no
purposeless movements and no atrophy of the
muscles.

The child succumbed at Caro State Hospital
approximately five months after operation. She
remained in a decerebrate condition until her
death.

Post mortem examination disclosed the cortex
on the unoperated side was thin and degenerated.
The bilaterality of the cortical lesion was the
cause of the opisthotonos.

Lesions in cerebellum

The cerebellar lesions selected as the
basis for the present account differed
widely as to size, depth, and location. They
varied from a small lesion in the vermis
or one hemisphere to such major involve-
ments as subtotal or total cerebellectomies.
Concomitant with the size and the location

B —

(Reprinted from the Proceedings of the
Amsterdam, 1959, by permission of the publishers,
Crosby, 60).

of a particular lesion, the effects varied
from no observable permanent loss to
major incapacitation following widespread
cerebellar destruction.

Lesions in vermis

Stimulation of points on the pyramis or
the uvula may bring about eye deviations
(Cranmer, ’51; Crosby, 53a, b; and others;
monkeys of the present series). A small
lesion in the vermal part of the posterior
lobe apparently produces no overt signs.
Large lesions, which more or less com-
pletely destroy the posterior vermis (often
including both the vermal cortex and the
underlying fastigial nuclei), have very
definite effects. After such an ablation,
the animal is hypotonic and has a crouched
wide-based gait, the spread of the hind-
limbs being more marked than that of the
forelimbs. If only the posterior vermis
(including the nodule) is involved, the
monkey’s head tilts backward. This tilting
of the head may be compared with the
tendency of a patient with a similar lesion
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to fall backward. There may, or may not, be
a nystagmus, depending upon whether the
lesion in the vermal cortex and the under-
lying fastigial nuclei is equal bilaterally.
If unequal on the two sides, a cerebellar
type of nystagmus may appear, Such a
nystagmus may disappear later if the
lesion increases to involve both fastigial
nuclei equally.

On February 17, 1960, a small lesion was
placed in the left part of the pyramis (involving
the cortex and the immediately underlying white
matter) in Monkey 5251. The lesion extended
slightly into the left paravermal area. The mon-
key showed no demonstrable defects from the
time he recovered from the anesthetic until he
was used for further experimental procedures on
August 17, 1960,

On March 7, 1957, following a suboccipital
craniectomy, a previously unoperated Monkey
4021 had the entire vermis removed. He recovered
from the operation very well but, when examined
the following day, showed a hypotonia and an
ataxia. He had a crouched gait when he walked
and a wide base when he attempted to stand.
During the succeeding days, he assumed only a
slightly more erect posture. On March 9, the
crouching gait and the wide base were still very
evident and the hypotonia could be demonstrated
easily, Neverthless, the animal managed to get
around quite well.

On April 27, 1957, the animal stood with the
forelimbs and hindlimbs widely spaced. When
he moved around the cage, it was evident that
he was having more difficulty in raising his hind-
legs than his forelegs. With the support of the
cage, he could get up on his hindlegs for a short
time in order to pull himself up against the
meshes. He had no paresis and no tremor.

On August 17, 1961, Monkey 5435 was pre-
pared for operation and a suboccipital opening
was made in the skull, the dura was incised and
reflected, and the posterior vermis entered in the
midline. This part of the vermis was subtotally
removed. The animal was awake at the end of
the operation and in good condition, but his head
had a tendency to tilt backward and there was a
nystagmus in all directions of gaze in which the
eyes were turned, but none when he looked
straight ahead. The animal had a wide base, with
the hindlegs somewhat bent. During the remain-
der of August, the animal’s condition was rela-
tively unchanged except that his head assumed
a more nearly normal position, although it showed
peculiar movements as if his equilibrium were
unstable. He still had a crouched gait and was
definitely hypotonic.

During September, the behavior of the animal
stabilized to some extent, but the peculiar head
movements still persisted. He maintained a wide
base on sitting or standing and his hindlegs were
bent when he walked. The hypotonia was still
demonstrable, but there was no evidence of nys-
tagmus in any direction of gaze. On October 10,

1851, an operation on the cerebral cortex altered
the clinical picture.

Lesions in hemisphere(s) of
posterior lobe

Removal of small portions of the cere-
bellar hemisphere produced no overt signs
in the monkeys studied wherever the le-
sion was placed. Not nearly all the areas
of the cerebellar hemisphere were studied
in this fashion. Particularly the more lat-
eral and the more dorsal regions were
spared. If the small lesion was deep
enough to involve the dentate nucleus, an
action tremor appeared on the side of the
lesion.

As the hemisphere lesion was enlarged,
hypotonia and ataxia, with a falling toward
the side of the lesion, became evident.
There was some incoordination in volun-
tary movements and, in some instances
(depending upon the site and sometimes
the depth of the lesion), a nystagmus. A
cerebellar tremor was evident in large le-
sions if the dentate or the interpositus nu-
clei were involved. In many of the hemi-
sphere lesions, the forelimbs were more
affected than the hindlimbs.

On August 22, 1961, the paravermal areas of
the cerebellum were removed in Monkey 5431,
without injury to the posterior vermis (fig. 18),
the cerebellar peduncles or the rest of the cortex
of the cerebellar hemispheres, but with some
involvement of interposed nuclei so that an
action tremor was evident as late as October 10.
The animal was extremely ill immediately follow-
ing the operation and it was, therefore, difficult
to determine whether or not he had hypotonicity
or ataxia. By September 17, aside from a slight

Fig. 18 Brain of Monkey 5431.
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action tremor, there were no cerebellar signs. The
action tremor had disappeared by November 30,
and the animal could have passed for a normal
monkey except for the scars.

On March 9, 1957, a suboccipital craniectomy
was performed on Monkey 3994 and the right
cerebellar tonsil and the immediately adjacent
cortex and white matter of the inferior part of the
right cerebellar hemisphere were destroyed. In
the succeeding days, the animal recovered very
quickly from the operation. A very slight hypo-
tonia, present on the right on the first postopera-
tive day, disappeared and no permanent effects
of the cerebellar operation were demonstrated on
any of the various examinations which were car-
ried out. There was still no cvidence of any
difference in tone on the two sides of the body
and no ataxia of the upper or the lower extremi-
ties on either side as late as April 11, 1957. At
that time, the animal was used for other experi-
ments.

Monkey 2001, when a similar operation had
been carried out, had some incoordinate and
ataxic movements of the right upper extremity.
The site and the extent of his lesion were con-
firmed when he was sacrificed about one month
postoperatively, on August 13, 1954.

On August 15, 1961, following a suboccipital
cranicctomy, a large lesion was placed bilaterally
in the hemispheric portion of the posterior lobe
of the cerebellum in Monkey 5423. The lesions
spared the lateral parts of each cerebellar hemi-
sphere (as was confirmed on postmortem exam-
ination, August 8, 1963). Immediately after the
animal recovered from the anesthetic, he showed
a hypotonia of both upper and both lower extremi-
ties with the defect in tonus being greater for
the upper than for the lower extremities. There
was abnormal posturing of all extremities. Two
days postoperatively, as the animal began to stand
and move around the cage, the hindlimbs were
bent and the forelimbs were far apart to provide
a wide base. There were no involuntary move-
ments, no tremor, and no nystagmus. During
September and October of 1961, the animal grad-
ually overcame most of the postoperative defects.
His tonus became essentially normal and the
crouched attitude disappeared. When tested on
November 30, 1961, he showed no tremor, no
nystagmus, no loss in placing, and had a normal
tone. He walked in an essentially normal fashion
and climbed very well., He was not sacrificed
until almost two years after the cerebellar lesion
was placed at which time (August 8, 1963) he
showed no cercbellar signs.

A suboccipital craniectomy was performed on
August 9, 1958, on Monkey 771. The cerebellum
was exposed on the right, past the midline. The
tonsil and the adjoining cerebellar hemisphere
were removed by suction. Inadvertently the sinus
was opened and considerable hemorrhage re-
sulted. Following the operation, the monkey was
cold and cyanotic but waked up readily. By the
next day, he was alert and showed practically no
effects of the operation except a slight swelling

at the region of the incision. On August 11, the
animal escaped while being caught for examina-
tion and proved very difficult to recapture, an
indication of his excellent condition. On August
16, the hands were found to be exceptionally
deft and there were no observable deficits. From
this date until January 5, 1959, the animal was
examined at regular intervals but no effects of
the removal of portions of the cercbellum on
August 9, 1958 were noted.

On August 2, 1960, the posterior fossa was
opened and explored. The lesions placed in the
cerebellum two vears earlier were identified. The
nodule, the uvula, and the pyramis were removed
and the incision was carried over to the left side
with an attempt to destroy the inferior cerebellar
peduncle as it entered the cerebellum. The lesion
was carried deep enough to destroy at least the
caudal half (and possibly slightly more) of the
fastigial nuclei and to invade the interpositus and
the dentate nuclei.

In the days immediately following the opera-
tion, the animal gradually recovered but showed
marked deficits. At first he was unable to get up
at all from the bottom of the cage. By August 18,
he still could not stand or walk in an upright
position but crouched on all fours and crept along
the floor of the cage. He could climb the cage
wall fairly well. He had a marked action tremor,
most noticeable of the head.

On September 1, he still crept around the cage
and could not stand erect. On this date he had a
cerebral cortex lesion.

Ablations of anterior lobe cortex

None of the lesions involving the sur-
face cortex of the anterior lobe produced
permanent changes in tonus or any other
persisting cerebellar signs. Dow and
Moruzzi ("58) have also reported that the
opisthotonos seen with surface lesions of
the anterior lobe in carnivores was not ob-
tained with similar procedures in monkeys.
The effect of unilateral selective ablations
of the medial cortex of the anterior cere-
bellar lobe in the cat is discussed by
Chambers and Sprague (°51), and Sprague
and Chambers (’53).

On October 17, 1961, after an occipital craniec-
tomy with retraction of the occipital cortex and
section of the tentorium cerebelli in Monkey
5583, the cortex of the anterior lobhe was ex-
posed and this surface removed bilaterally and
subtotally, but as completely as possible. There
was essentially complete recovery. No visual loss
was demonstrated due to the approach and, after
the effects of the anesthetic had disappeared,
there were no recognizable neurological signs.
There were no effects of the operation during the
succeeding two months up to the time the mon-
key was sacrificed (December 19, 1962). The
location of the lesion was demonstrated.

In Monkey G574, on August 21, 1958, the left
occipital lobe and part of the left temporal lobe
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were removed and the tentorium cerebelli cut to
reveal the superior surface of the cerebellum.
The superficial cortex of the anterior lobe was
removed except for some remnants of this cortex
bilaterally. The lobulus simplex was invaded but
not quite completely destroved on the left. There
was an equivocal rigidity of the lower left ex-
tremity when the animal was recovering from the
anesthetic but no trace of this was present the
next morning. The animal moved slowly around
the cage showing a slight ataxia on the side of
the lesion and some posturing and jerky move-
ments of the extremities on that side. There was
a right homonymous hemianopia due to the de-
struction of the left occipital cortex. On the next
day, the animal was fearful and combative and
there were some evidences of ataxia and jerky
uncoordinated responses to stimulation but no
increased tonus. By August 31, the monkey
showed no cerebellar signs and the only perma-
nent deficit was the homonymous hemianopia.
His condition remained unchanged until April 14,
1959, when he underwent a removal of area 6 on
the right. When the monkey was finally sacrificed,
on December 15, 1959, the position and the extent
of the cerebellar lesion, as here recorded, were
verified.

A lesion approximately the size of a quarter was
placed on the superior surface of the left anterior
lobe of the cerebellum in Monkey 5488 on Septem-
ber 14, 1961, In order to expose the cerebellar
area, the left occipital cortex was retracted. In
this retraction, an abrasion of the midlateral oc-
cipital cortex occurred and this injury was con-
tinued around the occipital pole onto the mid-
caudomedial part of the occipital cortex (fig. 19).
The monkey showed some slowness in responding
to objects brought into his right visual field, but
certainly did not have a complete right homony-
mous hemianopia. The animal exhibited no overt
cerebellar deficits after recovering from the an-
esthetic. The day following the experimental pro-
cedure, he moved around the cage easily, climbed
well, and had no hypertonicity, ataxia, or tremor.
None of these signs appeared during the succeed-
ing months until he was sacrificed and the loca-

Fig. 19 Brain of

tion of the lesions verified by postmortem exami-
nation (July 7, 1963).

Lesions of superior cerebellar peduncle(s)

Attempts to section the superior cerebel-
lar peduncle, unilaterally or bilaterally,
were not always successful. Out of the
many attempts, only a few were partially
or wholly satisfactory technically. Two
methods of approach were tried. One
method was to expose the occipital cortex
by a parieto-occipital craniectomy, retract
the occipital lobe, cut the tentorium cere-
belli, and expose the superior surface of
the cerebellum. The opening was carried
as far laterally as feasible and the superior
cerebellar peduncle exposed by retraction
or by removal of the overlying cerebellar
cortex. In either case there was some cere-
bellar cortex destruction and there was
always some damage to the visual cortex
by this approach.

A second method of approach was by
way of the fourth ventricle. The posterior
fossa was exposed by a suboccipital crani-
ectomy and a laminectomy of the first
three cervical vertebrae was performed,
thus providing a larger field in which to
work. The dura was then reflected and
the lower part of the dorsal surface of the
medulla and the inferior surface of the
cerebellum were exposed. An incision was
made longitudinally through the midline
of the vermis and the cut edges gently re-
tracted to reveal the floor of the fourth
ventricle forward to the aqueduct. The
ventricular surfaces underlying the supe-
rior cercbellar peduncles were located and

Monkey 5488
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one peduncle or both peduncles sectioned
by use of cauterization.

The results varied, with whichever
method was employed, depending upon the
exact site of, and the completeness of, the
lesion in either, or both, peduncles. In
general, incomplete sections of the pedun-
cle involving more lateral and dorsolateral
parts of it, such as were more frequently
made with the occipital approach, ap-
peared to affect the lower more than upper
extremity on the side of the lesion. In an
incomplete section on the ventricular side,
which tended to be more medial and per-
haps slightly ventromedial, the homolat-
eral upper extremity, rather than the
homolateral lower extremity, was usually
involved. The extremity affected by the
lesion showed hypotonicity, ataxia, and
tremor. In a complete section of one su-
perior cerebellar peduncle as it leaves the
cerebellum (and so before its decussation),
a marked hypotonia and ataxia on the side
of the section involving the head, trunk,
and extremities appeared. A monkey with
such a lesion may lie for months on the
operated side, too hypotonic to stand erect.
The marked action tremor on the side of
the lesion may abate considerably after
some months, He often responds with
jerky movements when touched and for a
short time can set up a fair resistance to
efforts to examine him so that he is less
obviously hypotonic under such conditions
than when his attention is diverted or he
is at rest. After the immediate postopera-
tive period, he is an alert, intelligent ani-
mal that will respond to any ameliorating
circumstances, a very important point
when attempts are being made to rehabili-
tate him. When the peduncles are sec-
tioned bilaterally, the animal is prone on
his stomach, can not stand erect even after
a long period of time, and is ataxic and
markedly hypotonic, with a persisting ac-
tion tremor. He is still an intelligent ani-
mal. Partial bilateral sections handicap
the monkey by producing a hypotonicity,
an ataxia, and a tremor corresponding to,
and in proportion to, the site and the ex-
tent of the lesions. If the injury is not too
great, the animal may walk with a very
crouched, wide-based gait.

In Monkey 5196 the right superior cerebellar
peduncle was exposed by a suboccipital approach

and, where it was emerging from the cerebellum,
a small cut was made on its dorsomedial surface.
This monkey showed a slight incoordination in
the movements of his upper extremities, particu-
larly on the right, This persisted as a very slight
lack of deftness of the right hand from the time
of operation (July 14, 1960) through January 16,
1961. The animal died February 16, 1962, from
injuries received while attempting to escape from
his cage. Postmortem examination indicated al-
most no injury to the superior cerebellar peduncle
on the right.

On July 7, 1959, following a left parieto-occipi-
tal craniectomy and a reflection of the dura in
Monkey 4887, the occipital lobe was exposed and
retracted, the tentorium was excised to expose
the cerebellum, and, after the trochlear mnerve
had been identified, the lateral part of the cere-
bellar hemisphere was ablated to reveal the su-
perior cerebellar peduncle. Beginning laterally,
the peduncle was cut through for about half to
two-thirds of its width. The animal survived the
operation very well but dragged around the cage
by his hands because of the hypotonicity and the
buckling of the left leg. By July 23, he was
walking on all four extremities, but favored the
left leg. He improved slowly, during August and
September, and, by October 6, was quite active
and, except for a slight hypotonicity of the left
leg, showed no effects of the lesion. He was then
used for another series of experiments, on Jan-
uary 14, 1960, and he was sacrificed on June 6,
1961. The postmortem examination showed that
although there was injury to the left superior
cerebellar peduncle, the cut was not nearly so
deep as had been supposed at the time of the
operation. Perhaps this explains why only the
leg was involved.

On March 4, 1962, after a left occipital craniec-
tomy on Monkey 5568, the occipital lobe was re-
tracted; the tentorium cerebelli was cut. The left
brachium conjunctivum was identified and par-
tially severed. Immediately after he recovered
from the anesthetic, the monkey lay on his side
in the cage apparently unwilling to stand or even
to move. When disturbed, he showed a marked
action tremor. After about a week, the animal
began to drag himself around the cage and to try
to sit up by leaning against the cage wall, but he
could not walk, By March 8, he sat most of the
time against the side of the cage and, if dis-
turbed, attempted to climb. He moved across the
cage by leaning his uninjured side against the
wall but his left hind limb was greatly bent and
highly hypotonic. On May 8, there was marked
hypotonicity of both lower extremities, with the
greater hypotonicity on the left. During an at-
tempt to get pictures, the monkey developed an
epileptic attack. An electroencephalogram was
made immediately and an increased discharge
appeared in the rostrotemporal region, particu-
larly over area 22. Another attack developed two
days later when the animal was removed from
the cage. The animal was sacrificed on May 17,
at which time the cerebellar signs were essentially
those reported on May 8.
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By the suboccipital approach, on July 2, 1959,
the left superior cerebellar peduncle was sectioned
in Monkey 4711. It was realized at the time of
operation that the surrounding white matter was
injured. The animal recovered quickly from the
shock of the operation and was ready to be fed
the next day. However, she could not stand but
reclined on her side. When examined on July 5,
she showed marked hypotonicity of the left ex-
tremities with somewhat more marked involve-
ment of the lower than of the upper extremity.
There was some weakness of the right lower ex-
tremity but much less than that on the left.
There was an action tremor on the left but it
was not much af a problem, perhaps because the
animal pulled herself around the cage by her
right arm and by shoving with her right leg and
so did not use the left extremities. The head was
tilted with the chin toward the left. The eyes
showed some tendency to drift upward, as if the
tonus was greater in those muscles that raised
the eyes than in those that lowered them, but this
inequality disappeared in a few days. It suggests,
of course, the irritation of the flocculo-oculomotor
path.

There was an ataxia and a past pointing as
well as the marked hypotonicity on the left.
Through the succeeding months, the animal was
repeatedly checked but showed very little change
and was unable to stand erect. Before the opera-
tion, she had been the ruler of her cage, eating
first and dominating the other monkeys. In her
incapacitated state, she was still such a tyrant
that her cagemates obeyed in all matters of cage
routine. Some six months after the first operation
(on January 7, 1960), the skull was trephined on
the right, the dura turned back, and the cortex
removed subtotally from the right cerebral hemi-
sphere.

On July 21, 1960, the posterior fossa was
opened, the dura cut, and the vermis split down
the midline to the level of the uvula. The two
portions of the vermis were retracted and first
the right, and then the left, superior cerebellar
peduncle was severed in Monkey 5175. In an
earlier attempt to implant an electrode in the left
parietal area, a small infection had apparently
involved the hand area so that the monkey had
a loss of positional sense on the right upper
extremity which must be taken into account in
assessing the results of the cerebellar operation.

Following the operative procedure on July 21,
the monkey had bilateral hypotonia (more marked
on the left than on the right), a nystagmus to the
left, and the head tilted toward the left with the
chin toward the right when not supported. An
action tremor was present bilaterally. He tended
to rotate toward the right. The animal could not
walk, although he attempted to get up on four
feet. On September 7, 1960, an operation on the
left cerebral hemisphere was carried out.

In addition to the monkeys thus far described,
various other monkeys had partial lesions of the
superior cerebellar peduncle. Since the results
were largely confirmatory of those already given,
they will not be reported. However, some inter-
esting features are evident in comparing the

effects of the lesions on Monkeys 5540 and 5096.
Monkey 5540 had had a partial destruction of the
dorsolateral part of the superior cerebellar pe-
duncle, which had produced an ataxia and hypo-
tonicity most marked on the homolateral lower
extremity. For four days, he maintained an up-
right position only by leaning against the cage,
but he recovered rapidly and, within ten days,
showed no obvious defects except possibly a slight
hypotonicity in the lower extremity on the side
of the lesion.

On July 14, 1960, the posterior fossa was opened
widely in Monkey 5096 and both vermis and
cerebellar hemispheres were well exposed. The
vermis was removed until the lingula could be
seen. Part of the posterior lobe of the left hemi-
sphere and all of that lobe in the right hemisphere
were destroyed. The right superior cerebellar pe-
duncle was then cut along the floor and forward
and upward to the anterolateral margin of the
fourth ventricle. The lesion was carried well
lateralward.

The monkey recovered quite satisfactorily from
the immediate effects of the operation. On July
15, he showed a marked action tremor and
marked hypotonicity, bilaterally. He could not
walk but leaned up against the cage. By the fol-
lowing day he was beginning to move around the
cage by crawling or with a very crouched posture.
He showed marked action tremor and marked
hypotonicity, especially on the right. This condi-
tion persisted, with only slight improvement,
during the remainder of July. On August 1, 1960,
he still had the same crouched posture and still
crawled about the cage. There were marked
tremor and hypotonicity, rather more on the right.
An ataxia was apparent especially on the right.
This condition persisted for a long time, although
the tremor lessened somewhat.

The monkey was sacrificed on August 6, 1963,
over three years after the operation. At that time,
he had a hypotonicity, particularly of the right
lower extremity, an ataxia, and an unsteady gait.
When excited, there was a questionable tremor.

Lesions of vermis and cerebellar
hemisphere(s)

When the cortex of half of the vermis
and of one cerebellar hemisphere was re-
moved, the animal tended to fall toward
the side of the lesion and had a hypotoni-
city and an ataxia on that side. These
signs became bilateral if both hemispheres
and all of the vermis were involved even
though the deep nuclei were spared. Ani-
mals with very large involvements of the
cortex of the vermis and the hemispheres
often walked again, but had an unusually
crouched, wide based gait and marked
hypotonicity. These defects in gait per-
sisted to some degree for two or more years
after the operation. Since none of our
operations of this type had completely de-
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stroyed all of the cortical areas with spar-
ing of the cerebellar nuclei, it is not possi-
ble to say whether the monkeys could have
walked again if complete cortical destruc-
tion only had occurred.

None of the monkeys here reported had
only the cerebellar nuclei partially or
wholly destroyed. The nuclear involvement
was in conjunction with lesions of other
portions of the cerebellum or of the cere-
bellar peduncle(s). When the dentate nu-
cleus was invaded, an action tremor ap-
peared on the side of the involvement. In
a slight lesion of the dentate nucleus, the
tremor was not very marked and did not
persist. Greater destruction of the dentate
resulted in more marked and more lasting
tremor, the amount and persistence of the
tremor being related to the extent of the
nuclear involvement. In bilateral destruc-
tion of the dentate, the tremor was more
than twice as great as after unilateral abla-
tion of the nucleus and still more per-
sistent.

In Monkey 5484, most of the vermis and the
left half of the posterior cerebellar lobe with part
of the underlying nuclear gray were removed on
August 1, 1961, Following the operation, the ani-
mal was very hypotonic. He lay on his left side
and could not stand upright or walk. The hypo-
tonicity was present in both lower extremities and,
at this time, about equal on the two sides. The
left arm was decidedly more hypotonic than either
the right arm or the left leg. A very coarse action
tremor was present on the left whenever the ani-
mal attempted to move.

By August 10, the animal could move around
the cage but with a very crouching stance. He
had a wide base, with now a more definite hypo-
tonicity in the left leg than in the left arm and
a tendency to fall toward the left. There was an
action tremor of the left hand, although not very
marked. By November 30 of the same vear, the
tremor had disappeared. The left hindleg was still
decidedly weak and the body dropped toward the
rear. The animal walked with his legs far apart
but climbed well. There were no sensory losses,
no lack of placing, and no demonstrable hypo-
tonia except in the left leg.

During the succeeding vyears, the monkey
showed very little change. His body continued to
slant toward the rear and he still had a decidedly
crouched gait. During September, 1963, the anij-
mal disappeared and his fate is unknown.,

There was a subtotal removal of both cerebellar
hemispheres and of the vermis in Monkey 2015
on March 15, 1956. Following this procedure, the
monkey had a crouched gait, incoordinate move-
ments, and an ataxia but no tremor. There was
no dentate nucleus involvement. He remained
relatively unchanged until May 12, 1956 when

he had a removal of the cerebral cortex on the
left.

Following widespread destruction of the cortex
of vermis and cerebellar hemispheres (on October
28, 1954), Monkey 2002 had marked ataxia, in-
coordination of movements, tremor, and a hypo-
tonicity sufficiently great so that he was unable
to stand up to November 1. During the next ten
days he managed to get up on his feet but he
walked with a very wide base, had a marked in-
coordination of the movements of all extremities,
and had a head tremor at intervals. He could do
very little with his upper extremities.

The animal was returned to his owner in
December but, when he was sacrificed, the brain
was examined and the results reported. In addi-
tion to an artifactual lesion on the inferior sur-
face of the left temporal lobe there were large
destroyed areas in both cerebellar hemispheres,
in the anterior and the posterior lobes. The floc-
culi were spared and some of the upper part of
the vermis. The inferior vermis and some of the
superior vermis were destroyed (fig. 20).

Cerebellectomies

Two monkeys survived, for some
months, total or subtotal removal of the
cerebellum. Both of these monkeys were
never able to walk again after the opera-
tion. They both had marked hypotonicity
and very great action tremor, They crawled
along the animal room floor with much
effort and could not maintain an erect
posture. Nevertheless, they were intelli-
gent animals, showing none of the mental
incapacitation and indifference to their
state which characterized the monkeys
with bilateral removal of the cerebral
cortex.

On September 10, 1963, the cerebelluimn was re-
moved in Monkey 5729 as completely as possible,
except for the flocculi which were subtotally de-

Fig. 20 Brain of monkey 2002 demonstrating
the spared superior part of the vermis.
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stroyed in place and certainly cut off from all
connection with other parts of the brain. For
several days after the operation, the animal was
very ill. He lay prone in the cage. Any attempt
on his part to move set off an exceedingly marked
action tremor of head and body. He could mnot
feed himself and it was very difficult to feed
him because of the tremor. Because of his poor
condition, no examination was carried out for
four days, postoperatively, By that time, although
the tremor persisted and was so great that the
animal injured his face by knocking his head
against the cage wall when he tried to climb, he
was trying to crawl around the cage floor and up
the wall. He was unable to stand because of the
great hypotonicity, but he crawled (fig. 21)
around the floor of the cage of the animal room
with his head slightly raised, since his forelimbs
were slightly less hypotonic than his hindlimbs.
He was apparently able to place but it was very
difficult to test placing accurately because of the
action tremor. He had no motor loss and re-
sponded to tactile and painful stimuli. Vision was
unimpaired.

During the next month he changed very little
except that he became able to feed himself some-
what less than well (his efforts were supple-
mented) and moved around a little more readily.
However, the action tremor and the hypotonicity
persisted and the head was particularly unstable,
He had an excellent appetite but still appeared
to be losing weight, apparently worn out by the
tremor. This monkey was experimented upon
again in the hope of lessening his tremor on
October 17, 1963.

A suboccipital craniectomy and a cervical
laminectomy at C1 and C2 were performed on
Monkey 5646, on December 2, 1963. The cere-
bellum was removed as completely as possible
except for the flocculi, which were destroyed in
place. Later the same day, the animal was hypo-

Fig. 21 Monkey 5729 on October 3, 1963.

tonic, prone on the cage floor and exhibited a
marked tremor of head and body if he were dis-
turbed. He showed little change for the next ten
days (fig. 22). When tested on December 14, he
tried to drag himself for short distances on the
cage floor and, if placed on the floor of the
animal room, attempted to crawl along flat on his
stomach with his head propped up on his arms.
There were no motor deficits and he grasped
well a bit of food placed between his fingers but
he had such a tremulousness of both his body and
his head that he could not place the food in his
mouth although he tried desperately to do so. It
was a problem to feed him because of the tremor,
and he was partly fed by tube. He had a good
appetite but still appeared to be losing weight and
to be exhausted by the tremor. He changed very
little during the ensuing month but he began to
develop contractures from lying for such long
periods in one position (fig. 23). Consequently, he
was placed in a hammock with his legs sus-
pended, a procedure to which he objected vio-
lently. Then one of the laboratory staff, John
Demeter, made the barrel illustrated in figure 1
and the monkey learned to walk up and down
the corridor in it. This contrivance helped to
straighten the lower extremities and exercise them
but did little for the upper extremities. Conse-
quently, Mr. Demeter made the walker shown in
figure 2 and the animal learned to use it.

Combined involvements of cerebral
hemisphere(s) and cerebellum

Having produced a series of hypertonic
monkeys from bilateral lesions of the cere-

Fig. 22
lectomy.

Monkey 5646 one week postcerebel-

Fig. 23
lectomy.

Monkey 5646 six weeks postcerebel-
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bral hemispheres and another series with
large lesions in the posterior lobes of the
cerebellum or with cerebellectomies which
showed marked decrease in tonus, it was
now proposed to attempt to create a hypo-
tonicity or a hypertonicity experimentally
and then to balance it by lesions in areas
which had been shown to have an opposite
effect on tonus. Thus lesions in the cere-
bral hemispheres producing handicapping
hypertonicity were followed by lesions in
cerebellar areas which previous experi-
ments had shown gave handicapping hypo-
tonicity. Then the reverse type of experi-
ments was carried out with a gross lesion
of the posterior lobe of the cerebellum or a
hemicerebellectomy or almost total cere-
bellectomy followed by extensive cerebral
cortex destruction.

The results of the experiments favored
the predicted balancing between the cere-
bellar and the cerebral cortex discharges
for the regulation of tonus. Monkeys, hy-
pertonic from bilateral cerebral cortex in-
volvements or some deep unilateral lesions
involving cortex, portions of basal ganglia
and deep white matter, approximated a
normal tonus, or were even slightly hypo-
tonic, after large, appropriately placed
cerebellar lesions. On the contrary, a mon-
key which had been unable to stand erect
for about five months (but lay on the in-
volved side) as a result of section of one
superior peduncle assumed an erect pos-
ture and even walked again (although very
poorly) after a less than complete removal
of the contralateral cerebral cortex.

The difficulties inherent in these at-
tempts at balancing are more easily listed
than solved. The first and foremost prob-
lem lies in the difficulty of equating the
sizes of the lesions. Even when in an ani-
mal the primary lesion is placed with
the greatest care, petechial hemorrhages,
edema with softening, unsuspected vas-
cular insufficiency, or the unrecognized
sectioning of fiber paths in course may
alter the expected picture. Like difficul-
ties beset the placing of the secondary,
supposedly balancing, lesion.

Another decided handicap is met in the
limits to which cerebral cortex removal
can be carried out and still leave a suffi-
ciently intelligent animal to demonstrate
the return of such functions as the ability

to walk again. An alteration of tonus is
more easily obtained than a return of use-
ful function. It must be emphasized that,
except as experimental evidence for the
balancing of the discharges between cere-
bral and cerebellar areas in the regulation
of tonus, destruction of large areas of cere-
bral cortex serves no useful purpose (p.
15). The balancing of cerebral hemisphere
lesions which have produced marked hy-
pertonicity by appropriately placed cere-
bellar ablations may have some practical
applications. It must be admitted that, in
the series of experiments presented here,
a perfect balancing of the discharges from
the two regions has never been attained.

In monkeys

The case histories of some of the mon-
keys now to be considered as illustrating
combined cerebral hemisphere and cere-
bellar lesions have been given in part in
earlier sections of this report to show the
effects of primary lesions in the cerebral
or the cerebellar hemispheres. Where such
is the case the material will be cross refer-
enced and the present account will begin
where the earlier one left off. In none of
the monkeys in this series of experiments
were lesions in both cerebral hemisphere
and cerebellum made in the same opera-
tion except where portions of the occipital
cortex were removed to destroy parts of
the anterior lobe of the cerebellum or in-
advertently in removals of the superior
cerebellar peduncle.

At the beginning of October 1961, Monkey
5435 (p. 23) still walked with a wide base and
with his hindlegs in a somewhat bent or crouched
position, and still showed some peculiar head
movements as if his equilibrium were not entirely
stable, a residual from the destruction of the
vermis on August 17, A parieto-occipital craniec-
tomy was performed and areas 1, 2, 3, 4, 5, 6,
and 7 were ablated on the right (October 10,
1961). During the next two weeks the animal was
still unstable. He moved around the cage with
a crouched stance and climbed poorly. This con-
dition persisted into November. The hindlegs
appeared somewhat more affected than the upper
extremities, with not much difference between
the right hindleg and the left hindleg with respect
to tonus. Nevertheless he climbed and jumped
somewhat better than earlier. His sensory loss,
due to the removal of the somesthetic cortex, was
a great problem. He had a minimal nystagmus
in the horizontal plane on November 3. By
November 30, there was mno nystagmus in any
plane. There was an approximately normal tonus
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in the forelimbs. The left hindleg appeared weaker
than the right and the animal maintained a wide
base, particularly with his hindlegs, when he
walked. Positional sense and placing were lost
and there was some indication of a discriminatory
tactile deficit on the side opposite the cortical
lesion. There was also a loss of fine movements
of the extremities on this same side. In the suc-
ceeding weeks he changed very little. On Feb-
ruary 8, 1962, the animal showed slightly greater
ease in walking but there was no fundamental
difference in the general picture. The condition
had stabilized and remained the same up to
August 6, 1963, when he was used in another
series of experiments. Postmortem examination
on August 22 verified the sites and the extents
of the lesions.

On July 21, 1960, Monkey 5175 (p. 27) showed
an ataxia, rebound phenomena, and a hypo-
tonicity on the right. He had a peculiar gait and
an unusual “tilting,” crouching stance from
earlier lesions of the superior cerebellar pe-
duncles, together with some bilateral destruction
of the vermis and of the right cerebellar hemi-
sphere.

On September 7, 1960, a left frontoparietal
craniectomy was carried out and areas 1, 2, 3, 4,
5, 6, and 7 were destroyed on the lateral hemi-
sphere wall except that the face regions were
spared. Postoperatively the animal was definitely
more hypotonic on the left than on the right
with the hypotonia more marked in the upper
than in lower extremity. The somesthetic loss
was particularly marked in the right upper ex-
tremity. He obviously did not know the position
of his right hand and caught it in the bars of the
cage and he lacked placing in the right upper
extremity. These signs were somewhat less
marked for the right lower extremity, which sug-
gested some possible sparing in the paracentral
gyrus. There was a nystagmus to the left. His
head was tilted toward the left with the chin
toward the right.

Cn October 27, 1860, an operation similar to
that performed on the left cerebral cortex was

carried out on the right side with destruction of
areas 1, 2, 3, 4, 5, 6, and 7. Postoperatively, the
monkey showed hypotonicity and motor weakness
bilaterally and, although he could move all ex-
tremities, he could not walk. He was sacrificed
and the lesions verified on December 35, 1960
(fig. 24).

On June 18, 1959, Monkey 4755, who had sur-
vived a series of operations culminating in a
bilateral cortectomy, the effects of which have
been described earlier (p. 16), submitted to an
operation on the cerebellum 43 days after the
second cortectomy. The posterior fossa was
opened, and as much as possible of the posterior
lobe of the cerebellum removed, Later postmortem
examination indicated that there had been sparing
of the lateral and inferior part of the lobe bi-
laterally and that the flocculi had not been de-
stroyed, although they had been cut off from the
rest of the brain. After recovery from the anes-
thetic the animal did not cry so much as formerly,
as if, with the reduced muscle tension, there was
less pain. She ate well and seemed in fairly good
health. The preoperative opisthotonos with con-
tractures of both arms was still marked.

On June 20, 1959, the stiffness was less marked
in the right lower than in the left lower extremity.
The right arm was still bent at the elbow and
the left arm was drawn up so that the left hand
touched the face. There were contractures of
both arms.

By June 26 there was a further relaxation. The
left arm was withdrawn from the mouth; the
right arm was at 90° with the forearm but the
left arm and forearm made a 120° with each
other. The knee could be bent quite well on the
right and fairly well on the left.

In the period between June 26 and July 24
there was a gradual relaxation. The legs straight-
ened out quite well and the arms were less stiff
(fig. 25). However, the animal (lacking a cere-
bral cortex) was completely without desire to do
anything and would make no attempt to feed
herself or to crawl or walk around the cage, al-
though when stimulated by tactile or other stim-

Fig. 24 Brain of monkey 5175.
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Fig. 25 Monkey 4755 on July 21, 1959.

uli, the legs showed movements suggesting she
might have crawled if she had cared to try. The
animal was sacrificed on July 24, 1959, 80 days
after the second cortectomy (fig. 26) and the
brain processed (fig, 27).

On October 17, 1963, Monkey 5729, that had
had (p. 28) a substantially complete cerebellec-
tomy on September 10, 1963, was again operated
upon in the hope of lessening the incapacitating
action tremor. Following a left frontoparietal
craniectomy, the dura was retracted and the
motor cortex located and stimulated to determine
the motor pattern. The areas giving upper and
lower extremity movements were ablated. The
animal recovered veryv quickly from the operation.

When examined the next day after the opera-
tion, the tremor had disappeared bilaterally for
body and extremities, but there was still a tremor
of the head. The hypotonicity was slightly in-
creased, especially on the right upper extremity.
During the succeeding days, because of the loss
of the tremor, the animal was better able to feed
himself. He improved in health and apparently
in spirits, but was still completely unable to
assume any but a prone position. In about two
weeks the tremor began to return on the side of
the cortical lesion for the extremities and the
body. It never became so excessive as it had been
before the unilateral destruction of the cortex

and it never returned on the side opposite the
cerebral cortex ablation,

In the hope of still improving the monkey’s
condition, a right sided opening was made in the
skull and a removal of the cerebral cortex on the
right was attempted on December 1, 1963. There
was considerable bleeding and the monkey was in
a state of shock when he was returned to his
cage. Howcver, he was awake later that night
and seemed to be doing fairly well. He moved
when touched. There was no indication of tremor
on either side of the body or on the extremities.
The animal died the next day of a massive cere-
bral hemorrhage. The brain is shown in figure 28.

At the time that Monkey 4865 was given to the
group, she had had a subtotal removal of the
left cerebral cortex with a sparing of the thalamus
and the basal ganglia. These lesions were verified
later on postmortem examination {(fig. 29). On
June 4, 1958, the vermis had been ablated. She
showed a loss of fine individual finger movements
and a loss of positional sense on the right, and
had a right homonymous hemianopia as a result
of the ccrebral cortex ablation. As a consequence
of the cerebellar lesion, she walked with bent
hindlegs and a wide base.

On May 19, 1959, a right craniectomy was
performed and the cortex and the basal ganglia
(caudate, putamen, and globus pallidus) de-
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Fig. 26 Brain of Monkey 4755.
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Fig. 27 a—b Photomicrographs of brain of Monkey 4755 to indicate the invasion of the basal gan-

glia by the lesion.

(a) Section just rostral to the decussation of the anterior commissure. Caudate
and putamen are invaded on the left and spared on the right, 3.2 x.

(b) Section through rostral

third of diencerhalen. Apparent extent of lesion into right internal capsule and basal ganglia is
artifactual due to sectioning at the end of the Marchi block. On the left side the degemeration in
the thalamic reticular nucleus is very evident, 3.3 x.

stroyed. Late that same evening, she was recover-
ing consciousness. She was awake the next morn-
ing and moved when touched. There were some
extension and weakness of the left leg.

On May 21, she crawled around the cage and
showed jerky movements when touched. She was
blind. She had no fine movements or placing of

the extremities. She did not aprear to be en-
tirely deaf, since she jerked at sudden loud noises.
She ate well.

By May 23, she had a fine tremor when resting
on the side opposite the last oreration. She re-
sponded by jerky movements when touched on
the side of the operation but had no tremor on
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Fig. 27 c—d

cleus and the oculomotor nerves bilaterally, 3 X.

(c¢) Section through midbrain-thalamic transition showing the lateral geniculate nu-

(d) Section through medulla at level of the Xth

and XIIth nuclei rostral to the obex showing bilaterally degenerated pyramidal tracts and major

degeneration of cerebellum, 4.4 .

that side. The other findings were the same as
those for May 21,

During the succeeding days, the animal grad-
ually became stiffer. The legs were extended, the
arms bent at the elbows and the wrists, and the
hands clenched. The tail was extended although
she could wag it slightly. Involuntary jerky move-
ments of the head and of the shoulders apreared

when she was touched. When she was rolled over,
suggestions of an opisthotonos appeared, such as
are seen in bilateral cortectomies. At rest, the
Iumbosacral spine was flexed. Although she
showed, in general, hypertonia there were signs
of an alternating hypotonia. It was possible to
flap the right arm and the right hand. When
partially supported in an erect position, she
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Fig. 28 Brain of Monkey 5729 showing the
complete cerebellectomy.

showed some ability to support herself on her
lower extremities, but less on her upper extrem-
ities.

Over the succeeding weeks, until the animal
was sacrificed on July 24, all sorts of attempts
were made to get her to walk again. The hyger-
tonicity, although always present, waxed and
waned. She showed somewhat better extremity
movements as time went on, especially on the
right. The opisthotonos never developed.

In June she moved around a fair amount when
placed in a sitting position. Actually the experi-

menters felt that her absolute indifference to her
condition (to be expected since she had almost
no cortex left) was her insuperable handicap in
learning to walk again. The blindness and the
bilateral loss of positional sense and of fine move-
ments persisted. She reacted to loud noises so that
it was felt that she was not completely deaf but
the noises appeared meaningless (Neff and Dia-
mond, ’58). She also retained gross tactile and
pain sensibility,

Postmortem examination (fig. 29) showed com-
plete destruction of the cerebral cortex, the claus-
trum, the caudate, and the lentiform nuclei to-
gether with the overlying white matter on the
right. The thalamus was spared. On the left most
of the cerebral cortex had been destroyed, but the
uncus, the hippocampus, and all of the basal
ganglia, as well as the thalamus, were spared.
The vermis was destroyed, but the cerebellar
hemispheres were not injured. The cerebellum
was shifted slightly toward the left.

The motor and the sensory areas were exposed
bilaterally in Monkey 732 on November 7, 1957,
by performing a bilateral craniectomy. The re-
gions (p. 6) related to various extremity and face
movements were determined by stimulation and
removed on the right and for all but the face
area on the left. The monkey recovered very well
from the operation and, in the ensuing davs,
walked and climbed around the cage. He showed
a central facial weakness on the left, a loss of
fine movements of the individual fingers and toes

Fig. 29 Brain of Monkey 4865,
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on all four extremities, and a loss of positional
sense on these extremities. He could not place.
Tactile discrimination was not tested satisfac-
torily. On November 14, and again on November
21, in addition to the preceding deficits, the ani-
mal showed a slight increase in tonus in the
lower extremitics and his tail was extended.

On November 21 a left cortectomy was carried
out. There was some involvement also of the
caudate nucleus on the left. For the first post-
operative day the animal lay on his side, but
moved when he was touched. He recovered quite
rapidly during the succeeding week, but had a
distinct motor handicap more evident on the right
than on the left.

On December 5, there was still deviation of
head and eyes toward the left. However, he
could turn his head to the midline and look
straight ahead. He had a right homonymeous
hemianopia. His right arm was flexed and showed
some contracture. The left arm had a paretic
position when he was sitting quietly but it could
be moved. His legs were flexed, but showed in-
creased tonus. His toes were spanned, his tail
erect, and he had a scissors gait. He fed himself
with his left hand. There appeared to be a dim-
inution of tactile sensibility, greater on the right.
Positional sense was gone bilaterally.

On December 11, 1957, a suboccipital craniec-
tomy was performed, the dura resected, and the
left cerebellar hemisphere exposed and subtotally
removed on the left. In the succeeding ten days
the animal recovered from the operation with a
minimal upset. However, tests showed a diminu-
tion of tone on the left.

On December 31, 1957, the remainder of the
left posterior lobe of the cerebellum was removed.
Again the animal recovered very well from the
operation and, by January 3, appeared to be in
quite good health. He could eat by himself but
had difficulty or clumsiness in picking up his food.
He moved around the cage quite well. Examina-
tion, on January 10, indicated that following the
last operation there had been a further decrease
in tonus but the scissors gait remained. On
January 19, 1958, there was quite a little less
tonus on the left than on the right; the hecad was
rotated and the right arm was held in flexion.
The legs were flexed. The animal fed himself
but was clumsy in grasping an apple placed in
front of him. There was forced grasping with the
right hand.

During the next month there was some de-
crease in the scissoring of the lower exiremities,
but the right lower extremity remained flexed
and bent. When placed in water, the animal was
able to support himself along the margins of the
tub. During this period, baths, exercise, and care-
ful nursing were employed with the hope of
enabling the animal to walk again. In retrospect,
one wonders why the right hemisphere part of
the posterior lobe was not removed. On February
22, the animal’s legs were still in flexion, but
much looser from the calf down, and his right
hand, now held in extension, could be used to
support him. Throughout March and April, the
animal remained definitely crippled and required
mauch nursing care.

On April 10, 1958, Monkey 732 was able to flex
his right hindleg and push himself along on his
feet and toes, There was fairly good movement
of the right upper extremity and he could reach
out and take an apple. His head was turned
toward the left and his back had a lumbosacral
curvature, with the right side concave. There was
a flexion contraction of the lower extremities,
which was very incapacitating, but the animal
was able to drag himself around the cage or along
the wall by using his upper extremities.

On April 29, 1958, a right obturator neurec-
tomy was carried out and two days later a similar
procedure was done on the left. When examined
two days after the second of these two nerve
sections, the left lower extremity was somewhat
abducted and the position of the right lower ex-
tremity had improved to some extent, so that the
animal walked rather better. An attempt on
May 4, 1958, to correct the curvature of the
spine was fatal to the animal.

On September 1, 1960, areas 6,4, 3,1, 2, 5, and
7 were stimulated on the left in Monkey 771, to
identify upper and lower extremity regions and
the arm portion and some of the leg portion were
ablated to a depth of 2 to 2.5 mm. The head
areas were spared. This monkey had previcusly
had a cerebellar operation (p. 24).

By September 2, the animal appeared to be in
good condition and was already moving around
the cage. A hypotonia was evident in all ex-
tremities. There was a loss of fine movements,
particularly of the distal portions of the right
upper extremity. There was also a gross inability
to judge the position of the hand. The head was
almost straight but still showed a gross tremor.
During the next month, the condition of the
animal improved slightly., When examined on
October 6 (fig. 30) he had a hypotonia on the
right and an inability to place with his right hand
or to judge its position as he climbed the cage.
There appeared to be little or no effect on the
right foot. There was almost no head rotation
but there was a noticeable head tremor.

An attempt was made, on January 1, 1961, to
remove the arm region of areas 6, 4, 3, 1, and 2
on the right, after these had been identified by
stimulation but the animal was in poor condition
after the operation and it was not possible to
get any satisfactory tests. He succumbed on
January 13, 1961.

A postmortem examination (fig. 31) indicated
that, on the left, those portions of areas 6, 4, 3,
1, 2, 5, and 7 from which right upper extremity
movements were elicited on stimulation had been
ablated. On the right, those parts of areas 6, 4,
3, 2, and 1 giving movements of the left arm had
been destroyed. In the posterior fossa, the Hocculi
had been spared. The inferior, the posterior, and
the lateral portions of the right cerebellar hemi-
sphere had been removed. The right side of the
vermis had been destroyed and the lesion had
been carried across the midline into the posterior
vermis, Consequently, nearly all of the nodule,
the uvula, and the pyramis had been removed.
There was an involvement of the cerebellar nuclei
bilaterally, with the dentate nucleus being slightly
more involved on the right than on the left.



38 E. C. CROSBY, R. C. SCHNEIDER, B. R. DEJONGE AND P. SZONYI

Fig. 30 Monkey 771 on QOctober 6, 1960.

On January 7, 1960 a right cortectomy was per-
formed on Monkey 4711 which had previously
had a left superior cerebellar pedunculotomy
(p. 27). The monkey was in a somewhat critical
condition immediately following the operation
but gradually improved during the succeeding
days. By January 10, 1960 she showed definitely
less hypotonicity on the left than preoperatively.
When taken out of the cage and placed on the
floor, on January 11, she tried to right herself but
was not very successful (fig. 32). By January 15,

she crouched on all four feet on the bottom of
the cage. By January 17, the animal was trying
to walk. She did not do badly, especially if she
could lean against something. She had a crouched
position and was still weak on the side opposite
the cortical lesion.

During the next seven wecks the locomotion
gradually improved to some small extent (fig. 33),
although she was still greatly handicapped.

On April 28, the areas related to extremity
movements were removed in the motor, premotor,
and sensory areas of the left cercbral cortex. By
May 2, the animal had recovered somewhat from
her operation., She struggled but could not stand
or walk. She was hypertonic and the hyper-
tonicity increased during the next few days, so
that by May 6 she was beginning to show an
opisthotonos, The marked hypertonicity remained
and she became a serious nursing problem. She
was sacrificed on June 28, 1960,

The postmortem (fig. 34) showed that the
cortectomy on the left was partial. It spared the
hippocampus with fimbria and fornix, the amyg-
dala, a considerable part of the temporal lobe,
and some portions of the rostral end and medial
inferior surface of the temporal lobe. Micro-
scopic material (fig. 35, a and b; fig. 36a, b) con-
firmed the degeneration in the superior ¢crebellar
peduncle, in the cerebellorubrothalamic system,
and in the decussation of the superior cerebellar
peduncles.

On January 23, 1964, in an effort to lessen the
tremor which had diminished very little (p. 29),
from the time of the cerebellectomy, the portions
of the right motor cortex in Monkey 5646 related
to upper and lower extremity movements were
removed with a sucker. The animal recovered
quickly from the operation. On January 24, he
was in good shape and the tremor had disap-
peared bilaterally. He was very hypotonic. By
January 26, the head tremor was returning and,
a day later, it was present on the side of the
motor cortex destruction. It was less marked
than preoperatively and never returned on the
left extremities, He had a paresis of the right

Fig. 31 Brain of Monkey 771.
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Fig. 33 Monkey 4711 on February 28, 1960,

upper and lower extremitics but could use his
hand for eating. The animal learned to walk
again with the walkers (fig. 37).

On March 18, 1964, the left motor cortex was
sucked off in the region related to movements of
the contralateral extremities. Again the monkey
recovered very rapidly from the operation. Im-

mediately postoperatively, the tremor had entirely
disappeared. It began to return for the head
about 36 hours after the operation and increased
somewhat over the succeeding days but never
regained its original violence. QOtherwise, he gave
no evidence of a tremor unless he became vio-
lently excited in which case there was an occa-
sional trace of a tremor on the body or the
extremities. He was unable to support himself on
his extremities and also he needed support to sit
in an erect position. His hypotonia was appar
ently greater than before the removal of the
motor cortices. There were occasional short
bursts of hyrertonia on testing. With the support
of either walker, he moved up or down the
corridor in search of candy or seeking to return
to his cage.

On June 4, 1964, the previous opening in the
skull was enlarged, the central fissure and the
somesthetic cortex identified, bilaterally, and a
lesion placed in both right and left hemispheres,
in the portions of areas 5 and 7 from which lower
and upper extremity movements can be elicited.
The animal was awake when removed from the
operating table. He was still very hypotonic
and had an action tremor of the head. Neverthe-
less, the lower extremities showed a hyperexten-
sion (fig. 38). He was allowed two days to recover
from the effects of the operation and then placed
again in the walker. At first he was not able to
move it. Within a few days he was moving up
and down the hall in the walkers, but not quite so
readily as before the last operation.

From the middle of June until the middle of
August, he showed little change. He had mno
useful increase in tonus. The action tremor of
the head was slightly diminished but was still
present and increased as the monkey became ex-
cited. He was sacrificed on October 6, 1964
(fig. 39).

In children

After many experiments on monkeys in
an effort to produce hypertonicity and then

Fig. 34 Brain of Monkey 4711. (Reprinted by permission from the Editors of the Journal of

Neurosurgery, from Schneider and Crosby, ’63.)
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Fig. 35 Photomicrographs of brain of Monkey 4711. (a) Level of transition between
pons and medulla with emerging left VIIth root. The lesion at this level invades the inferior
and middle cerebellar peduncles and the dorsolateral border of the spinal tract of V. Com-
plete degeneration of the right pyramidal tract is apparent, 6.5 X. (b) Section through the
pons at the level of trigeminal root. The left motor and sensory trigeminal nuclei and asso-
ciated spinal tract of V are destroyed and the lesion at its maximum extends far enough
medialward to get into the medial Iemniscus. Again note the complete degeneration of
pyramidal corticopontine systems on the right, 9 x.
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Fig. 36 Photomicrographs of brain of Monkey 4711. (a) Section through the midbrain
at the superior cerebellar decussation. Degeneration in the tegmentum of the midbrain
and in the left superior cerebellar peduncle is evident. Note degeneration in the corticospinal
and corticopontine tracts on the right, 7 X. (b) Section through the medulla just in front
of the obex showing degeneration of the spinal tract of V on the left and of the pyramidal
tract on the right, 7.5 X.

41
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Fig. 37 Monkey 5646, February 20, 1964, showing recovered ability to use both hands
in eating.
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Fig. 38 Monkey 5646, June 9, 1964, showing hyperextension of the lower extremities.

Fig. 39 Brain of Monkey 5646 postmortem.

alter it by cerebellar lesions of various
sizes and locations, it was determined to
test the results on a very limited group of
especially selected children. The opera-
tions on the children were performed by
Dr. Schneider.

All of the children operated upon, ex-
cept two with dystonia musculorum de-
formans, had cerebral palsy and were sub-
normal mentally. One tested at 1.Q. 24,
another at 1.Q. 54. From their postopera-
tive performance it seems likely that they
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are actually somewhat more intelligent
than these records imply but they are dis-
tinctly well below normal, probably an in-
dication of the wide involvement of associ-
ation areas (and supplementary motor
areas) by the original lesions.

All of the children had intense hyper-
tonicity. The muscular rigidity of the
back in some cases was sufficient to pro-
duce severe lumbar lordosis. In the cere-
bral palsy children, there was an approach
to an opisthotonic position, often with
marked extension of the lower extremities
and flexion of the upper extremities. The
rigidity in children with dystonia mus-
culorum deformans varied at different
stages in the progression of the disease.
An early rigidity in extension might be
replaced later by a rigidity in flexion. In
one of the children with cerebral palsy and
in one with dystonia musculorum defor-
mans, intense pain was the motivating
factor for undertaking the operation.

In all cases the children had been ex-
amined by various physicians and their
conditions regarded as hopeless. Drugs had
failed to relieve the intense hypertonicity
and the sedatives given to those children
who suffered intense pain were gradually
becoming less and less effective.

The cerebellar operation was tried with
the hope that by obtaining a better balance
between the discharges from the cerebral
cortex and from the cerebellum an im-
proved over-all condition might be ob-
tained even though the brain lesions were
increased. The cerebellar lesion consisted
of a removal of the posterior vermis down
to the ventricle and an extension of the
lesion on out into the hemisphere bilat-
erally to destroy the cortex of the tonsil
and of the immediately adjacent parts
of the ansiform and gracile lobules, where
they border the vermis laterally and the
tonsil dorsally and laterally (fig. 52a,
and b). Great care was taken to avoid
injury to the dentate nucleus and to the
small globose and emboliform nuclei, so
that an action tremor should not appear.

GEORGE had a form of choreoathetosis as a re-
sult of erythroblastosis. After being studied exten-
sively, he was admitted to University Hospital on
September 8, 1958. At that time he was eight
years old.

He was unable to speak, primarily because of
spasms of the laryngeal muscles. He had also a

considerable degree of mental retardation (his
intelligence quotient was 51). He had been re-
fused admission to the private schools for handi-
capped children to which his parents had applied.
A physical examination showed a marked amount
of spasticity, with more involvement of the right
arm than of the left. He was unable to extend
his fingers properly on the left. On the right, his
hand was held in a flexed position at the wrist
so that he could not use it effectively. At the
slightest stimulus, both feet were thrown for-
ward in marked extension. When he was stimu-
lated, the left arm was frequently thrown upward
above his head and the right arm extended, with
the wrist flexed. His tongue tended to push up
against his palate and his face became contorted
in a facial grimace. The spasms were Ppro-
nounced (fig. 40).

The skull x-ravs, the results of the lumbar
puncture, and pneumoencephalography were all
normal. An electroencephalogram showed a dif-
fusely abnormal pattern suggesting extensive bi-
lateral brain damage.

Since it was impossible to control the child’s
symptoms medically, surgical therapy was dis-
cussed with the family. The parents were iold
some animal experimental work had given resulis
which might be helpful. They were informed
that the procedure involved a partial cerebellec-
tomy and warned of various dangers associated
with an attempt of this kind. Since they were
unwilling to place George in an institution, and
they could not care for him in his present state,
they agreed to the operation.

Under local anesthesia, a complete suboccipital
craniectomy was performed on September 18,
1958 and a region approximately 3 X 3 X 4 ¢cm
in volume was excised in the medial half of the

Fig. 40 George in terrific spasms resulting
from the slightest stimulation. (Reprinted from
the proceedings of the Second International Meet-
ing of Neurobiologists, Amsterdam, 1959, by per-
mission of the publishers, Elsevier Publishing
Company — Schneider and Crosby, ’60).
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right hemisphere of the posterior cerebellar lobe,
being careful not to injure the dentate, globose,
or emboliform nuclei. The tonsil was removed
bilaterally and, also, the posterior part of the
vermis (uvula, nodule, and pyramis) down to
the ventricle but with attempted sparing of the
rostral poles of the fastigial nuclei (fig. 41).
During the operative procedure the patient sud-
denly became unresponsive without any altera-
tion in the vital signs or in the anesthetic, No
definite cause for this change in state of con-
sciousness could be noted, so the wound was
closed and the operation completed.

For a time, postoreratively, this child appeared
to be considerably worse than before the proce-
dure. He was lethargic. He had intermittent
vomiting, although special care had been taken
to avoid pressure on the respiratory and the vomit-
ing centers in the floor of the fourth ventricle.
He was able to move his head but constantly
turned away from his examiner. He had smack-
ing movements of the lips and associated move-
ments of the tongue., At times he made grunting
sounds accompanied by a cry. His pupils were
equal and reacted to light. He tended to hold his
head in extension but offered no resistance to
flexion of the cervical spine., He had marked
spasticity in all extremities, much worse than
preoperatively. The only exception to this was
seen in the left arm, which was somewhat looser
than the right. He was unable to grip with the
right hand and could not use the left hand and
left fingers. There was a bilateral, coarse tremor,

which was more marked on the right. The legs
were drawn up close to the trunk with the thigh
and the leg in flexion and there was evidence of
scissoring. The athetoid movements had disap-
peared. He was discharged from the hospital on
October 7, 1958.

On May 25, 1959, George returned as an out-
patient for a check up. He showed marked im-
provement over his preoperative (and immedi-
ately postoperative) condition. He showed some
athetoid movements but his spasticity was less.
Some nine months postoperatively he had less
involuntary movements of the head, a loss of the
spasm of the lower extremities, and better control
of his left arm. He could smile, so that his face
lost the expressionless and sometimes distorted
appearance which it had had before. He could
swallow better than preoperatively and could take
a glass of milk in his hand and drink from it — a
feat he had never accomplished previously (fig.
42). His finger to nose test was reasonably well
done. His lower extremities were becoming hypo-
tonic and he had some voluntary flexion of them
at the knees.

He continued to improve over the mnext three
vears. He attended a school with provision for
teaching handicapped children and lived at home.
He learned to write his name and some other
short words and sentences. He did quite well in
arithmetic. He played with trucks and other toys
and develored a considerable interest in televi-
sion. He talked in short sentences. He had a
smiling, rosy face and seemed to get quite a bit

Fig. 41
and A’ suggests the extent of tissue removed.

Operative site after partial cerebellar excision. Comparison of the length of arrows A
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Fig. 42 George definitely improved postoperatively, on May 25, 1959. (Reprinted from the Pro-
ceedings of the Second International Meeting of Neurobiologists, Amsterdam, 1959, by permission
of the publishers, Elsevier Publishing Company — Schneider and Crosby, ’60.)

Fig. 43 George in the summer of 1962. (Reprinted by permission from the Editors of the Journal
of the Michigan State Medical Society, 62: 175-204 — Schneider and Crosby, 63).

of fun out of living. By the end of the period, he
was able to type simple words on an electric type-
writer, using one finger and the “hunt and peck”
method (fig. 43).

Five years postoperatively there was an in-
creased hypotonia in the trunk muscles, suffi-
ciently great so that George tended to slump for-
ward. His left hand moved more freely but he
still had marked loss of control. His right hand
had an athetoid posture. Nevertheless, the athe-
toid movements were gone. The spasm of the
throat muscles had also disappeared and he could
speak more readily than before. He was attending
school and was able to color, to write simple sen-
tences, and to read simple text, He was still
better in arithmetic than in any other subject.
Certainly his lack of mental capacity is in part
responsible for his failure to acquire further skills.

At the present time he has shown some further
improvement. He is attending school and is add-
ing a little to his capabilities (fig. 44). His mental
status makes it impossible to hope that he will
ever be able to care for himself.

CHARLES, a ten vyear old, right-handed boy,
was afflicted with dystonia musculorum defor-
mans. At six years of age his right foot showed
spasticity and a tendency to invert and plantar
flex. Within a few months the right hand lost its
dexterity and he switched to left handedness.
Within a year it became impossible for the boy to
sit up because of torsion spasms of the trunk and
pelvis and he could barely walk without the aid of
crutches. On attempts to move any limb, dystonic
spasms abruptly intervened rendering the attempt
fruitless. The head was tilted with the chin being
forcibly pointed downward and toward the left

side. The spine was frequently thrown into for-
cible curvature with a convexity of the kypho-
scoliosis to the left. The involuntary movements
were aggravated by any attempt to sit or stand
and would decrease upon lying down. No intel-
lectual deterioration occurred. The frequency and
the severity of dystonic spasms, however, rapidly
progressed to where the boy became bedridden
with his limbs contorted and immobilized in odd
postures with increasing rigidity and spasm. Vol-
untary movement was virtually impossible. Pas-
sive movement would initiate involuntary spasms
throughout his entire body. Prolonged forced pos-
turing of the extremity joints by unequal action
of the antagonists led to stiffness of the joints,
immobilization of them in an uncomfortable atti-
tude, and increasing discomfort and pain. He
could do nothing for himself except cry out in
pain and required both paraldehyde and Demerol
every four hours around the clock for any bit of
short-lasting relief. Only occasionally in sleep
would he be comfortable when the involuntary
dystonic spasms ceased. It was so difficult for
him to spcak that he replied in staccato bursts of
isolated words rather than full sentences.

Skull x-rays showed no apparent abnormality.
His spinal fluid analysis was normal and pneumo-
encephalography revealed no abnormality, Elec-
troencephalography both early and late in the
course of the illness showed a diffusely abnormal
tracing suggesting a degenerative process. With
the hope of correcting the extreme muscular
spasms and hypertonicity, a right cryothalamot-
omy was performed on September 30, 1963 and
a left cryothalamotomy was subsequently carried
out on October 29, 1963. The forcefulness of
dystonic spasms required that the operations be
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Fig. 44 George on September 20, 1964.

done under general anesthesia. In the right thal-
amus, three lesions of an esimated 8 mm in
diameter were carefully made in the supposed
location of the nucleus ventralis lateralis. No
motor weakness resulted and mo speech disturb-
ance occurred. The dystonic spasms, rigidity, and
posturing were only transiently slightly alleviated.

The boy’s affliction was so terrible that some of
the attending physicians believed, after failure of
the cryothalamotomies, that to provide sympto-
matic relief even a tetraplegia with a total tran-
section of the cervical cord would be preferable
to the agony which this patient was suffering
(fig. 45). Finally in the hope of re-establishing
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Fig. 45 Charles, November 2, 1963, suffering with agonizing spasms and intractable pain.

a new balance of tonicity and a relief of pain, a
partial cerebellectomy was elected to be per-
formed.

On November 13, 1963, a suboccipital craniec-
tomy was carried out in a sitting position under
general anesthesia, The posterior fossa was opened
from one sigmoid sinus to the other. The dura
was incised bilaterally exposing both cerebellar
hemispheres and the vermis (fig. 46a). Beginning
at the great horizontal fissure of the cerebellum
superiorly, and working inferiorly, cerebellar cor-
tex was removed from the vermis and from both
the cerebellar hemispheres for a distance of 6 cm
lateral to the midline and to a depth of approxi-
mately 1.5 to 2 cm. In the region of the vermis,
the lesion was deep enough to expose the ventricle
and involve at least the more caudal part of the
nucleus fastigii bilaterally (fig. 46b). The anes-
thetic was lightened in the hope of determining
changes in tonicity on passive movement of the
limbs. No noticeable decrease was observed in
the rigidity of the left limbs but little if any
rigidity appeared to be present in the right upper
extremity. Inasmuch as the spasms and posturing
were worse preoperatively on the left side than
on the right, a little more of the posterior lobe of
the left cerebellar hemisphere was removed to a
depth of about 3 to 4 cm, being careful to spare
the dentate nucleus.

For nearly ten days following the operation
the only noticeable change from the preoperative
state was a worsening of the spasm and the
rigidity. Then gradual improvement occurred.
The spasms lessened in frequency and severity.
Sedatives and narcotics were no longer meeded
for pain had disappeared. Within six weeks of
the partial cerebellectomy the boy was able to

feed himself with his right hand. The neck was
no longer thrown back so far as preoperatively,
and he tended to move his head from side to side
without discomfort. He no longer showed the
explosive, racing type of speech which he had
had preoperatively, being now able to enunciate
clearly.

The left arm which, precoperatively, had been
held in rigid extension with the hand internally
rotated and the fingers clenched so that the hand
could not be drawn forward along the body, now
showed considerable relaxation. It was possible
to abduct the arm to nearly 130° at the shoulder,
to move the forearm under the arm, and to ma-
nipulate the one extremity without throwing all
other extremities into spasm. The fingers did re-
main clenched and failed to open voluntarily.
The least gain was noted in the left lower ex-
tremity. Both lower extremities could be flexed
but with some difficulty and for only about 5° at
the knee; the toes on both sides could be moved
voluntarily though only slightly, Movement of
the ankles was markedly limited by preoperative
contractures but movement was possible at both
hips, although more on the left than the right.
The left lower extremity, which had been held
in extension but jack-knifed at the waist level
now could be drawn down toward the bed to
approximately 30° from complete extension.

By March 2, 1964 a further lessening of the
disability was noted. The boy continued to be
able to feed himself with his right hand. His Jeft
hand could be brought haltingly into flexion and
curved forward onto the chest and there was some
return of movement in the previously clenched
left fingers. It was now possible for him to be
seated upright (fig. 47) in a chair or bed whereas
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Fig. 46 (a) Operative field before surgical excision, (b) After surgical excision.

previously he was so rigid he could not be bent.
In the lower extremities, he was able to move his
toes slightly and, with little effort, he could flex
his right leg at the knee. There was still less diffi-
culty in speaking. Contractures at the wrist and

the ankle joints still limited greatly the move-
ment of the less hypertonic muscles of the ex-
tremities. An X-ray demonstrated a dislocation
of the left hip which, in the interim, had formed
a false joint.
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Fig. 47 Charles
tively in February of 1964,
ture and freedom from pain.

being examined postopera-
Note the sitting pos-

By April 7, 1964, the right hand had sufficiently
loosened up to permit Charles to color pictures in
a book. His left arm continued to show a diminu-
tion of stiffness, but it was still noticeably dis-
abled, and it took considerable effort for him to

. -

bring his arm up over his trunk. Some involun-
tary movements of the arm were still present.
The boy could actually assume a sitting position
although the hips remained somewhat rigid. The
right leg could be actively moved. He could fiex
and extend it on the thigh quite readily (fig. 48).
Marked flexion deformities of both ankles per-
sisted. The entire left lower extremity remained
somewhat rigid and extended upward. Now he
could smile for he had no pain. He spoke in well
modulated sentences.

Examination on September 9, 1964 unfortu-
nately showed some progression of his illness.
The tone had increased in the right lower ex-
tremity so that the limb was more or less fixed
in flexion at the hip but he could flex the leg
considerably. The left lower extremity showed
fixation in extension and very little flexion at the
knee was possible. He still could be seated and
maintained in a sitting position. Fortunately
good function of the right hand continued and
there was no further stiffening of the neck and
no pain. The left hand and arm could still be
swung over the chest but hesitantly, and there
was no functional movement of the left hand
and fingers.

It was decided not to proceed with further
cerebellar excision. In the hope of providing some
relief from the rigid lower extremities, a release
of the flexor and the adductor muscles of the
right hip capsule was carried out on August 28,
1964, and a release of the adductors and the flexor
muscles of the left hip on September 10, 1964.

BRENDA is now a 12 year old, right-handed
girl. At six years of age she developed progressive
difficulty in walking and athetoid movements,
particularly on the left side of her body. She was
first seen by the neurosurgeons on April 4, 1961,
at which time the most striking signs were a
markedly increased tone in the back, the abdo-
men, the thighs, and the legs. The muscular
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Fig. 48 Charles, June 9, 1964, showing ability to flex the left upper and right lower

extremities.
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rigidity was so great that she had a severe lum-
bar lordosis, which bent her trunk toward the
right side. The abdominal musculature was re-
markedly tensed. Both feet were kept in an
equinus position with the toes flexed. Her gait
was very unsteady with the left leg kicked far
out in front of her as the foot was picked up.
She walked on inverted tiptoes. Because she was
still ambulatory, surgical therapy was deferred.
By September 6, 1961, the child had a marked
progression of her symptoms, for she now had
marked flexion deformities of the left foot and
the left knee (fig. 49). Her psychological testing
showed that she was functioning at the upper end
of a dull-average range of intelligence.

On June 25, 1962, the child had a right stereo-
taxic thalamotomy in which two lesions were
made by the Bertrand stereotaxic snare technique.
At the time of her discharge from the University
Medical Center, on July 19, 1962, she had good
strength in, and control of, the right leg but
moderate difficulty in bringing the left leg for-
ward because of the equinovarus deformity. She
had marked relief of her symptoms and was able
to walk about and feed herself.

In November, 1962, she began having abnor-
mal movements. On January 8, 1963, she had a
left cryogenic thalamotomy, with the insertion of
two lesions. Postoperatively, she was markedly
obtunded for a time. She had a minimal right
hemiparesis and a moderate aphasia, which grad-
ually improved. Her abnormal movements were
greatly diminished on the right and slowed on
the left side (fig. 50).

On May 24, 1964, Brenda was readmitted to
University Hospital. At that time she had some
opisthotonic posturing. Both knees were flexed
with a mild degree of contracture, The left knee
was worse than the right and the left heel ac-
tually rested against the buttocks. Both ankles
were held in flexion and in inversion. The trunk
had a lordotic posture with the meck extended
(fig. 51).

On June 4, 1964, the patient had a partial
cerebellectomy in which the posterior vermis
down to the ventricle and the cortex of the tonsils
and of the immediately adjoining parts of the
gracile and ansiform lobules were excised (fig.
52a,b). For the first postoperative week, as is
usual in this type of operation (p, 48), the patient
was much worse than before the removal of the
cerebellar area. She was more opisthotonic, with
her head extending backward within one foot of
the buttocks. The trunk and the lower extremi-
ties then exhibited an increased tonus. The legs,
moreover, showed some extension but the arms
were somewhat more relaxed and could be used
a little better than beforc the procedure.

Within a week, the child began to improve
markedly. There was an amazingly rapid diminu-
tion of the hypertonicity so that, by the sixth day
after operation, she could sit upright in a chair.
At the time of her discharge from the hospital,
on July 20, 1964, she was able to walk with
support and could move about fairly well. Her
greatest problem at present, aside from the con-
traction and inversion of the left extremity, is a
loss of stability of the trunk, which keeps her
from standing and walking without help (fig. 53).

Her mentality, although somewhat blunted, is
still fairly good. It is expected that she will con-
tinue to improve.

DISCUSSION

Among the various results of this long
series of experiments which might be dis-
cussed, two topics are primarily considered.

They are: (a) the functional differences
in the roles of the motor and the supple-
mentary motor (or extrapyramidal) cor-
tical areas for the elaboration of voluntary
and automatic associated responses; and
(b) the regulation of tonus at higher brain
levels.

Various pertinent references to the liter-
ature are included in the small type, for
the benefit of those who wish to docu-
ment certain points, In reading the dis-
cussion this small type may be omitted
without loss of continuity.

Functions of motor and supplementary
motor cortices

A. Motor cortex
Pattern on motor cortex

The highly specific motor pattern dem-
onstrable along the primate central fissure
has been described for subhuman primates
by various experimenters and for man by
the neurosurgeons. It has been docu-
mented repeatedly in the monkeys em-
ployed in the present experiments, having
been used to determine the size and the
extent of the contemplated lesions.

Eye deviations in different planes have
been obtained from stimulation of the
frontal cortex rostral to area 4. Not all
observers have agreed as to a possible
pattern arrangement based on the direc-
tion of eve deviations. Some of the differ-
ences in results depend on the kind and
the depth of anesthesia, if an anesthetic
were employed. The evidence for a dupli-
cate or mirror image pattern in the frontal
eye fields, with recognition of a primary
and a second motor area for eye deviations,
is based on the work of Crosby, Yoss and
Henderson (°52) and Brucher (’64) for
monkeys and of Lemmen, Davis, and
Radnor (’59) for man. The two papers
quoted for monkeys agree quite well except
that Brucher (’64) obtained no divergence
of the eyes from stimulation of the frontal
eye fields and he did get associated move-
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Fig. 49 Brenda, September 6, 1961, exhibiting dystonic posture.
Fig. 50 Brenda three weeks after the thalamotomy.
For acknowledgment for the use of these figures, see figure 52, page 54.

ments such as turning the head that were
not reported in the earlier paper which
dealt only with extraocular movements.
Convergence and divergence of the eyes
have becn reported from excitation of the
frontal eye fields by Jampel (°60). The

present study illustrates forced deviations
of the eyes from frontal lobe involvements.

The patterns of movements elicitable on stimu-
Jation of areas along the central fissure have been
described by Foerster (’36), Woolsey (’38, '52,
’58), Scarff (°40), Rasmussen and Penfield (’47),
Penfield and Rasmussen (’50), Woolsey et al.
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Fig. 51 Brenda in recurrent dystonic posture preceding cerebellectomy on May 29, 1964,
For acknowledgment for the use of this figure, see figure 52, page 54.

(’49, ’50, 52, ’60), and many others. Eye devia-
tions can be obtained from stimulation of certain
portions of area 4 (chiefly the hand and the face
regions), as various observers (Sherrington, 1893;
Penfield and Rasmussen, ’50; Crosby, Yoss and
Henderson, ’52; Crosby, °53a) have found. The

patterns on the primary motor eye fields have
been reported upon by Mott and Schaefer (1890),
Griinbaum and Sherrington (’01), Vogt and Vogt
(’07), Foerster ("31), Smith (’36, '49), Penfield
and Rasmussen (’50), Crosby, Yoss, and Hender-
son (’52), Crosby (’53a), Lemmen, Davis and
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Fig. 52 (a) Before surgical excision of cerebellum. (b) Fo].léwing surgical excision. The amount
of tissue removed may be appreciated by comparing arrows A and A’ and B and B’ between views.
(Figures 49 to 52 are reprinted from the Journal of the Michigan State Medical Society, 62: 175-
204 — Schneider and Crosby, 1963).
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Fig. 53 Brenda in September of 1964.

Radnor (°59), Crosby, Humphrey and Showers
( ’519), Brucher (’64) and others working in this
field.

Discharge paths from motor cortex

In addition to contributions to commis-
sural and association bundles, the areas
along the central fissure give rise to cor-
ticostriatal and corticotegmental fibers (p.
59) and to pyramidal tract fibers. The
pyramidal tract contains not only the well
known corticospinal and corticobulbar
components but it has also fascicles of
various origins and terminations. After

rather wide-spread cortical injuries, in-
cluding destruction of area 4, many py-
ramidal tract fibers survived (Lassek, *54).
Along with fibers from paracentral and
precentral gyri of the same side and, to a
small extent, from the other side (figs.
54, 55), there are fasicles in the pyramidal
system from the postcentral gyrus, the
parietal areas 5 and 7, and perhaps (Wal-
berg and Brodal, ’53) from the temporal
and the occipital cortices. The main bundle
is joined in the internal capsule by cortico-
bulbar fibers from the frontal eyefields.
Fibers are said to ascend from cord levels
in the corticospinal tract (Brodal and
Walberg, ’52, for the cat). The impulses
they carry are thought, possibly, to have
an inhibitory effect over corticospinal dis-
charges (Walberg and Brodal, ’53). The
course of the pyramidal tract (figs. 54,
55) through the internal capsule and the
brain stem and its terminations therein,
its partial decussation at lower medulla
and upper cord levels, and the termina-
tion of some of its fibers (Hoff and Hoff,
’34; Kuypers, ’60a, b) directly, and through
intercalated neurons, on alpha neurons,
and possibly on gamma neurons, are too
well known to require further documenta-
tion. (For cat, Nyberg-Hansen and Brodal,
’63.)

Physiological and anatomical findings
indicate that some of the pyramidal fibers
(presumably those from somesthetic and
parietal cortices) distribute to various af-
ferent nuclei — such as the nuclei of the
posterior columns, the sensory trigeminal
complex, and the intermediate gray, the
gray at the base of the posterior horn, and
the dorsal nucleus of Clarke in the spinal
cord (Hoff and Hoff, *34; Chambers and
Liu, ’57, ’°58). Presumably such fibers are
regulatory, and perhaps at times inhibitory,
over the discharges from these afferent
centers.

Peele (*44) suggested a sensory regula-
tory action of the pyramidal system fur-
thered by fascicles in that system from
postcentral and parietal regions. Scherrer
and Hernandés-Pedén (°55) stated that
stimulation of the sensory cortex inhibits
the passage of impulses over synapses in
nucleus gracilis. They believed, however,
as Hagbarth and Kerr (’54), that such
inhibitory impulses were relaved to the
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Fig. 54 Marchi degeneration in the homolateral pyramid and lesser degeneration in
the contralateral pyramid follcwing destruction of area 4. It indicates the presence of
homolateral and contralateral fibers in the system above the motor decussation, 21 X.

Fig. 55 Weil preparation at midbrain-pontine transition showing a major degeneration
in the pyramidal and corticopontine systems homolateral to an extensive cortical excision
(arrow) and a very minor degeneration in the bundle contralateral to the cortical lesion, 6.7 %.
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sensory nucleus through the reticular for-
mation.

The tonic activity (Adrian and Moruzzi,
’39) or continuous discharge of the py-
ramidal system — reinforcing, facilitating,
and, presumably at times, inhibiting the
movements set up at various brain and
spinal cord levels — was regarded by Tower
("49, see also Tower and Hines, "35; Tower,
’40) as showing a functional organization
of the pyramidal tract “in time.” During
sleep this tonic activity is greatly dimin-
ished. Tower’s concept of a functional or-
ganization of the pyramidal tract “in space”
refers to the pattern representation on the
motor cortex, the pyramidal tract, and the
lower motor nuclei of the brain stem. The
present writers regard these patterns as
determined by the peripheral distribution
of the axons of those motor neurons con-
stituting the motor pocls on which, di-
rectly or indirectly, the pyramidal tract fi-
bers end.

Along with fibers from the paracentral and
precentral gyri (Holmes and May, ’09; Hines,
’37; Lassek, ’42; Tower, *49; Glees et al., ’51; and
many others), there are fascicles from the post-
central (Peele, ’42; Woolsey and Chang, *48), the
parietal areas 5 and 7 (Pcele, *42; Woolsey and
Chang, 48), and 4s (Hines, 42, ’43), and, at
Jeast in the cat, from temporal and occipital cor-
tices (Walberg and Brodal, ’53) in the pyramidal
system. The main bundle is joined in the internal
capsule by corticobulbar fibers from the frontal
eye field (Beevor and Horsley, 1890; Levin, *36;
Crosby, Yoss and Henderson, ’52; Crosby, ’53a).
There are also fibers from the contralateral pre-
central and postcentral areas in the cat (Liu
and Chambers, '64) and in monkey.

Functions of motor cortex

As Hughlings Jackson pointed out, and
others have emphasized (Penfield and
Rasmussen, ’50), the movements elicit-
able from stimulation of parts of the motor
cortex are those of body parts and not
of body muscles. Moreover, the pattern
elicitable from a small area on the motor
cortex is a demonstration of the function-
ing of the complete neuron arcs from the
specific cortical area to the terminations
on the muscle fibers and not an indication
of properties inherent in the cortex itself.

The motor pattern on area 4 has been
altered experimentally by changing the pe-
ripheral distribution of certain nerves
(Schemm and Kahn, ’60; Schemm, ’61;
DeJonge, to be published). The area of

the macaque motor cortex which gave
shrugging of the shoulders was located.
Then the contralateral facial nerve was
sectioned and its distal end sutured into
the proximal end of the spinal accessory
nerve. Some months were allowed for out-
growth of fibers of the spinal accessory
nerve along the branches forming orig-
inally the distal end of the facial nerve
and for the establishment of nerve termin-
ations on facial muscles. Restimulation of
those portions of the motor cortex which,
preoperatively, had given shrugging of
the shoulders, after the nerve regeneration
gave face movements. A new cortical pat-
tern had been established.

B. Supplementary motor areas

Patterns on supplementary motor areas

Stimulation of various cortical areas, in
addition to the areas along the central fis-
sure, results in face and body movements.
These regions have been described under
various names such as second, additional,
supplementary or extrapyramidal areas, al-
though the terms are not quite synonym-
ous. The wide distribution of the supple-
mentary motor areas is indicated in part
in figure 56.

The pattern of movements obtained on
stimulation of the supplementary motor or
extrapyramidal areas shows the same se-
quence as that described for the motor
cortex although the dorsoventral arrange-
ment may be reversed or otherwise altered.
The movements demonstrable are usually
less precise than those elicitable from the
motor cortex, for they often involve all
of the fingers, or the whole hand, or even
most of an extremity. It is probable that
the pattern on a supplementary motor
area, like that on the motor cortex, indi-
cates the functioning of the whole dis-
charge system from the cortical level to
the termination on the muscles and is not
an inherent characteristic of the cortex it-
self.

The supplementary motor pattern on
area 6 has been described by Penfield and
Rasmussen (°50) for man, and by Penfield
and Welch (’51) and Travis ("55) for the
monkey. The patterns on the parietal areas
5 and 7 have been described for the mon-
key by Peele ("44) and by Fleming and
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Frontal
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Frontal
Eye field IT
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frontale
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Fig. 56 Diagrams to show some of the extrapyramidal areas (indicated by number) demonstrated
by stimulation of the macaque cortex. Arrows are in the fields giving eye deviation and indicate the
direction of those deviations. A -— movements of face ipsilateral to stimulation. B — movements of
face contralateral to stimulation. C -— movements of upper extremity (contralateral and sometimes
bilateral). D — movements of lower extremity (contralateral and sometimes bilateral). E — move-
ments of all extremities (contralateral and sometimes bilateral). N — turning of head. This fig-
ure is a reproduction of figure 330 from the Correlative Anatomy of the Nervous System by Croshy,

Humphrey and Lauer (’62). (Courtesy of The Macmillan Company, New York.)
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Crosby ('55). A supplementary motor area
has been identified in the macaque island
and the movements obtainable from it de-
scribed by Frontera (55, '56) and Showers
and Lauer (61). Respiratory changes and
laryngeal movements were obtained from
the rostral part of the island by Sugar,
Chusid and French (’48) and Fursten-
berg (’58).

In both the monkey and man, adverse
turning of the body and head have been
obtained on stimulation of area 22 (Foer-
ster, '31; Lemmen, '51). Omne of the most
outstanding patterns of movements of face
and body is that obtainable from the mid-
dle and the inferior temporal gyri, to-
gether with the rostral tip of the temporal
lobe, in monkeys (Schneider and Crosby,
’54; DeJonge, to be published). Head and
neck movements appropriate to the eye de-
viations elicitable from near lying or over-
lapping areas have been demonstrated in
the macaque occipital cortex by Rieck (59).
Homolateral face movements have been
obtained in primates, including man (Bald-
win, Frost and Wood, ’54, '56), from stim-
ulation of the amygdala and a motor pat-
tern can be demonstrated also on stimula-
tion of the macaque hippocampus (Votaw,
57, ’59). A double pattern of motor re-
sponses is obtainable from the cingulate
gyrus of the macaque (Showers and
Crosby, '58; Showers, 59). Opinions have
differed as to whether the responses ob-
tainable from the posterior part of the
paracentral and from the postcentral gyri
should be regarded as an extension of the
primary motor field in man (Penfield and
Rasmussen, '50) or as constituting a sup-
plementary motor area (Foerster, 31).
Penfield and Rasmussen (’50) have de-
scribed a second motor area in man at the
base of the central fissure. Second motor
areas in various mammals, including pri-
mates, have been described by Woolsey
(’52, ’58) alone and with his associates
(’52).

Multisynaptic descending tracts

Although there are many reports in the
literature concerning the multisynaptic
pathways from various cortical areas to
motor nuclei of the brain stem and the
spinal cord, the knowledge of these fiber
paths is far from complete. In many of

the animals of the present series only cor-
tical areas were involved in the lesions.
Consequently only paths of cortical origin
were degenerated. In those monkeys in
which the basal ganglia were included in
the lesion either these areas were only
slightly invaded or, along with their major
destruction, there was ablation of large
cortical areas. Neither type of involve-
ment permitted preparation of microscopic
material favorable for following projec-
tion paths from globus pallidus and puta-
men to their terminations. None of the
operations in the present series was con-
cerned with placing midbrain lesions, so
the tegmentospinal portions of the extra-
pyramidal systems were not degenerated.
Some material has been accumulated on
corticostriate, corticonigral, corticorubral,
corticotegmental, and, of course, cortico-
spinal paths. Various other components
of the multisynaptic chains making up the
extrapyramidal systems have been reported
in other publications by the present ob-
servers (Woodburne, Crosby, and McCot-
ter, 46; Crosby, Yoss, and Henderson, '52;
Crosby, ’56; Crosby, Humphrey, and
Showers, ’59; DeJonge, to be published).

1. Corticostriate and corticotegmental
tracts

Most of the supplementary motor areas
rostral to area 19 send corticostriate fibers
to the lenticular nucleus, as well as cortico-
tegmental fibers to the midbrain. Fre-
quently at least, such corticostriate fibers
have a larger uncrossed and a smaller
crossed component, with the decussation
occurring through the corpus callosum
(figs. 57, 58).

Many of the corticostriate fibers from
cortical areas dorsal to the plane of the
lateral fissure either enter the dorsal tip
of the lenticular nucleus or reach the nu-
cleus by way of the internal or the external
capsule. Such corticostriate fibers (fig. 59)
have been demonstrated by degeneration
techniques (Glees, ’44; Berke, ’60; and
others) and by neuronographic methods
(Dusser de Barenne, Garol and McCulloch,
’49). Corticotegmental fibers from these
more dorsal and more rostral portions of
the cerebral cortex accompany the cortico-
striatal and corticospinal systems. Among
those which enter the internal capsule are
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Fig. 57 On the left, the multisynaptic pathways, including corticostriate and corticotegmental
fascicles, to the tegmentum of the midbrain and the inferior olivary nucleus. Diagram illustrates
particularly the role played by the central tegmental bundle in this discharge system. On the right
is illustrated the cerebellorubrothalamic pathway to the lateral ventral nucleus of the thalamus and

the relay forward to the cerebral cortex.
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the well-known corticorubral (fig. 60) tribution of corticotegmental fibers to the
and the corticonigral (fig. 60) paths. deep tegmental gray is also evident in this
They are illustrated in figure 60 from photomicrograph.

Marchi preparations of a brain which had Along with the corticostriate fascicles
a lesion involving areas 4 and 6. A dis- from the dorsal and more rostral parts of

Fig. w6 Fnotomicrograph showing uncrossed and crossed corticostriate and corticotegmental
fibers. The crossed fascicles are illustrated (arrows) in their course through the corpus callosum
(CC) into the internal capsule (IC), 35 X.
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Fig. 58 Corticostriate fibers in their course from putamen into the two parts of the globus pal-

lidus.

the cortex by way of the external capsule
are bilaterally arising corticotegmental fi-
bers which cross through or turn under
the lenticular nucleus (figs. 57, 62) to join
efferent systems of the nucleus (Crosby,
Humphrey and Showers, '59; Berke, *60).
Some of the corticotegmental fibers reach
the zone incerta. Then (perhaps partly
after synapse and certainly partly without
such synapse) they continue back into the
midbrain tegmentum. Some are found
in Walberg’s (°55) cortical component
of the central tegmental bundle. The ex-
tent to which the corticotegmental fibers
synapse in the nucleus of the field of Forel
is not known. Some of them descend di-
rectly to the midbrain with the lenticular
fasciculus and with fascicles from the nu-
cleus of the field of Forel which form func-
tionally a caudal continuation of the ansa
lenticularis.

From the base of the frontal cortex,
from the temporal fields rostral to area
19, and from the lower part of the insula,
corticostriate fibers enter the lenticular
nucleus from its ventral side. The cortico-

Marchi preparation following lesion in areas 6, 5 and 7, 46 X.

tegmental fascicles likewise join the ansa
fibers ventral to the lenticular nucleus or
cut through the lower part of this nucleus
to join the lenticular fasciculus. They are
known to distribute to the deep tegmental
gray of the midbrain (Berke, ’60).

From occipital and preoccipital cortices
and, apparently, from the immediately ad-
joining parietal and temporal cortices, cox-
ticotegmental and internal corticotectal fi-
bers also enter the midbrain. The cortico-
tegmental fascicles have a postienticular
and then a sublenticular course in the
monkey (Crosby, Humphrey and Showers,
’59; Berke, '60). They cross through the
field dorsal to the lateral geniculate nu-
cleus to spread out in the midbrain teg-
mentum (fig. 61, a and b). The inter-
nal corticotectal fibers pass across the
pulvinar to reach the superior colliculus.
The details of their distribution have been
considered elsewhere and need not be re-
peated here (Crosby and Henderson, *48).

It has been pointed out that corticoteg-
mental bundles reach the midbrain from
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various cortical areas. Some of these bun-
dles, at least, spread out in the lateral part
of the midbrain in accordance with a local-
ization pattern. Fibers originating in the
face areas of various supplementary cor-

tical regions tend to collect in the dorsal
part of the more lateral tegmental field,
ventral to the superior colliculus- Those
related to homolateral face movements are
dorsal to those concerned with contralat-

Fig. 60 Photomicrograph of the midbrain at the level of the red mucleus and cerebral
peduncle showing Marchi degeneration in pyramidal (Pyr), corticorubral (cr), and cortico-
nigral (cn) paths consequent on a destruction of the extremity regions of areas 4 and 6

on the left, 33 ¥, substantia nigra (Nig).
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Fig. 61

(a) Section through the lateral geniculate nucleus to show the location of the enlarged

area at the right, 8.8 X. (b) Granules of Marchi degeneration in the course of postlenticular paths
traced from the posterior parietal area to the midbrain tegmentum, 76 X.

eral face responses. Ventral to the teg-
mental area from which contralateral face
movements can be elicited on stimulation,
and lateral to the red nucleus, fascicles
collect from portions of several supple-
mentary motor areas which give upper
extremity movements on stimulation.
Most ventral and slightly medialward lie
the hundles which carry impulses set up
in those portions of supplementary motor
areas from which lower extremity move-
ments can be elicited.

By use of the stereotaxic apparatus the
parts of the corticotegmental systems can
be stimulated as they course through the
midbrain and a dorsoventral pattern of
homolateral face, contralateral face, upper
extremity, and lower extremity move-
ments, similar to those seen on comparable
testing of the supplementary motor areas,
can be demonstrated (Carey and Crosby,
to be published). This midbrain pattern is
very similar to that demonstrated by Hess

and his colleagues (Hess, Biirgi, and
Bucher, '46) in the cat.

Descriptions of corticostriate fibers are available
in the literature from many supplementary motor
areas such as area 6 (Dusser de Barenne, Garol
and McCulloch, ’42; Berke, ’60), island cortex
(Rae, ’54), various temporal areas (Segundo, Na-
quet and Arana, ’55; Crosby, '56; Berke, ’60;
Schneider and Crosby, ’60; DeJonge, to be pub-
lished), parietal cortex (Le Gros Clark, and
Northfield, ’37), cingulate cortex (Showers, ’59),
orbital cortex (Berke, ’60), and somesthetic sen-
sory cortex (Dusser de Barenne, Garol and McCul-
lcch, *42; Peele, 44 ).

Corticorubral fibers (fig. 60) have been de-
scribed from areas 6 and 4s by Levin (°49). A
corticonigral tract (fig. 65) has been identified by
v. Monakow (1895), Mellus (1899), Minkowski
(’23, 24), Hirasawa and Kariya (’36), Levin
(’36, ’49), Verhaart and Kennard (’40), and
many others. Corticotegmental (reticular) fibers
have received much documentation from many
sources and by various techniques (Hirasawa,
QOkano, and Kamio, "38; Crosby and Henderson,
’48; Levin, ’49; Lemmen, ’51; French, Verzeano,
and Magoun, °53; Showers, *59; Crosby, Humph-
rey, and Showers, '59; Berke, ’60; and others).



TONUS AND INVOLUNTARY MOVEMENTS 65

2. Basal ganglion components

The efferent pathways from the basal
ganglia bave been reported by many ob-
servers and are undoubtedly very familiar
to most readers (fig. 62). Since they rep-
resent one of the most important portions
of the multisynaptic discharge paths from
various supplementary motor areas to pri-
mary motor centers by way of the basal
ganglia, they are briefly reviewed and docu-
mented in the following small type. These
pertinent efferent connections include the
lenticular fasciculus, the subthalamic fas-
ciculus, and the ansa lenticularis.

Lenticular fasciculus, The lenticular fascic-
ulus of Forel (1877) arises primarily from the
inner segment of the globus pallidus but has some
accompanying fibers of a cortical origin (Berke,
’60; Crosby, Humphrey and Showers, ’59; Showers,
’59). Such fibers (fig. 62) arise bilaterally from
various supplementary motor areas, having under-
gone a partial crossing in the corpus callosum.
This cortical component passes largely by way of
the external capsule. It then crosses the lentic-
ular nucleus to join the other fibers of the
lenticular fasciculus. From the globus pallidus,
the fascicles of the lenticular fasciculus inter-
digitate with the bundles of the posterior limb of
the internal capsule and pass medialward in
relationship to the zona incerta and above the
subthalamic nucleus to reach the nucleus of the
field of Forel. There is some synapse in the region
of the zona incerta and some of the cortical
fibers pass caudalward {fig. 57) to join the central
tegmental bundle (Walberg, ’55). In the region
of the nucleus of the field of Forel, there is very
considerable relay. Some observers (for example
Ranson and Ranson, ’39; Papez, *42) considered
that all of the fibers terminate in this nucleus.
Others (Laursen, ’55; Woodburne, Crosby and
McCotter, ’46) thought that fascicles, perhaps
especially those of cortical origin (Berke, '60),
joined by many fibers from the nucleus of the
field of Forel, turn caudalward to end in the
nucleus of Darkschewitsch (Woodburne, Crosby
and McCotter, ’46; Laursen, ’55), in the inter-
stitial nucleus of the medial longitudinal fascic-
ulus (Foix and Nicolesco, *25; Jakob, *23; Morgan,
’277; Woodburne, Crosby and McCotter, ’46), in
the red nucleus (Riley, 43; Woodburne, Crosby
and McCotter, ’46; Laursen, *55; Neumann, *59),
and in the deep tegmental gray dorsolateral to it
(Woodburne, Crosby and McCotter, *46).

Subthalamic fasciculus, Whittier and Mettler
(’49a) listed some twenty-two observers who had
described connections between the basal ganglia
and the subthalamic nucleus and this number
could be considerably increased. Evidence that
the fascicles are both afferent and efferent to
the subthalamic nucleus (fig. 65) and an inter-
esting account of experimental lesions in this
nucleus in monkeys are also given in the pub-
lications by Whittier and Mettler (’49a,b). From
the subthalamic nucleus relay is made to the
tegmentum of the midbrain by the subthalamo-

tegmental tract (Papez, '46; Woodburne, Crosby
and McCotter, *46).

Ansa lenticularis. The ansa lenticularis (fig. 62)
arises chiefly from the putamen and the globus
pallidus. Accompanying it are cortical compo-
nents from various supplementary motor areas.
These are partly of ipsilateral and partly of con-
tralateral origin. The ansa lenticularis enters the
diencephalon ventral to the internal capsule and
swings dorsomedialward, along the medial side
of the subthalamic nucleus, to the region of the
nucleus of the field of Forel. There is a great
difference of opinion among the many observers
(Wilson, ’14; Morgan, ’27; Papez, ’42; Ranson
and Ranson, ’39, ’42; Ranson, Ranson and Ran-
son, ’41; Laursen, ’55; Woodburne, Crosby and
McCotter, '46; Neumann, ’59; and many others)
who have described this bundle as to whether
its fascicles have total or subtotal synapse in the
nucleus of the field of Forel. Some investigators
(for example, Neumann, ’59) have believed that
all the fascicles of the ansa end in this nucleus.
Others have felt that some fibers (Woodburne,
Crosby and McCotter, ’46), quite possibly the
cortical component {Berke, '60), pass through the
nucleus without synapse. The present study has
nothing to contribute along this line. In any
case, fascicles extend from the region of the
nucleus of the field of Forel into the tegmentum
of the midbrain to end in the reticular gray
ventral to, and also caudal to, the red nucleus.

3. Tegmentospinal and reticulospinal
components

Various tegmentospinal and reticulo-
spinal paths (figs. 62, 65) are common dis-
charge systems to motor centers, for im-
pulses relayed to midbrain and bulbar
reticular gray from cerebral hemispheres
and cerebellum. These paths are dis-
cussed very briefly under the considera-
tion of certain cerebellar efferent systems

(p. 75).

Functions of supplementary motor areas

In the normal monkey, or in man, the
supplementary motor areas are concerned
in the production of cortical automatic as-
sociated movements. There is a great ar-
ray of such movements, which accompany
and give character and color to the more
precise and the more highly specialized
(but often less distinctive) so-called vol-
untary responses. The superb fingering of
the skilled violinist is an example of func-
tioning of the primary motor cortex but
soft tapping of his foot or the swing of
his body in time to the music, and, per-
haps, the expression on his face represent
cortical automatic associated movements.
Many of the supplementary motor areas
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are located in association cortices and the
cortically initiated movements are indica-
tive of the efferent arcs from these associa-
tion areas.

The interrelations built up in the as-
sociation areas of the monkey or of man
differ not only from one individual to an-
other but may vary during the lifetime of
the same individual. Consequently, the
emotional reactions and the personality
are revealed by the individualistic motor
and autonomic responses set off by stimu-
lation of arcs relaying impulses from the
supplementary motor areas through the
tegmentum of the midbrain or through
the hypothalamus to lower motor and auto-
nomic centers for the regulation of their
discharges.

To avoid misunderstanding, perhaps the
well known fact should be mentioned
(DeJong, '58; Grinker, Bucy and Sahs, '60)
that automatic associated movements of
more primitive phylogenetic significance,
such as swinging the arms in walking, are
thought to be due to basal ganglion func-
tioning and not to require cortical par-
ticipation.

Lesions in the globus pallidus (such as
may be present in Parkinsonism), how-
ever, produce an individual with a masked
or expressionless face, since this region is
an area of convergence of many efferent
paths from supplementary motor areas.

Resumé of motor deficits

Unilateral lesions in the extremity re-
gions of area 4 of the monkey produced a
permanent contralateral loss and bilateral
lesions a permanent bilateral loss of fine
movements of the extremities, demon-
strable at their distal ends and particu-
larly in the fingers and the toes. Bilateral
lesions of the so-called face region (which
actually includes those portions of the
motor cortex activating the primary motor
nuclei of cranial nerves) resulted in a bi-
lateral loss of voluntary movements of the
face, the tongue, and the pharyngeal mus-
cles (and presumably of the striated mus-
cles of the larynx, the uvula, and the esoph-
agus, which were not tested), so that there
was difficulty in eating and swallowing.
In man, there is a contralateral paresis of
the lower part of the face, the uvula, and
the tongue following destruction of one

motor “face” area. Destruction of area 4
does not produce abnormal eye deviations
or interfere with voluntary eye movements.
Some observers have regarded the eye
movements clicitable from area 4 as of the
nature of cortical automatic associated
movements (Sherrington, 1893; Crosby,
Yoss, and Henderson, *52; Crosby, '53a).

Injuries to frontal eye fields resulted
in a more or less transient inability to turn
the eyes away from the side of the lesion
or perhaps almost equally transient de-
viation of the eyes toward the side of the
lesion due to the imbalance between the
discharges of the uninjured and the in-
jured eye fields on the two sides of the
brain. A patient with a small unilateral
lesion which involves only the portions of
the frontal cortex related to obliquely up-
ward deviations of the eyes toward the
opposite side, sometimes shows forced de-
viations obliquely upward toward the side
of the lesion. Bilateral destruction of the
frontal eve fields is indicated in the mon-
key, or in man, by an inability to turn the
eyes voluntarily in any direction, although
following eye movements and eye reflexes
are intact.

When lesions involve specific supple-
mentary motor or extrapyramidal areas,
motor deficits (or signs suggesting such
deficits) have been obtained only from
certain areas. Thus unilateral destruction
of both preoccipital and occipital eye fields
(but not of one field alone) in monkeys re-
sulted in a loss of following eye movements
away from the side of the lesion (see also,
Crosby, Yoss, and Henderson, *52). Bilat-
eral destruction of these areas (or bilateral
destruction of the visual cortex since some
degree of vision is necessary) produced a
loss of optokinetic responses in all direc-
tions. Following eye movements were not
present in the animals which had had bi-
cortectomies. The inhibitory effects of the
discharges of the frontal eye fields over the
following eye movements (elicitable on
stimulation of the preoccipital and occip-
ital eye fields by impulses from the visual
cortex) were seen in the to-and-fro move-
ments of a monkey’s eyes after extensive
bilateral frontal lobe ablations and the ease
with which optokinetic responses were ob-
tained by use of an optokinetic drum
{Henderson and Crosby, '52). Sometimes
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blinking could be demonstrated in the mon-
keys with cortical blindness. There is some
question in the observers” minds as to
whether such blinking was due to visual
stimuli or was the result of tactile stimula-
tion produced by the air currents set in mo-
tion by the sudden movements of the exam-
iner’s hand or to temperature stimuli from
the heat of the flashlight used in testing.
Such blinking may be interpreted as in-
dicating that this reflex is mediated by
pathways that synapse in the lateral geni-
culate nucleus and the superior colliculus
in their course to the oculomotor nuclei.
It would not require cortical participation
and so not be affected by bilateral destruc-
tion of the visual cortex. Light reflexes,
which require only intact circuits through
midbrain centers, were present in monkeys
with total bicortectomies. Unilateral le-
sions involving the visual cortex produced
a contralateral homonymous hemianopia
and bilateral destruction of this type a
cortical blindness.

Unilateral destruction of part or all of
area 6 in the monkey often produced no
motor defects which the observers recog-
nized. Often no grasp reflex was elicited
after such an ablation (see Travis, ’55).
Destruction of area 6 is believed to produce
a grasp reflex in the contralateral hand
and foot in man. Bilateral destruction of
area 6 does produce a transient grasp re-
flex in monkeys but, if both cortical areas
are not removed in the same procedure,
the grasp reflex may only appear on the
side contralateral to the second operation.
In a few monkeys in which not only the
hand part of area 6 but some of the cortex
adjoining it rostroventrally was also in-
volved, the movements of the contralateral
hand were clumsy (although there was
no actual paresis) suggesting a possible
frontal lobe apraxia.

A lack of positional sense, particularly
noticeable on the extremities, and most
especially on the hand and the foot on the
side opposite the lesion, characterized in-
juries to somesthetic cortex. Except in the
occasional monkey, in which curiosity mo-
tivated the animal to examine an object
closely — and to shift it to the unaffected
hand for such an examination — evidence
for a loss of discriminatory tactile sensibil-
ity from removal of the contralateral

somesthetic cortex was not obtained. The
evidence for loss of the more discrimina-
tory tactile sensibility is then entirely
equivocal in the monkeys reported in this
paper. There is no doubt that the child
with a subtotal hemispherectomy had a
loss of two-point tactile and other highly
discriminatory types of tactile sensibility
and of positional sense on the hand and
the foot on the side contralateral to the
operation.

Parietal lobe apraxias were noted in
some of the animals. In two monkeys, fol-
lowing destruction of areas 5 and 7, there
was a suggestion of a loss of body scheme.
This was not related to handedness, since
most of the monkeys were ambidextrous
before operation, although they all favored
the hand on the side of the lesion after a
unilateral ablation of the hand area of the
motor cortex.

Changes in personality were noticeable
in monkeys with large cortical lesions, par-
ticularly perhaps in those with cingulate
or frontal lobe destruction. The cingulate
monkeys tended to be hyperkinetic and
overly curious. The hair (Ward, '48) was
erected over their backs and, particularly,
over their shoulders. The monkeys with
large frontal lobe lesions showed typical
repetitive, stereotyped movements. After a
one-sided ablation, they circled toward the
side of the involvement. Apparently these
stereotyped movements remain a perma-
nent part of the animal’s behavior since
they were present long after the operative
procedure which produced them. They
were very evident in one monkey three
yvears after a hemicortectomy, appearing
whenever he was excited.

A monkey with a hemicortectomy or a
hemispherectomy is a quite capable, fairly
intelligent animal. The child with a sub-
total hemispherectomy was able to carry
out her studies and graduate from high
school. As the lesions are further in-
creased, by bilateral involvement, the gen-
eral status of the animal or the child is
lowered. Cerebral palsy children with
widespread, bilateral cortical lesions have,
almost invariably, subnormal intelligence.
Following subtotal or total bicortectomies,
the monkey, although apparently not in
coma, was indifferent to his surroundings,
unless he was hurt, and was completely
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unambitious and unintelligent. He did re-
spond to painful stimuli with a cry and a
series of jerks and might jerk on being
touched. Even when his opisthotonos was
lessened by cerebellar lesions, he made
no attempt to help himself in any way.
‘When he was touched, his limbs moved in
a coordinated fashion (because of intact
arcs from the thalamus through the basal
ganglia and back to lower motor centers),
but he made no effort to turn, or to move
about, or to try to feed himself. There is
every contraindication to performing a
hemispherectomy on a child in which there
is evidence of destruction in the cerebral
cortex on the side opposite the intended
removal.

Substitution in cortical motor activity

It is clearly evident that permanent loss
of fine movements follows unilateral or
bilateral involvement of the motor cortex
in correspondence with the amount and
the location of the destruction and that
voluntary eye deviations depend on frontal
eye fields. However, it appears that rea-
sonably effective, intelligently controlled
movements are possible in monkeys and, to
lesser extent, in man after bilateral re-
moval of area 4 or after a hemicortectomy.
It is suggested that such movements be-
come possible through the partial substitu-
tion of the discharges of supplementary
motor areas (over their multisynaptic ef-
ferent paths) for those of the primary
motor cortices (mediated by the more di-
rect pyramidal systems). The monkeys
learned to walk again, to feed themselves
and to carry on various activities after bi-
lateral destruction of the regions along
the central fissure. They were utilizing the
grosser movements still elicitable from the
supplementary motor areas. The cerebral
palsy child with bilateral spastic paresis
can perform some useful movements when
his tonus is lessened.

However, the substitution is not always
so direct as replacing finer by relatively
coarse movements. It often takes the form
of replacing one kind of movements by
another. An example is the substitution of
following eye movements for voluntary eve
movements. As has often been noted re-
moval of the frontal eye fields bilaterally
in either monkey or man leads to a perma-

nent inability to turn the eyes voluntarily
in any direction of gaze. This disability is
particularly annoying in reading. Patients
who can not turn the eves voluntarily in
the horizontal plane are taught to place
a finger at the beginning of a line and
move it steadily across the page under the
line. The eyes will follow the moving
finger along the line, back to the beginning
of the next line, and so down the page.
Another partial substitution is that of
automatic and/or emotional smiling for
voluntary smiling. Voluntary smiling is
lost on the side opposite a destruction of
the face area of the primary motor field.
Emotional smiling and automatic smiling
are not lost for they are functions of cer-
tain limbic and other supplementary motor
areas and their discharge paths. The pa-
tient, then, who cannot smile on com-
mand does not have an expressionless face
for he can still smile at an amusing story
(Monrad-Krohn, ’24).

Réle of association cortices in
motor activity

The motivating impulses for carrying on
highly voluntary movements of the body
and the head are not built up initially in
area 4 or in the primary frontal eye fields
but in the association cortices. The moti-
vation for motor performances of all types
remains after destruction of the primary
motor fields of the cerebral cortex. Such
association areas not only activate the
motor cortices but they also fire the sup-
plementary motor fields to provide for the
automatic associated movements which
accompany the more specific motor acts.
These connections with the supplementary
motor fields will remain after the primary
motor areas or their discharge paths, the
corticobulbar and corticospinal compo-
nents of the pyramidal systems, are de-
stroyed.

Destruction of a single supplementary
motor area, unilaterally or bilaterally, may
or may not give rise to any untoward motor
signs. For example, unilateral destruction
of area 6 produces a grasp reflex in the
contralateral extremities in man and at
least sometimes in monkeys. In bilateral
ablations of area 6 grasp reflexes are pres-
ent in both monkeys and man. Unilateral
destruction of the eye fields in areas 18
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and 19 [but not in only one of these areas
(Crosby, Yoss, and Henderson, ’52)] re-
sults in a loss of the following eye move-
ments away from the side of the lesion.

Many supplementary motor fields con-
stitute the efferent portions of association
fields. When an association field con-
cerned with building up visual, or auditory
or somesthetic association patterns is in-
volved in a lesion, the afferent effects are so
marked that no attention is paid to the loss
of related automatic associated movements.
Afferent impulses relayed to the cortex are
often rendered meaningless by lesions in-
volving the association cortex bordering the
receptive cortical areas. An illustration is
afforded by the effects of the rare bilateral
lesions, or unilateral destruction in the
dominant hemisphere, of the portions of
area 22 bordering areas 41 and 42. Area
22, in the region mentioned, serves as an
auditory association cortex but also func-
tions as a supplementary motor area
(Foerster, *31; Lemmen, *51). When this
auditory association area (supplementary
motor field) is destroyed, the evident de-
fect is an auditory aphasia.

When all the association areas (with
their efferent discharges) are destroyed in
one hemisphere, as in the hemicortectom-
ies and the hemispherectomies reported
for monkey and man, or even when
there is considerable bilateral cortical
destruction in these primates, they still
make some valuable adjustments to
their surroundings. However, the effects
of major bilateral or total bilateral cortec-
tomies in the monkey are calamitous.
That irrevocable deficits seen under such
circumstances are due to the loss of the
association areas is documented in man by
the behavior and the capabilities — or lack
of them — seen in Pick’s disease. In this
disease, those cortical areas concerned
with the reception of impulses set up by
auditory, visual, and like stimuli and area
4 are usually spared and the association
areas are degenerated. Such patients may
be able to move individual fingers and
toes and have, in general, fine movements
but they show no type of intelligent be-
havior.

It may be concluded that a monkey or a
man with a bilateral removal of the pri-
mary motor areas of the cerebral hemi-

spheres may still have a useful and a pro-
ductive life. Any primate with complete
destruction of supplementary or extrapy-
ramidal areas (since many of them fall in
association areas) has reached a point
from which there is no return to any type
of useful existence.

Regulation of tonus
at reflex levels

There are many ways in which one may
discuss tonus and many levels of the nerv-
ous system which are involved in provid-
ing adequate tonus for the great range of
primate motor performances. Basic for all
tonus are intact motor neurons. There are
two types of efferent fibers (alpha and
gamma fibers) in the motor roots which
terminate on muscle fibers of striated vol-
untary type. The alpha fibers arising from
the large ventral horn (alpha) neurons of
the cord (and the corresponding neurons
of cranial nerves, undoubtedly) supply the
striated muscle fibers. Stimulation of the
alpha fibers produces contraction of the
muscle. The smaller gamma fibers arise
from smaller neurons. They pass out in
the motor roots to distribute to striated
muscle but they terminate upon the small
intrafusal muscle fibers of the muscle
spindles. Contraction of the intrafusal
fibers leads to a stretching of the “non-
contractile” nuclear bag region where the
muscle fibers are non-striated {(and noncon-
tractile, Ruch et al., ’61) and a stimulation
of the annulospiral endings situated at this
midportion results. These annulospiral
endings are the nerve terminations on
the large medullated processes (A fibers)
of the large proprioceptive neurons, the
cell bodies of which are located in the ap-
propriate spinal ganglia and the axons of
which end directly on the alpha neurons.
Evidence that this is a monosynaptic arc
has been provided by Lloyd ("43). Stimu-
lation of these proprioceptive neurons re-
sults in facilitation of the homonymous
alpha neurons with a contraction of the
extrafusal muscle fibers they supply and
an inhibition of the impulses over the
alpha neurons supplying the muscle op-
posing such action (i.e. the so-called an-
tagonist). The contraction of the extra-
fusal muscle fibers lessens the tension on
the muscle spindles so that the intrafusal
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muscle fibers relax and the spindle recep-
tors cease firing (Glees, '61; Ruch et al.,
’61). The intrafusal and the extrafusal
muscle fibers may not contract at the same
time. However, concomitant activation of
the intrafusal muscle may occur during
contraction of the extrafusal muscle and
then a firing of the spindle may take
place during extrafusal muscle contraction
(Ruch et al., ’61).

Various other stimuli — particularly cu-
taneous stimuli — alter the fusimotor dis-
charge. Evidence for the relay from cuta-
neous fibers to gamma as well as to alpha
neurons has been provided by various ob-
servers (Granit, Job and Kaada, ’52;
Granit, ’55; Hunt and Paintal, ’58). For
some regions of the body for which the
effects of such stimuli have been tested
(as for the foot, Ruch et al., ’61), the ex-
tensor muscles on the side contralateral
to the stimulus have an increased fusi-
motor discharge and the flexors a de-
creased discharge but on the side of the
stimulation the relations are reversed.

Hunt and Paintal obtained facilitation
of the gamma neurons supplying the an-
terior tibial muscle, and inhibition of those
supplying the ipsilateral extensor longus
muscle, when they applied tactile stimuli
to the cat’s paw. This provided for co-
ordinated contraction and relaxation of
these msucles. However, such interrela-
tions are not invariable for all body levels.
Stimulation of the gamma fibers, then, as
Leksell (°45), Hunt and Kuffler ("51a,b),
and others have pointed out, produces an
increased rate of discharge of the proprio-
ceptive neurons having annulospiral end-
ings in the muscle spindles. According to
Glees (’61), there is less passive regulation
of the rate of muscle spindle discharge
from stretching the muscle fibers than
active regulation of this rate by discharge
of the gamma fibers.

The neurotendinous endings show an in-
creased firing during extrafusal muscle
contraction. They are believed to exert an
inhibitory effect over the alpha neurons.
According to Eccles, Fatt and Landgren
(°’56a, b) this is by way of a disynaptic arc
with an intercalate (or interposed) neu-
ron in the arc. Lloyd ("46) had found no
evidence for such an interposed neuron.
Moreover, a special group of intermediary

or interposed cells, known as Renshaw cells
(Renshaw, ’46, and elsewhere), is believed
to be activated by collaterals of motor neu-
rons. In this activation, it is postulated that
impulses from various motor neurons are
relayed to a single Renshaw cell (Eccles
Fatt and Landgren, *56a); in turn the Ren-
shaw cells make “inhibitory synaptic con-
tacts with motoneurons at the same seg-
mental level” (Eccles, Fatt and Landgren,
’56b, p. 79).

Perhaps it should be emphasized that
the stretch reflex may be elicited without
the gamma fibers coming into play. They
represent particularly the final common
neurons by which the muscle spindle and
so the stretch reflex are placed under the
control of higher centers, and consequently
the tonus of the motor responses are reg-
ulated.

A transection of the spinal cord, which
of course removes the reflex arcs caudal
to the injury from the regulatory effects of
higher centers, results in a bilateral spastic
paralysis (a paraplegia or a quadriplegia,
depending upon the level of the injury).
For example, a transection of the cord
above the lumbar enlargement will pro-
duce a spastic paraplegia, usually, but not
invariably, a paraplegia in flexion.

Postural tonus at cerebellar levels

"A. Certain cerebellar relations
and connections

Afferent connections

From spinal cord and brain stem areas
which receive impulses set up in muscles,
tendons, and joints, and at cutaneous sur-
faces, from visual and auditory centers
within the brain stem, and from the pe-
ripheral vestibular apparatus and the vesti-
bular centers of the medulla and the pons,
there are discharges to the cerebellum.
Space does not permit a detailed account
of these projections (Jansen and Brodal,
’54, ’58; Dow and Moruzzi, ’58; Crosby,
Humphrey and Lauer, '62; Brodal and
Drablgs, '63), which have been recently
reviewed in some detail by one of the pres-
ent observers. Whatever other functions
may also be assigned to them, it seems
quite certain that, by discharge and redis-
charge through the Purkinje cells of the
cerebellar cortex (Ramoén y Cajal, ’09-"11;
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Fox and Barnard, '57), particularly that
of the posterior lobe, impulses are built up
for the maintenance of normal posture and
the tonus necessary for maintaining that
posture. The spontanecous activity of the
Purkinje cells, which has been demon-
strated by use of microelectrodes for intra-
cellular recording, probably is interrelated,
as Granit and Phillips ("56) suggested, to
the regulation of muscle tonus.

Corticonuclear fibers

The cerebellar cortex discharges to thal-
amic, brain stem, and spinal cord levels,
largely after relay in the cerebellar nuclei.
The corticonulear fibers represent axons
of Purkinje cells.

The possible relation (Jansen and Brodal,
’40, ’42)) of a specific region of the cerebel-
lar cortex to specific cerebellar nuclei (or
even to particular parts of such nuclei)
is of great interest (fig. 63). It has fre-
quently been stated that, in general, this
relation was of a radial type, with the cere-
bellar cortical areas distributing to the por-
tions of the nuclear gray lying most nearly
deep to them. According to this idea, the
cortex on one half of the vermis should
project to the fastigial nucleus, that of the
lateral part of the posterior cerebellar lobe
to the lateral part of the dentate nucleus,
and the intervening regions of the cortex
and the nuclear gray should have compar-
able relations (Jansen and Brodal, *40, °42;
Walberg and Jansen, '64). Experimental
studies on various mammals suggest that,

Fig. 63 Weil preparation showing the very
large cerebellar nuclei in the macaque, termed
here nucleus fastigii (f), nucleus interpositus
(i), and nucleus dentatus (d).

although there are certainly some surface-
to-nuclear gray relations of the sort just
suggested, a completely simple radial ar-
rangement of all corticonuclear fibers from
the cerebellar cortex to the cerebellar nu-
clei can not be documented. Thus, in the
rat, Goodman, Hallett and Welch (’63)
and, in the cat, Eager (’63) found the cor-
ticonuclear fibers which arose from one
cortical zone distributing in a pattern to
two or three cerebellar nuclei, with each
group of fibers showing a particular pat-
tern of distribution. Studies on the mon-
key (Vachananda, °59) indicated that, al-
though the discharge from the vermal cor-
tex was chiefly homolateral to each fas-
tigial nucleus, there was evidence, from
Marchi preparations, for the existence of
crossed corticofastigial fibers.

Efferent connections

The efferent discharges from the cere-
bellar nuclei (fig. 63) are primarily over
paths which constitute components of the
inferior and the superior cerebellar pedun-
cles. Obviously it is impossible to discuss
all of these efferent paths, nor would it
serve any real purpose. Those of particular
significance are documented briefly.

Inferior cerebellar peduncle. The in-
ferior cerebellar peduncle carries various
efferent paths which arise from the fasti-
gial nuclei. (There may also be some fas-
cicles originating in the cerebellar cortex.)
Among such components are decussating
fibers to the cervical cord which form the
cerebellospinal portions of the hook bun-
dle. The inferior cerebellar peduncle also
carries cerebello-reticular, cerebello-olivary,
and cerebello-vestibular fibers (Walberg
and Pompeiano, '60; Walberg et al.,, '61,
’62a, b). The cerebello-reticular and cere-
bello-vestibular fibers are of particular in-
terest because they are parts of arcs re-
lated to the maintenance of equilibrium,
which is disturbed in posterior vermis
lesions. The unequal involvement of the
vermal cortex, or the fastigial nuclei, or
the cerebello-vestibular fibers on the two
sides of the brain underlies the nystagmus
which appears in partial involvements of
the posterior vermis.

Cerebello-vestibular interrelations are
very important in the maintenance of
equilibrium and in certain righting re-
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flexes. The monkeys in the present series
that had large lesions in the posterior ver-
mis and to some extent the patients on
which some of the operations were carried
out showed interference with these con-
nections and some of the disturbances in
maintenance of equilibrium and difficul-
ties with head righting to be expected with
involvement of such vestibular-cerebellar
interrelations. The following contributions
quoted from the great wealth of material
on this subject offer an approach to the
literature. These contributions are papers
by Bruce (1895), Lowy (’16), Rasmussen
(’32), Dow (’36, ’38), Larsell ("37), Spiegel
and Sommer (°44), Schneider, Kahn and
Crosby (’51), Crosby (°53a, b), Jansen and
Brodal (’54, °58), Cohen, Chambers and
Sprague (’58), Dow and Moruzzi (’58),
Walberg and Jansen ('61), Brodal and
Drablgs (°63), Brodal (’64), and Brodal
and Hgivik (°64).

The literature on cerebello-reticular rela-
tions is also large. Among some of the
many papers which may be cited are those
by Blakeslee, Freiman and Barrera (°38),
Rand (’54), Jansen and Jansen (’55),
Brodal (’56), Thomas et al. ('56), Walberg
(’58), and Walberg and his associates
(’60, 62a, b).

Superior cerebellar peduncle. The su-
perior peduncle (figs. 57, 65) is directly in-
volved in some of the lesions reported in
this series. Its efferent components, which
arise, to a small extent, from the fastigial
nucleus (Carrea and Mettler, 54) but
chiefly from the other cerebellar nuclei, are
major discharge paths from the cerebel-
lum. They include: (1) paths to the con-
tralateral cerebral cortex and the basal
ganglia by way of a synapse in the contra-
lateral nucleus ventralis lateralis of the
dorsal thalamus; (2) bilateraly distributing
fascicles to the brain stem reticular gray,
particularly to the tegmental gray of the
midbrain; (3) a cerebellorubral tract,
which terminates, at least to a major ex-
tent, in the magnocellular and parvocellu-
lar portions of the red nucleus on the side
opposite to the origin of the tract; and
(4) the flocculo-occulomotor path, which
ends bilaterally in the occulomotor nu-
cleus. A destructive lesion in the flocculo-
oculomotor tract of Wallenberg-Klimoff
(Klimoff, 1899) produces a hypotonicity

of upward gaze, often mistaken for a
paresis. Irritative lesions may be indicated
by a vertical nystagmus. These defects in
upward gaze are a sign of cerebellar hemi-
sphere or superior cerebellar peduncle in-
volvement.

The efferent components of the superior cere-
bellar peduncle arise chiefly from nucleus inter-
positus of the monkey (nuclei globosus and
emboliformis of man) and the lateral or dentate
nucleus (fig. 63). In small part, they have origin
also from the fastigial nucleus, for a small un-
crossed fastigio-periventricular tract has been
described by Carrea and Mettler (*55) as emerging
from the superior peduncle and distributing to
reticular gray near to aqueduct.

The crossed descending cercbello-olivary tract
arises (fig. 57) from the lateral or dentate nu-
cleus and part of the interpositus nucleus. The
bundle decussates in the brain stem, shortly after
it leaves the superiox cerebellar peduncle, and
then divides into ascending and descending
branches. Some of the fibers end in the tegmental
or reticular gray of the brain stem (Carpenter and
Nova, '60, for cat). Some have beecn followed
through the medial longitudinal fasciculus to the
eye muscle nuclei (Carrea and Mettler, ’47) and
perhaps some reach nucleus ambiguus (Bebin,
’56). The major distribution of the path appears
to be to the inferior olivary nucleus (Rand, ’54).
Certain fibers are said to extend heyond the
nucleus into the cervical (Ramoén y Cajal, *03) or
even to the sacral cord (Orioli and Mettler, ’56).
In its course through the brain stem on its way
to the inferior olivary nucleus, the tract adjoins
the fascicles of the central tegmental bundle
(Bebin, ’56). Palatal nystagmus (Alajouanine,
Thurel and Hornet, ’35; Foix, Chavany and Hille-
mand, ’26; Garcin, Bertrand and Frumusan, '33;
Guillain, Thurel and Bertrand, ’33; and others) is
said to be produced by lesions of the combined
bundle (Bebin, ’56).

Decussating and non-decussating cerebelloteg-
mental and crossed cerebellorubral and cerebello-
thalamic (or dentatothalamic) fibers (figs. 57,
64) make up the so-called crossed ascending limb
of the brachium conjunctivum or superior cere-
bellar peduncle. The fibers to the red nucleus and
the thalamus have been described by practically
all those who have studied the peduncle exten-
sively (Jakob, ’28; Crouch and Thompson, ’38;
Jansen and Brodal, ’54, ’58; Carrea and Mettler,
’54; Rand, ’54; and a great many other observers).
Fibers arising from the dentate distribute to the
contralateral nucleus ventralis lateralis, Fas-
cicles from the magnocellular (dorsolateral or
dorsomedial ) portion of the dentate and from the
nucleus interpositus cross to the large-celled
part of the red nucleus. The small-celled part
of this nucleus receives fibers from the contra-
lateral dentate nucleus. Impulses thus reaching
the small-celled part of the red nucleus are re-
layed over rubrothalamic fibers to the nucleus
ventralis lateralis (Rand, ’54; Jansen and Brodal,
’54, ’58; and various others).

Some observers have described an uncrossed
cerebellothalamic path ascending through the



74 E. C. CROSBY, R. C. SCHNEIDER, B. R. DEJONGE AND P. SZONYI

Dorsomedial thalomic nucleus Caudgte nucleus

Thalomocortical tract
Internuclear fibers

Intralaminar nuclel NN .,

, vV%
Thc;li:mosfriate /’ébé’?‘é{?
ore N
<A

- 'l \C\ W
‘\\“ Late c:'luz?:‘::mic
W};.V",Mﬂ Thnlofr_nbonriute
! 1 ibers
"5‘1"/‘”“ Centromedion
"4"“ nucieus
' " Putamen
x Posterior ventrol thalamic

nucleus

i

1N

Internal capsule \/

Globus pallidus Subthalamic nucleus

Multisynaptic ascendin
raticular system /q/

Nigrotegmental and
tegmentonigrol fibers

Superior

h au ullisynoptic ascending
colligulus

reticulor system

Deep tegmental gray
(rostrolateral part)

Cerebra! peduncle
Substantia nigra

Multisynaptic ascending

Deep tegmental gro reticular system

(ventral part)

Inferior colliculus
Multisynaptic ascending
reticular system Desp tegmental gray

'v (caudolaterai part)

Dentote nucleus . <
Decussation of superior cerebellor peduncle

=/ Interposed nucieus

Fig. 64 Diagram to show multisynaptic ascending pathways from cerebellum and reticular gray

by way of the intralaminar nuclei to other dorsal thalamic centers for relay to the extrapyramidal
areas.



TONUS AND INVOLUNTARY MOVEMENTS 75

brain stem, lateral to the medial longitudinal fas-
ciculus, to reach the nucleus ventralis lateralis
(Carrea and Mettler, 54 ). This tract has not been
documented by others who have searched for it
(Hassler, ’59). In the cat, according to Brodal
and Gogstad (’54), fibers from the red nucleus
to the cerebellum, which undergo a partial decus-
sation in the superior cerebellar peduncle and
enter the cerebellum by way of this peduncle,
terminate primarily in the dentate nucleus but
end, in part, in nucleus interpositus.

Impulses reaching the midbrain tegmental gray
over cerebellotegmental fibers which end partly
homolaterally and partly contralaterally, are re-
layed over tegmentothalamic or reticulothalamic
fibers to the intralaminar nuclei. Ultimately such
impulses reach the extrapyramidal or supple-
mentary areas of the cortex. Such relay is prob-
ably not directly over the thalamocortical fibers
(LeGros Clark and Russell, ’39; see discussion
and literature, Crosby, Humphrey and Lauer, 62,
pp. 498-500) but indirectly by way of synapse in
other nuclei of the dorsal thalamus.

Cerebellar discharges to reticular gray

The pathways reaching the reticular gray from
the cerebellum directly (together with a certain
amount of vestibuloreticular fascicles from the
vestibular areas, with and without cerebellar
inclusion in the arcs) terminate bilaterally on
the cells of origin of reticulospinal or tegmento-
spinal tracts. Those to the red nucleus end, in
part, on the cells of origin of a primarily crossed
rubrobulbospinal tract which scarcely passes
through the cervical cord in man. Those fas-
cicles reaching chiefly the contralateral olivary
complex relay with olivospinal fibers, the caudal
extent of which may vary in the different mam-
mals (Jansen and Brodal, ’54). The cerebellar
discharge to these various centers is probably in
part facilitatory and in part inhibitory with the
difference in effect depending upon the region of
the cerebellum from which the impulses arise
and perhaps upon the part (axons, dendrites, cell
bodies) of the bulbar neurons on which the
cerebellar pathways end.

There is abundant evidence that some reticular
centers of the brain stem, including those of the
tegmental region of the midbrain, have facilitatory
and other reticular centers inhibitory effects on
spinal cord neurons (Magoun, 44, ’50; Magoun
and Rhines, ’46, ’47; Niemer and Magoun, '47;
Sprague et al., ’48; Granit and Kaada, ’53; Granit,
’55; Brodal, ’56; Glees, ’61; and many others).
Thus Granit and Kaada (’°53) found that stimula-
tion of the reticular gray of the brain stem, in-
cluding that of the midbrain, accelerated the
spindle discharge in the cat and maintained it, for
half a minute or less, after the stimulation was
no longer carried on. In decerebrate or anes-
thetized animals, a stimulation of the medial
reticular gray inhibited or suppressed reflexes and
had a similar effect, in anesthetized animals, on
responses aroused by activation of the motor cor-
tex (Magoun, '44; Magoun and Rhines, "46). A
generalized suppression or inhibition of cortical
motor responses, of multineuron flexor responses,
and of tendon or two-neuron stretch responses
were said to occur, Stimuli of ordinary intensity

gave bilateral effects; very weak stimuli produced
ipsilateral effects. Stimulation farther lateralward
in the bulb and along an area extending forward
into the midbrain (a much more extensive area)
to involve the tegmentum, the central gray and
the subthalamic area (Rhines and Magoun, *46)
increased repsonses to stimulation of the motor
cortex and facilitated the knee jerk. The sup-
pressor functions are believed to be mediated
over reticulospinal systems coursing through the
ventrolateral funiculus of the cord and terminat-
ing primarily on the side of their origin. However,
it is rare to have only inhibitory or only excitatory
effects upon lower motor neuron centers from a
stimulation of reticular centers, for the discharges
from these centers, like the spinal reflexes, are in
accordance with Sherrington’s law of reciprocal
innervation (Ruch et al., ’61). Contraction of the
extensors of a limb occurs along with a relaxation
of the appropriate flexors and the flexion of a
limb is also accompanied by the relaxation of the
opposing extensors (Sprague and Chambers, '54).

B. Resumé of results of experimental
cerebellar lesions

Total or near total cerebellectomies re-
sulted in a completely handicapping hypo-
tonicity, so great that the monkeys were
unable to stand. This disability appeared
to be premanent; at least it persisted until
the animals were sacrificed, sometimes as
much as six months after the operation
unless further procedures were carried out
which changed the postoperative picture.
One monkey with a complete section of
one superior cerebellar peduncle lay on
his side for slightly over six months after
the initial operation. He pulled himself
around the cage with his unaffected arm
but was unable to stand on four legs until
a subtotal removal of the cerebral cortex,
contralateral to the section of the superior
cerebellar peduncle, gave him a better
balance.

Removal of the cortex of the posterior
lobe of the macaque cerebellum gave an in-
capacitating hypotonicity, although it was
not so great as that seen after a cerebellec-
tomy. Following removal of the posterior
vermis, a monkey had a wide-based gait
and there was a backward tilting of his
head. A nystagmus might, or might not,
be demonstrable, depending upon the ex-
act extent of the lesion. There was usually
a mild hypotonicity. If the lesions were
unequal on the two sides (and particularly
if one fastigial nucleus or the cerebello-
fastigial fibers on one side were more in-
volved than those on the opposite side)
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a cerebellar nystagmus with a quick com-
ponent toward the side of the lesion de-
veloped. There appeared to be a further
decreased tonus, at least contralaterally,
when the caudal part of the fastigial nu-
cleus was destroyed. However, the experi-
ments discussed in this paper were not set
up to study the effects of lesions in the cere-
bellar nuclei without cerebellar cortex de-
struction. Consequently no informed opin-
ion upon the effects of the destruction of
parts of the fastigial nucleus can be of-
fered. Small lesions of the vermis or the
hemisphere of the posterior lobe produced
no observed effects on tonus in the mon-
keys here reported. It would appear, then,
that in the normal monkey, the cerebellar
discharge augments tonus by discharging
to (probably lateral) reticular centers
which give rise to tegmentospinal paths
with facilitatory effects over the gamma
neurons.

Section through the brain stem at upper
midbrain levels produces an animal or a
child with a decerebrate rigidity. Follow-
ing such a lesion, the cerebellar discharges
are uninhibited by impulses from higher
centers, and the results indicate that the
activation of the gamma neurons by way
of cerebello-reticular and tegmental paths
and then reticulospinal bundles provides
particularly for extension of the extremi-
ties. It seems likely that some of the cere-
bello-reticular fibers inhibit the gamma dis-
charges to the antagonistic muscles (such
as the flexors) either by inhibiting the im-
pulses at reticular or gamma levels or more
probably at both levels. Inhibition of the
gamma neurons may be, and apparently
is, a function of part of the anterior lobe
in some animals, such as the cat. Granit
and Kaada (°53) reported that stimulation
of the vermis part of the anterior lobe
produced inhibition of the gamma neu-
rons. Sherrington, quoted from Glees (61),
is said to have abolished decerebrate rigid-
ity by stimulation of the anterior lobe.
Chambers and Sprague (°51) and Sprague
and Chambers ('53) demonstrated a homo-
lateral extensor rigidity and a contralateral
flexor rigidity following removal of the cor-
tex of the anterior lobe in the cat. The
monkeys here reported with lesions in the
cortex of the anterior lobe — and some of
these lesions were of considerable size —

showed either no effect or, at most, an
exceedingly transitory, slight increase in
tonus. However, none of the monkeys in
the present series had a complete removal
of the cortex of the anterior lobe with no
other cerebellar involvement. The differ-
ence may be due to a species variation
such as a shifting forward of functions
(cephalization) in the higher animals.

It is of interest in this connection that
although the total or near total cerebellec-
tomy gives a major hypotonicity, neverthe-
less the outstanding hypotonicity is occa-
sionally broken by what appears to be a
hypertonic response (see also Manni and
Dow, ’63, for the rat). This response usu-
ally occurred when the monkey was an-
noyed, or emotionally upset, or perhaps
just feeling uncooperative. Such a hyper-
tonic response was of very short duration.
Although the animals showed generalized
hypotonicity from large posterior cerebellar
lobe or superior peduncle lesions (Poirier,
’60), loss of tonus was more marked in
the lower than in the upper extremities.
A monkey with an essentially complete
cerebellectomy was able to prop up the
front end of his body slightly with his
arms. Otherwise he was prone.

Postural tonus at basal
ganglion levels

In addition to its interrelations caudal-
ward with the various reflex levels of the
spinal cord and probably of the brain stem,
the cerebellum also projects impulses ros-
tralward to the dorsal thalamus. There are
two main avenues of approach to the dorsal
thalamus. One of these is over the denta-
tothalamic and dentatorubrothalamic paths
(fig. 57) so frequently described (p. 73),
which terminate in the thalamic nucleus
ventralis lateralis on the side contralateral
to their cerebellar origin. This thalamic
nucleus discharges to motor and premotor
areas (Walker, 36, '38). The other ap-
proach to the dorsal thalamus is by way
of cerebellotegmental and tegmentothal-
amic fascicles, which constitute (fig. 64) a
multisynaptic ascending path to the intra-
laminar nuclei of the dorsal thalamus
(Crosby, Humphrey and Showers, ’59).
The intralaminar nuclei relay to adjacent
nuclei of the dorsal thalamus (such as the
dorsomedial and the lateral nuclei) which,
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in turn, project impulses to various cortical
association centers (and so to supplemen-
tary motor or extrapyramidal regions).
Some of these thalamic nuclei [the magno-
cellular part of the dorsomedial nucleus
(Sheps, 45) and the centromedian nu-
cleus (Droogleever Fortuyn and Stefens,
’51)] discharge to the basal ganglia. Con-
sequently cerebellar ablations or stimula-
tions ultimately affect the efferent dis-
charges not only from the supplementary
motor and the motor areas of the cerebral
cortex but also from the lenticular nuclei.

Ancther multisynaptic path over which
impulses from the cerebellum reach the
basal ganglia is by way of the substan-
tia nigra. Cerebellotegmental fibers relay
through tegmentonigral neurons to the
cells of origin of the nigrostriate bundle.

The nigrostriate bundle (fig. 65), known to
earlier observers as the comb bundle, has been
described repeatedly (Ferraro, ’28; Ranson and
Ranson, ’41; Kimmel, *42; Fox and Schmitz, ’44;
Rosegay, '44; Johnson and Clemente, *59). This
fiber system, which is very important jn the con-
sideration of tonus, synapses in the putamen and
probably in the globus pallidus after interdigitat-
ing with fascicles of the posterior limb of the
internal capsule.

Destructive lesions in the lenticular nu-
clei tend to produce rigidity and character-
istic changes in posture, with the particu-
lar type of postural change and the degree
of rigidity depending upon the precise ex-
tent of the lesion(s) and the fiber systems
and neurons involved (Bucy, 42a; Grinker,
Bucy and Sahs, '60; DeJong, '58; Denny-
Brown, ’62). In the uninjured brain, then,
the lenticular discharge should tend to
lessen or inhibit extensor tonus.

There is a tremendous amount of im-
portant experimental and clinical data
dealing with the effects of lesions of the
basal ganglia on the production of abnor-
mal postures, rigidity, and abnormal move-
ments. However, the monkeys in the pres-
ent series had no involvements of the
basal ganglia except in conjunction with
large cortical lesions. Their relations as
parts of discharge paths from supplemen-
tary motor areas have been discussed (p.
65). It remains to tie them in as part of
the balancing mechanism between the
cerebral cortex and the cerebellum. In the
lenticular nucleus, the discharges from
the substantia nigra, the dorsal thalamus,

and probably the subthalamic nucleus are
played against impulses relayed to this nu-
clear area over corticostriate fibers from
the supplementary motor and the motor
areas of the cerebral cortex. These cortico-
striate fibers are of bilateral origin, some of
them having crossed in the corpus callo-
sum. In the uninjured monkey, they inter-
balance to give the normal shifts in tonus
and changes in posture which occur at rest
and during movement. Injury to one or
more of the centers from which these
tracts arise, to the tracts in course, or to
greater or lesser portions of the lenticular
nuclei upsets the normal balance. The
characteristic signs of such involvement or
imbalance are often very evident and fre-
quently very bizarre. Denny-Brown (’62,
p. 50) pointed out that, although each
major disease process that affects the basal
ganglia “may be recognized by certain
peculiarities of motor disturbance, each
presents a spectrum of change of move-
ment and posture.” He also emphasized
the importance of evaluating the effects of
specific fiber path destruction, as well as
of cellular degeneration, in assessing the
interrelations between causes and effects
in explaining differences in tonus and pos-
ture in various basal ganglion syndromes.

Postural tonus at cerebral
cortex levels

As is evident from the experimental re-
sults reported, and can be documented
from other experimental and clinical stud-
ies, both the primary motor cortices
and the supplementary motor areas are re-
lated to the regulation of tonus. The ana-
tomical evidence for the discharge paths
from these areas has been considered ear-
lier in this discussion and need not be re-
peated here.

The destruction of area 4 or of its dis-
charge path (the pyramidal tract) near its
origin or in its course through the brain
stem or in the spinal cord produced not
only a loss of fine movements but, usually,
a mild hypotonicity. Sometimes a monkey
having a flaccid hemiparesis, as the result
of destruction of this cortical area or its
associated tract, showed increased deep
reflexes.

A unilateral lesion in a single supple-
mentary motor or extrapyramidal field



78 E. C. CROSBY, R. C. SCHNEIDER,
usually did not alter tonus materially al-
though occasionally it increased or de-
creased it slightly. A hemicortectomy pro-
duced no significant change in tonus in the
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hypertonicity does develop. If the cortex
is totally or subtotally removed on the two
hemispheres, an opisthotonos results. The
animal has hyperextension of the back, the
neck, and the lower extremities, but the
arms are flexed at the elbows and the
wrists and the fingers are often clenched.
The tonus may be so rigid that the hands
are drawn up near the face.

If considerable regions of the cortex are
destroyed on one side, and the lenticular
nucleus is also included, partly or wholly,
in the lesion so that the corticostriate fibers
of bilateral origin (since some have crossed
in the corpus callosum from the other
side) are included in the destroyed area
then a hypertonicity develops. Denny-
Brown (°62) has pointed out that lesions
of the putamen which include -cortico-
striate fibers produce extension of the
lower extremities and flexion of the upper
extremities in man, a posture very com-
parable to that which the monkeys with
bicortectomies showed (figs. 57, 62).

Involvement of the pyramidal tract to-
gether with the adjacent white matter, in
the region overlying the internal capsule,
will produce a contralateral spastic hemi-
plegia. Such deep white matter contains
homolateral corticostriate fibers and also
contralateral corticostriate fascicles which
have crossed through the corpus callosum.
Likewise, lesions of the pyramidal tract in
its course in the internal capsule, where it
is crossed by the discharge paths (lenticular
fasciculus and subthalamic fasciculus) of
the basal ganglia, may be evidenced by a
spastic hemiparesis. However, spasticity
does not result from midbrain pedunculot-
omy (Walker, ’52; and others), or bilateral
section of the medullary pyramids (Tower,
’49; and others) or the lateral corticospinal
paths (Odeku, ’65).

Interplay between cerebellum and
cerebral hemispheres

Experimental documentation

The supplementary motor areas not only
discharge through the basal ganglia, but
many of them have direct corticotegmen-
tal paths (p. 59). Thus directly or indi-
rectly these supplementary motor areas re-
lay to the cells of origin of the brain stem
tegmentospinal or reticulospinal systems,
of the rubrospinal and the olivospinal

tracts, and possibly of the vestibulospinal
tracts. They reach, then, many of the same
areas which are under the influence of
the cerebellar discharge paths. From these
brain stem centers there is a discharge to
the alpha neurons for the production of
body movements and to the gamma neu-
rons for regulation of the tonus of these
movements. Some of these discharges are
inhibitory to, and some are excitatory to,
the reticular centers and to the various
other nuclei mentioned.

In the uninjured brain, it is difficult to
see how there can be any cerebellar dis-
charges which are not regulated from
higher centers at thalamic, cerebellar and/
or brain stem levels, or any cortical or basal
ganglion activities that are not affected at
cerebral cortex, thalamus (Carpenter and
Hanna, ’62) and/or brain stem regions by
impulses from the cerebellum. There is a
constant interplay (occuring at many brain
levels) for the regulation of tonus and the
maintenance of normal posture between
the cerebral hemispheres on the one hand
and the cerebellum on the other.

Motor responses that are meaningful are
initiated in the association areas of the
cerebral cortex. There is discharge from
these association areas (and perhaps in
the highest types of activity particularly
from the frontal association areas) to the
motor cortex for activation of the pyrami-
dal system which subserves the specific
voluntary movements. There is also dis-
charge to various supplementary motor
areas for setting up impulses which give
rise to the cortical automatic associated
movements (often highly characteristic of
the individual) that accompany such vol-
untary responses. The impulses are re-
layed also over corticopontocerebellar sys-
tems (figs. 66, 67, 68) to the cerebellum
to regulate the cerebellar-cerebral hemi-
sphere interplay at various brain levels, so
that the degree of tonus and the coordina-
tion of responses advantageous to the con-
templated motor performance may be ob-
tained. Destruction of corticopontocere-
bellar tracts (or the frontal or the parietal
areas from which many of them arise)
produces an ataxia similar to that seen in
cerebellar lesions.

Frontopontine fibers have been described by
Sunderland (’40), Nyby and Jansen (’51), Jansen
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and Brodal (’54, °58), and others. Parietopontine
fibers (fig. 68), which are large in the macaque,
have not always been recognized in man. Tem-
poropontine fibers have been widely identified
(the Dejerines, 1895, *01; Winkelman and Eckel,
’29; Poirier, ’52). A small occipitopontine tract is
said to be present (Jansen and Brodal, ’54, *58).

Impulses from the supplementary motor

areas to tegmental or reticular areas of the

brain stem by corticotegmental paths and by
way of discharge through the basal ganglia
interplay with cerebellar discharges to the
same regions to produce adequate balance
between flexion and extension for main-
taining normal posture. In many individ-
uals with widespread, bilateral cortical in-
volvements, or massive cerebellar lesions,
the tonus, whether increased or decreased,
is so limited in range as to make normal
posture or adequate motor performance
impossible.

Complete section through the brain at
the rostral end of the midbrain in man
and in monkey (but somewhat farther
caudalward in various other mammals)
produces a decerebrate individual. Ani-
mals, or man, with such a lesion have a
decercbrate rigidity in which there is a
maximum extensor tonus. Here one is
dealing with a cerebellar discharge unin-
hibited by cerebral hemisphere balancing.
Animals (and probably man) with total
cerebellectomies have a very great hypo-
tonicity, Certainly under such conditions,
the cerebral hemisphere discharges are not
balanced by those from the cerebellum.
Monkeys with a total removal of the cere-
bral cortex, but little or no involvements of
the basal ganglia, show a hyperextension

Fig. 68 Degeneration in the parietopontine path (arrow) following an area 5 lesion in the

monkey. Weil preparation.
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of the lower extremities, the back, and
the neck, and a rigid flexion of the upper
extremities. It is interesting to compare
the effects produced by decerebration with
those produced by bicortectomies, where
there is sparing of arcs from the thalamus
through the basal ganglia to lower centers.

Clinical documentation

The operations on the cerebellum in
children for the relief of intense hyper-
tonicity were all undertaken after other
methods of alleviating the condition had
failed. With two exceptions they were car-
ried out on subnormal children, whose
mental tests suggested a wide involvement
of association areas of the cortex (and so
supplementary motor areas) as well as of
motor areas. The other two children had
dystonia musculorum deformans. The op-
eration had three objectives in mind; (a)
to make the children easier to care for at
home, (b) to give them a little chance for
some simple enjoyment in life; and (c)
to relieve the intense pain which at least
two of them found almost unendurable
because of muscle spasms.

All the children who survived the oper-
ation showed a decreased tonus postopera-
tively. Ome child had a dislocated hip and
his leg has remained extended. One child
had more effect on one side than the other
— the lesion, an early one, was unequal
on the two sides. In the cerebral palsy
children the results were apparently per-
manent, in fact there has been a slow im-
provement over a long period of time. This
is undoubtedly due to the fact that the
original defect in the cerebral cortex did
not change and so the new balance estab-
lished between the cerebral hemispheres
and the cerebellum after the operation re-
mained relatively adequate, Dystonia mus-
culorum deformans is a progressive dis-
ease, presumably of the basal ganglia, and
even though a satisfactory tonus may be
achieved at some stage of the disease by
an operation on the cerebellum (or the
dorsal thalamus), the marked hypertonic-
ity may appear again, as the lesions in the
cerebral hemispheres increase. In such an
event, the regulatory effects of the dis-
charges of the cerebral hemispheres over
those of the cerebellum are lessened. The
adequate interplay between the two areas

is upset and the overbalance of the cerebel-
lar discharges produces the hypertonicity.

Children with intense hypertonicity may
have muscle spasms which cause almost
unbearable pain. In two children, pain
of this origin has been relieved by reducing
the hypertonicity through a partial cere-
bellectomy.

Neurosurgeons have undertaken various
operations on human patients with a view
to mitigating or banishing the hypertonic-
ity and the involuntary movements due to
major destruction of the cerebral hemi-
spheres. Among such operations may be
mentioned the ablation of cortical areas
(Bucy, ’42b, °49), the pallidectomies and
the thalamotomies (Meyers, 42, '51, '58;
Spiegel and Wycis, '52; Cooper, '56a,b,
’59, ’60; Bertrand et al., ’60), the section
of the ansa lenticularis (Meyers, *40), de-
structive lesions in the subthalamic area
(Andy et al.,, ’63) or in the zona incerta
(the campotomy of Spiegel et al., ’63) or
in the substantia nigra (Meyers et al., ’59),
and the removal of portions of the cerebel-
lum as described in this paper and else-
where (Schneider and Crosby, '60, '63a, b).

It is obvious that all the operations just
mentioned have a common basis. They
all interfere with the paths or centers
which interrelate impulses from supple-
mentary motor areas with those from the
cerebellum. They all have a common dis-
advantage in that they increase the lesions
in an already injured brain. Those pro-
cedures which require invasions (espe-
cially bilateral invasions) of the cerebral
cortex for placing the lesions (such as the
thalamotomies) may, and, in some cases,
have produced mental deficits. The de-
struction of the substantia nigra by ultra-
sonic waves invites the danger of a quad-
riplegia. The cerebellar operation may
result in too great a hypotonicity. It is not
the purpose here to advocate or to dis-
parage any of the these operations. Possi-
bly any one of them is valuable at the
proper time and under proper conditions.
The operations on patients referred to in
the present paper have been used to illus-
trate the interpretations presented.

In closing this section on the discussion
of tonus it may be pointed out that the un-
injured individual (monkey or man) has
at his command a wide range of tonus
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with which to carry on adequately his
various motor activities. An individual
with a lesion in the centers or tracts re-
lated to this balancing system — whether
the injury is in the cerebral cortex, the
basal ganglia, the thalamus, the tegmen-
tum of the midbrain or the cerebellum, or
in any of the tracts interrelating these
areas — has a limited range of tonus. De-
pending upon the site and the extent of
the lesion, and whether or not it is bilat-
eral, the range may be so narrowed — the
tonus so great or so little — that great in-
capacitation results.

Some data on tremor and involuntary
movements have been slowly accumula-
ting from the present study and related
experimental work. This data will not be
reported further than has been done in
the preceding protocols and will not be
discussed at this time. However, in view
of the very brief accounts of the cerebellar
operations performed on children, a few
facts about their appearance in some cere-
bellar lesions are possibly worth recording.

All of the monkeys in the present series
with sufficient invasion of one dentate nu-
cleus or considerable invasion of one supe-
rior cerebellar peduncle developed a homo-
lateral action tremor. The severity of the
tremor and the part of the body showing
it depended upon the precise location of
the lesion responsible for it. If the lesions
were bhilateral, so also was the tremor and
more than twice the strength of that pro-
duced by a one-sided injury. The monkeys
with cerebellectomies had such violent tre-
mors that they injured their faces from
knocking them against the cage walls.
They could not feed themselves. In one
monkey with a cerebellectomy, bilateral
ablation of the portions of area 4 con-
cerned with trunk and extremity move-
ments (but with sparing of the so-called
face areas) resulted in a bilateral cessa-
tion of the tremor on the trunk and the
extremities but the head tremor still re-
mained although it was not so violent as
earlier. It became somewhat less over a
period of several months.

It is evident that any lesions in the cere-
bellum aimed to decrease postural tonus
in patients must avoid destruction of the
dentate nucleus. Possibly destruction of
the globose and the emboliform nuclei

should be avoided for the same reason, for
destruction of the nucleus interpositus in
the monkey gives tremor (Carrea and
Mettler, *47). Destruction of the fastigial
nuclei does not produce tremor but alters
tonus. Moruzzi and Pompeiano (°56) ob-
tained an abolition or lessening of crossed
extensor rigidity (but some increase in ipsi-
lateral rigidity) when the caudal pole of
the fastigial nucleus was destroyed in the
cat. There was more effect on the hind-
limbs than on the forelimbs. An increase
contralaterally (and a decrease homo-
laterally) in the tonus followed destruction
of the rostral part of the nucleus.

SUMMARY

1. The material presented in this paper
is based on the results obtained from an
extensive series of experiments on mon-
keys and a small number of operations on
children. The experiments on the monkeys
fell into three general groups: (a) abla-
tions of various areas of the cerebral
cortex; (b) destructive lesions of the cere-
bellum or the superior cerebellar pedun-
cle(s); (¢) combined lesions of the cere-
bral cortex and the cerebellum. The lesions
varied in amount from small ablations in-
volving some special part of a cortical area
to bicortectomies, and from a limited de-
struction of a part of one lobule of the
vermis to essentially complete cerebellec-
tomies.

2. Destruction of the primary motor cor-
tex produced a hypotonicity and a perma-
nent loss of such fine movements as flex-
ing one finger independently.

3. Supplementary motor areas are wide-
spread. Most of them are located in asso-
ciation areas of the cerebral cortex. They
have bilateral, multisynaptic projection to
motor centers of the brain stem and the
spinal cord. Stimulation of the supple-
mentary motor areas (and so of the asso-
ciation cortices of which they are efferent
parts) reveals a motor pattern of response
comparable to that which has been demon-
strated by various observers on area 4. II-
lustrations are given of association areas
which do, and those which do not, give
changes in motor responses if destroyed.
Other evidences of injury to association
areas (such as aphasias) are consonant
with the location of the particular area.
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4. Monkeys with total or subtotal re-
moval of the cortex from one cerebral
hemisphere walked again and carried on
various motor activities although they
never regained their ability to perform fine
movements. They had an approximately
normal tone if the basal ganglia were not
invaded. A child with a subtotal hemi-
cortectomy also was able to walk and to
attend school, and graduated from high
school.

5. Monkeys with bilateral removal of the
motor cortex also walked again. As the
lesions were increased to include various
supplementary motor areas bilaterally, hy-
pertonicity developed. Monkeys with near
total bilateral cortectomies, or a complete
removal of the cortex of both hemispheres,
showed an opisthotonos. In such a mon-
key, the legs were in extensor tonus, the
trunk was hyperextended, the arms were
often bent at the elbows and the wrists and
the hands were clenched and sometimes
held against the face.

6. The bicortectomies destroyed the as-
sociation areas along with the supplemen-
tary motor areas, so that the monkeys on
which such experiments had been per-
formed were completely unintelligent.
They had a cortical blindness (with a re-
tention of light reflexes and possibly of
blinking) and of course a loss of voluntary
eye deviations and optokinetic responses.
There was bilateral loss of positional sense.
Loss of tactile discriminatory ability was
not proven satisfactorily (although sug-
gested by the behavior of some animals),
but the recognition of gross tactile and
painful stimuli remained. The monkey
jerked at a sudden noise but apparently
had no understanding of the meaning of
the sound. He had lost fine movements
and other types of voluntary responses
and, in the absence of supplementary
motor areas, had no substitution for them.
He had lost cortical automatic associated
movements; for example, he had an ex-
pressionless face. The significance of the
association areas for all types of cortically
aroused motor responses is discussed.

7. Such small lesions as were placed in
the vermis or the hemisphere portions of
the posterior lobe of the cerebellum pro-
duced no noticeable defects. The animal
with large lesions in the posterior vermis

(nodule, uvula, pyramis and tuber) walked
with his legs far apart (that is, had a wide
base), with the hindlegs more affected than
the forelegs. His head was tilted back on
his shoulders (the equivalent of the tend-
ency of a child with a similar lesion to fall
backward). The monkey somtimes had a
nystagmus, if the lesion was unequal on
the two sides. He often showed a mild
hypotonicity.

8. Large unilateral lesions in the hemi-
sphere portions of the posterior lobe (or
in both the hemisphere and the vermis)
resulted in marked hypotonicity on the
side of the lesion. If it were deep enough
to involve the dentate or the interposed
nucleus, an action tremor appeared homo-
laterally. With dentate involvement, there
was sometimes a hypotonicity of upward
gaze or a vertical nystagmus.

9. Complete cerebellectomies produced
a permanent, incapacitating hypotonicity.
Such an animal lies prone on his stomach
with his head slightly propped up by his
arms. He can crawl but does so badly.

10. Partial section of one superior cere-
bellar peduncle from the dorsolateral side,
at the level of the anterior medullary
velum, produced a homolateral hypotonic
lower extremity. Section of this peduncle
ventromedially, by a ventricular lesion, re-
sulted in a hypotonic upper extremity on
the side of the cut. Complete section of
one superior cerebellar peduncle at upper
fourth ventricle levels gave marked homo-
lateral hypotonicity and ataxia. The mon-
keys with such a complete section had a
homolateral action tremor.

11. Having produced hypotonicity and
action tremor with large lesions of the
cerebellum or its superior peduncles, and
hypertonicity with major bilateral destruc-
tion of the cerebral cortex, the two types of
lesions were placed successively in a series
of monkeys to test the interplay between
the discharges between the two regions.
Such interplay occurs at spinal cord, me-
dulla, cerebellar, midbrain, thalamic, basal
ganglion, and cortex levels, as the account
of the fiber connections and the discussion
of their interrelations indicate. This bal-
ancing is evident in animals with lesions
at both cerebellar and cerebral hemisphere
levels. Thus, a monkey unable to walk for
several months because of a section of the
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superior cerebellar peduncle, regained an
erect posture and even walked a little with-
out support after the cerebral cortex con-
tralateral to the cerebellar injury was
largely removed. The marked hypertonicity
so evident in monkeys with massive bilat-
eral cerebral cortex ablations was lessened
by large cerebellar lesions involving the
posterior vermis and portions of the hemi-
spheres of the posterior cerebellar lobes.

12. In several children with intensely
incapacitating hypertonicity, as a result of
bilateral lesions in the cerebral cortex
and/or the basal ganglia, removal of a
large portion of the posterior vermis and
adjoining regions of the hemispheres (see
text) lessened this intense hypertonicity.
Postoperatively these children were able to
carry on better than before — feed them-
selves, write, and, in one case at least,
attend school. Two children with intense
pain from muscle cramp as a result of the
hypertonicity were entirely relieved of that
type of pain. These cases are described
and discussed in the text.
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