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Cerebellar Lesions and Prism Adaptation in Macaque Monkeys

JOAN S. BAIZER,1 INES KRALJ-HANS,2 AND MITCHELL GLICKSTEIN2

1 Department of Physiology, SUNY, Buffalo, New York 14214; and2 Department of Anatomy, University College London,
London WC1E 6BT, United Kingdom

Baizer, Joan S., Ines Kralj-Hans, and Mitchell Glickstein. Cere-
bellar lesions and prism adaptation in Macaque monkeys.J. Neuro-
physiol.81: 1960–1965, 1999. If a laterally displacing prism is placed
in front of one eye of a person or monkey with the other eye occluded,
they initially will point to one side of a target that is located directly
in front of them. Normally, people and monkeys adapt easily to the
displaced vision and correct their aim after a few trials. If the prism
then is removed, there is a postadaptation shift in which the subject
misses the target and points in the opposite direction for a few trials.
We tested five Macaque monkeys for their ability to adapt to a
laterally displacing prism and to show the expected postadaptation
shift. When tested as normals, all five animals showed the typical
pattern of adaptation and postadaptation shift. Like human subjects,
the monkeys also showed complete interocular transfer of the adap-
tation but no transfer of the adaptation between the two arms. When
preoperative training and testing was complete, we made lesions of
various target areas on the cerebellar cortex. A cerebellar lesion that
included the dorsal paraflocculus and uvula abolished completely the
normal prism adaptation for the arm ipsilateral to the lesion in one of
the five monkeys. The other four animals retained the ability to
prism-adapt normally and showed the expected postadaptation shift.
In the one case in which the lesion abolished prism adaptation, the
damage included Crus I and II, paramedian lobule and the dorsal
paraflocculus of the cerebellar hemispheres as well as lobule IX, of the
vermis. Thus in this case, the lesion included virtually all the cere-
bellar cortex that receives mossy-fiber visual information relayed via
the pontine nuclei from the cerebral cortex. The other four animals
had damage to lobule V, the classical anterior lobe arm area and/or
vermian lobules VI/VII, the oculomotor region. When tested postop-
eratively, some of these animals showed a degree of ataxia equivalent
to that of the case in which prism adaptation was affected, but prism
adaptation and the postadaptation shift remained normal. We conclude
that in addition to its role in long-term motor learning and reflex
adaptation, the region of the cerebellum that was ablated also may be
a critical site for a short-term motor memory. Prism adaptation seems
to involve a region of the cerebellum that receives a mossy-fiber
visual error signal and probably a corollary discharge of the
movement.

I N T R O D U C T I O N

If a laterally displacing prism is placed in front of their eyes,
people and monkeys misreach in a direction opposite to the
base of the prism. After a few tries, the reach becomes accu-
rate. When the prism is removed, subjects misreach to the other
side of the target. Helmholtz (1962) interpreted the misreach-
ing as caused by an error in the judgement of the direction of
gaze. However, if this was the sole cause, the adaptation should
transfer between the two arms. Under controlled conditions in

which movement of other muscles is restricted, there is no such
transfer.

In addition, Bossom and Hamilton (1963) showed that mon-
keys in which the optic chiasm and corpus callosum had been
sectioned in the midline still showed interocular transfer of
prism adaptation when tested with the adapted arm. For these
and other reasons, Harris (1965) suggested that the effect of the
prism was to cause recalibration of the felt position of the limb.

Anatomic and physiological evidence suggests that the cer-
ebellar cortex may be a critical site for prism adaptation (Stein
and Glickstein 1992). The cerebellum receives proprioceptive
and corollary discharge information from the limbs and a
powerful visual input that could serve as an error signal. Some
years ago we presented evidence (Baizer and Glickstein 1973)
that cerebellar lesions abolished the capacity for prism adap-
tation on the side of the lesion in one case, whereas four other
monkeys with moderate-to-large cerebellar lesions still could
adapt to the prism. At the time that the experiments were done,
these findings seemed hard to interpret because lesion of ver-
mian lobules VI and VII, areas that then were known to receive
a visual input, did not affect prism adaptation. Recent anatomic
studies now can help to interpret these results. We now know
that the major target of visual information from cerebral cortex
is to more caudal areas of the cerebellum. Cerebral cortical
visual areas project to the dorsolateral region of the pontine
nuclei (Glickstein et al. 1980, 1985). Cells in the dorsolateral
pontine nuclei in turn project heavily to the caudal posterior
lobe, especially the dorsal paraflocculus, paramedian lobule,
rostral uvula, and Crus II (Glickstein et al. 1994). Here we
present evidence that in the monkey in which prism adaptation
was abolished, the lesion included nearly all of the regions that
receive cortical visual input via the pontine nuclei. Lesions
elsewhere in the cerebellum produced an equivalent degree of
ataxia, but they had little or no effect on prism adaptation. The
results suggest that visual input to the cerebellum may be
involved in rapid and flexible short-term adaptation of the
limbs to altered sensory input.

M E T H O D S

Five adolescent rhesus monkeys (Macaca mulatta) were housed in
individual cages and maintained on a combination of standard primate
laboratory chow and fruit-flavored reward pellets. Animals were kept
at the highest weight at which they would run readily in the behavioral
situation. For the daily experimental session, they were restrained in
a Plexiglas primate chair. Head movement was restricted by a sliding
neckpiece, which held the head up, and by panels that were adjusted
to press lightly against the sides and back of the head. The monkeys
viewed the chamber through two eyeholes in front of which could be
placed an occluder or a wedge prism that produced a lateral deflection
of ;12°. Two arm holes in the front of the chair, which could be
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covered by sliding panels, permitted selection of the arm that the
animal was to use.

The chair faced a metal arc with the monkey’s eyes at its center. A
series of 11 radially arranged microswitches separated from one
another by;6° visual angle were placed at successive angular dis-
tances from the center. One switch was directly in front of the
monkey. The switches were mounted so that an upward movement of
the lever was required to close the switch. Three small white indicator
lights were mounted in front of the chair, one central, the other two
;18° to the right or left of the central light and directly above one of
the microswitches. Below the level of the lights and switches there
was a wooden box that enclosed another microswitch. Pressing down
on the top of the box closed this switch and initiated a trial. An opaque
occluder was used on occasional trials to allow the monkey to see the
lights but blocked its view of the switches and of its own arm.

The animals were trained to press the starting key to initiate a trial.
The starting key turned on one of the three lights, which remained on
for a brief period of time. The time during which the light was on was
variable, but always#500 ms; short enough so that the monkeys
aimed their arm rapidly at the target without correcting the direction
in midtrajectory. All monkeys learned to reach out rapidly upward to
close the switch directly below the light that was on. If the animals hit
an incorrect switch, the light went off and the trial was terminated.
Hitting a switch when no light was on had no effect. A correct
response activated the feeder on a continuous or variable basis (vari-
able ratio 2), which delivered a fruit reward pellet to a small trough
directly in front of the animal’s mouth.

On each day an animal viewed the lights and switches through one
eye and was run for a maximum of 750–1,000 trials. Data were
recorded under three conditions with one-third of the number of trials
in each condition: responses before insertion of a prism (preadapta-
tion), responses after the prism was in place (adaptation), and re-
sponses when the adapting prism was removed (postadaptation). Pre-
operatively all monkeys learned to adapt to the placement of the
prism. They reached rapidly in the appropriate direction on virtually
all trials, although there was considerable variability in the number of
trials that were required to adapt. In one animal, adaptation was
complete after 10 trials. On average the monkeys required 70 trials

when first tested. Adaptation typically took fewer trials with further
training. When adaptation was complete, the animals then were run
with the prism in place for;300 trials before being tested for a
postadaptation shift.

On most days only a single eye-hand pair was used. On successive
days, the monkeys were tested for the presence of prism adaptation
and postadaptation shift with all eye-hand pairs, both before and after
cerebellar lesions were made. For testing intermanual transfer of
adaptation, the same eye was used, with the arm switched half way
through the session. For interocular transfer tests, the same arm was
used throughout, but the eye that viewed the target light was switched.

Surgical procedures

All surgery was performed under aseptic conditions. The monkey
was predosed with phencyclidine (Sernylan), and anesthetized and

FIG. 1. Intermanual and interocular transfer of prism adaptation: average
performance of all animals tested preoperatively. Animal’s response on each
trial was recorded. Numbers on the abscissa represent degrees to the left and
to the right of the target light, placed at 0. Numbers on the ordinate reflect the
percentage of the total responses (as inA) or percentage of the responses in the
first 10 trials after the prism was removed (as in postadaptation,B). A: average
performance of all trained animals at the beginning of the session, reaching
without prism and using the preferred eye and preferred hand. Distribution of
responses peaks at 0, indicating that nearly all of the animals’ responses were
directed accurately to the switch just below the illuminated light.B: average
performance of all animals in the 1st 10 trials just after the prism was removed.
Shift to the right reflects a postadaptation shift. When the majority of responses
are at 0, there has been no effect of the prior experience with the prism. To test
for the presence of intermanual transfer, the animals reached with the untrained
arm after adaptation of the contralateral arm had been achieved. As the figure
shows, prism adaptation did not transfer between the arms. For testing inter-
ocular transfer of adaptation, the animal viewed the panel with the eye that had
been occluded during adaptation. Average performance in the 1st 10 trials after
prism removal peaks at 12° to the right of the target, demonstrating the
expected postadaptation shift.

TABLE 1. Summary of lesions

Cerebellar Lobules

Left Side Right Side

MA HU ST MR RA

Hemispheres
HIII 1 11 111 2 2
HIV 111 111 111 1 2
HV 111 11 1 1 2
Simple Lobule 111 111 111 1 2
Crus I 111 1 111 2 1
Crus II 111 111 111 11 1
Paramedian Lobule 111 1 1 11 1
Dorsal Paraflocculus 11 2 2 2 2
Ventral Paraflocculus 1 2 2 2 2
Flocculus 1 2 2 2 2

Vermis
I 2 2 2 2 2
II 2 2 2 2 2
III 2 111 2 2 2
IV 2 111 2 2 2
V 2 111 2 2 2
VI 2 111 2 2 2
VII 1 111 1 2 2
VIII 1 111 1 111 2
IX 111 11 2 111 2
X 2 2 2 2 2

111, complete lesion;11, 50% of the lobule removed;1, 25% of the
lobule removed;2, lobule intact.
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maintained with intravenous supplements of pentobarbital sodium
(Nembutal). We exposed the posterior/ventral surface of the cerebel-
lum by removing the bone below the occipital protuberance to within
a few millimeters of the foramen magnum. We opened the dura and
made lesions by subpial aspiration under the guidance of a dissecting
microscope. The wound was closed in anatomic layers with final
closure by wound clips. In some cases, the monkeys became ataxic in
the use of the arm on the side of the operation, but this improved over
time. Otherwise postoperative recovery was uneventful. Table 1 gives
a summary of the lesions in each of the five cases.

Perfusion and histological processing

At the conclusion of the experiment, the animals were overdosed
with barbiturate and perfused through the left heart with saline fol-
lowed by 10% formalin. The brains were removed, and the cerebellum
was photographed along with attached brain stem. The cerebellum and
brain stem then were dehydrated and embedded in celloidin for
histological processing. A series of parasagittal sections was made
through the tissue. Adjacent pairs of sections were saved at intervals
and stained for cells and fibers.

FIG. 2. A: pre- and postoperative performance ofmonkey MAwith left hand.B: pre- and postoperative performance ofmonkey
MA with right hand. Figure was constructed in the same way as Fig. 1.Middle: average results (as in pre- and postadaptation
measures) for the 10 reaches after the prism first was placed in front of the animal’s eye. Values on the abscissa represent direction
of the reach (in degrees) relative to the target (at 0) and values on the ordinate are the average scores expressed as percentages.
Although there was greater variability in the direction of the reach, there was no adaptation to the prism or postadaptation shift when
the monkey used the arm ipsilateral to the lesion. Lesion included the dorsal paraflocculus, rostral uvula, and paramedian lobule,
the major targets of cortically originating visual mossy-fiber information. Adaptation and postadaptation shift were unaffected on
the unoperated side.
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R E S U L T S

When initially tested as normals, all of the monkeys showed
a similar pattern of adaptation to the prism. When the prism
first was placed in front of its eye, the monkey misreached in
the direction opposite to the base of the prism. Monkeys took
a variable number of trials to correct the reach, but all of them
soon adapted to the prism and now would reach accurately to
the switch underneath the light that had been illuminated.
When the prism was removed, they showed the typical post-
adaptation shift. They now misreached in a direction opposite
to that of the initial misreaching. Like the initial adaptation, the
postadaptation shift was corrected in a few trials.

The pattern of interocular and intermanual transfer is similar
to that described for human subjects (Harris 1965). Figure 1
shows the averaged data from all of the monkeys trained
preoperatively.

If a monkey was trained to prism adapt using its right eye
and right arm, there was complete interocular transfer of ad-
aptation when viewing was shifted to the left eye. If the
monkey was trained to prism adapt using the right eye and right
arm, the adaptation failed to transfer to the left arm.

The fact that the pattern of intermanual and interocular
transfer is similar to that reported for human subjects demon-
strates that the monkey is a good model for human perfor-

FIG. 3. A: pre- and postoperative performance inmonkey HUwith left hand.B: pre- and postoperative performance inmonkey
HU with right hand. This animal showed normal adaptation and postadaptation shifts despite a large unilateral cerebellar lesion,
which included the arm area of lobule V (Adrian 1943) and the classical visual/oculomotor area of vermian lobules VI/VII (Noda
and Fujikado 1987).
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mance. Postoperatively, all the animals showed some signs of
unsteadiness in the limbs ipsilateral to the cerebellar lesion.
Although they preferred to use the arm contralateral to the
lesion site when retrieving pieces of food, all recovered use of
the affected limbs. Testing resumed from 5 days to 4 wk after
the surgery.

Prism adaptation and the postadaptation shift obviously were
present both pre- and postoperatively in four of the five ani-
mals. Only one of the five animals,monkey MA,failed to adapt
to the prism or show the typical postadaptation shift when
using the limb ipsilateral to the lesion (Fig. 2A). Adaptation
was unaffected on the side contralateral to the lesion (Fig. 2B).

Monkey MAat first was unwilling to use the arm ipsilateral
to the cerebellar lesion. The coordination between her arm and
hand was poor after the surgery, but her climbing was not
affected. With training over several days, she started to reach
with the affected arm but now failed to adapt to the prism or
show the usual postadaptation shift. When the prism was put in

place the first time, she reached out directly in front of her. She
was given a pellet from time to time to prevent extinction. The
postadaptation trial showed clearly that there had been no
effect of viewing the lights through the prism. Her responses
were varied but remained centered on the central light. The
lesion inmonkey MAincluded the caudal regions of the pos-
terior cerebellar hemispheres, including most of Crus II, para-
median lobule, and dorsal and ventral paraflocculus. Thus the
lesion removed the great majority of the mossy fiber visual
input to the cerebellar cortex (Glickstein et al. 1994) (see Table
1 and Fig. 4).

Animals with equally large cerebellar lesions that spared
most or all of these regions of the cerebellum showed similar
initial postoperative motor deficits, but when recovered,
adapted normally to the prism and showed the expected post-
adaptation shift. Figure 3 shows the behavioral results for one
such animal,monkey HU.

This animal was also initially reluctant to use the arm and

FIG. 4. Parasagittal sections through the cerebellum of
all the cases.A–C: sections correspond to the plates num-
bered 35, 27, and 19 respectively, in the atlas of Madigan
and Carpenter (1971).

1964 J. S. BAIZER, I. KRALJ-HANS, AND M. GLICKSTEIN

 on N
ovem

ber 30, 2009 
jn.physiology.org

D
ow

nloaded from
 

http://jn.physiology.org


had a pronounced ataxia postoperatively. With training, he
recovered the ability to reach accurately with the affected arm.
Prism adaptation and postadaptation shift remained normal
bilaterally. The cerebellar lesion in this case included most of
the arm area of lobule V of the anterior lobe (Adrian 1943) as
well as the visual/oculomotor area in vermian lobules VI and
VII (Noda and Fujikado 1987).

Figure 4 shows photographs of the cerebellar sections, cut
parasagittally, of all five monkeys. In all cases, only the cere-
bellar cortex was damaged, while the cerebellar nuclei were
intact.

D I S C U S S I O N

Prism adaptation was blocked in only one animal of the five
that were studied. In this case, the lesion included those regions
of the posterior lobe of the cerebellum that receive nearly all of
the cortically originating visual mossy-fiber input.

Although this single case cannot firmly establish the role of
these visual target regions in the posterior lobe of the cerebel-
lum in adaptation, it was only in this one animal that the
regions of the cerebellum that receive cortical visual input had
been abolished almost completely. The failure of prism adap-
tation suggests that cortically originating visual input to this
region may be necessary for normal adaptation to displaced
vision. In all of the other four cases, all or most of these regions
were spared, and prism adaptation remained unaffected.

A similar deficit in prism adaptation has been described in
cerebellar patients. Weiner et al. (1983) described a failure of
patients with lesions of the cerebellum to adapt normally to a
laterally displacing prism. Although Weiner’s seven cerebellar
patients showed a clear deficit in prism adaptation, the locus of
cerebellar lesions is not described. Five of the seven patients
had a ‘‘degenerative process’’; one had an infarct and the last
one had ‘‘drug-induced cerebellar signs.’’ Prism adaptation
was independent of motor deficits because control subjects
with Parkinson’s disease or other neurological conditions
showed essentially normal adaptation and postadaptation shift.
Similarly, Martin et al. (1996) compared adaptation in normal
human subjects and neurological patients throwing at a target
that was viewed through a laterally displacing prism. Only
those patients whose lesions involved the territory of the pos-
terior inferior cerebellar artery showed impaired adaptation to
the prism. The lateral branch of the posterior inferior cerebellar
artery supplies the regions of the cerebellum in which the
lesion produced a deficit in prism adaptation in the present
study. It seems likely that the deficit in adaptation in our
monkey and in these patients is caused by the absence of
mossy-fiber visual input.

The cerebellum is necessary for other sorts of visuomotor
modification. The vestibuloocular reflex (VOR) and saccadic
eye movements for example can be modified by systematic
alteration of the visual input (Optican and Robinson 1980;
Robinson 1976). In the case of the VOR, the amount of training
required is extensive, and the change in the gain or phase of the
VOR persist during a long period of time. Miles and Eighmy
(1980), for example, found that monkeys reach an asymptotic

level of increased VOR gain only after 4–5 days of continu-
ously wearing magnifying spectacles. The present results sug-
gest that in addition to such long-term modifications the cere-
bellum mediates rapid and transient visuomotor plasticity.
Harris’ (1965) interpretation of the mechanism of prism adap-
tation was that it involves a change in felt position of the limb
but it seems likely that conscious awareness of limb position is
not necessary. We propose that the cerebellum contains cir-
cuitry for very short term and highly labile ‘‘scratch pad’’
motor memories; the ability to recalibrate the position of a limb
within a few trials and to quickly recalibrate the position again
when a source of optical distortion is removed.
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