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RAPID COMMUNICATION
Cerebellar Lesions and Prism Adaptation in Macagque Monkeys

JOAN S. BAIZER! INES KRALJ-HANS? AND MITCHELL GLICKSTEIN?
! Department of Physiology, SUNY, Buffalo, New York 14214;%Repartment of Anatomy, University College London,
London WC1E 6BT, United Kingdom

Baizer, Joan S., Ines Kralj-Hans, and Mitchell Glickstein. Cere- which movement of other muscles is restricted, there is no spich
bellar lesions and prism adaptation in Macaque monké&yBleuro- transfer.

physiol.81: 1960-1965, 1999. If a laterally displacing prism is placed | addition, Bossom and Hamilton (1963) showed that mqn-
in front of one eye of a person or monkey with the other eye occlud ys in which the optic chiasm and corpus callosum had bgen

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 tF;see_ctloned in the midline still showed interocular transfer |of

displaced vision and correct their aim after a few trials. If the prisrﬂrlsm adaptation when .tested with the adapted arm. For thesg
then is removed, there is a postadaptation shift in which the subj&&d other reasons, Harris (1965) suggested that the effect of thg
misses the target and points in the opposite direction for a few trialfisSm was to cause recalibration of the felt position of the lin
We tested five Macaque monkeys for their ability to adapt to a Anatomic and physiological evidence suggests that the
laterally displacing prism and to show the expected postadaptatiehellar cortex may be a critical site for prism adaptation (Ste
shift. When tested as normals, all five animals showed the typicahd Glickstein 1992). The cerebellum receives propriocepfi
pattern of adaptation and postadaptation shift. Like human subjegipd corollary discharge information from the limbs and

the monkeys also showed complete interocular transfer of the adﬁ%werful visual input that could serve as an error signal. So
tation but no transfer of the adaptation between the two arms. Wﬁ
it

sgeengos &

preoperative training and testing was complete, we made lesion grs ago we presented evidence (Baizer and Glickstein 1
various target areas on the cerebellar cortex. A cerebellar lesion t cerebellar lesions abolished the capacity for prism ag

t . . -
included the dorsal paraflocculus and uvula abolished completely lonon th_e side of the lesion in one case, Whe_reas f(_)ur 0
normal prism adaptation for the arm ipsilateral to the lesion in one Bionkeys with moderate-to-large cerebellar lesions still co
the five monkeys. The other four animals retained the ability @®dapt to the prism. At the time that the experiments were dd
prism-adapt normally and showed the expected postadaptation sfifiese findings seemed hard to interpret because lesion of
In the one case in which the lesion abolished prism adaptation, théan lobules VI and VII, areas that then were known to rece
damage included Crus | and I, paramedian lobule and the dorgalisual input, did not affect prism adaptation. Recent anato
paraflocculus of the cerebellar hemispheres as well as lobule IX, of #idies now can help to interpret these results. We now ki
Vermis. Thus in th|S case, the |esi0n inC|uded Virtua”y a” the Cerﬂ']at the major target Of Vlsual |nf0rmat|0n from Cerebral Cortag
bellar cortex that receives mossy-fiber visual information relaygd vli? to more caudal areas of the cerebellum. Cerebral cortical
. . . O
had damage to lobule V, the classical anterior lobe arm area angﬁﬁual. areas prpject to the dorsolateral region of the pon 15
vermian lobules VI/VII, the oculomotor region. When tested postoﬁ‘-uc'?' (G“Ckste,m etal. 19.80’ 1985,)' Cells in the dorsolate @-
eratively, some of these animals showed a degree of ataxia equivafRPtine nuclei in turn project heavily to the caudal poster{or
to that of the case in which prism adaptation was affected, but prid@Pe, especially the dorsal paraflocculus, paramedian lobpts,
adaptation and the postadaptation shift remained normal. We conclti@stral uvula, and Crus Il (Glickstein et al. 1994). Here W&,
that in addition to its role in long-term motor learning and reflepresent evidence that in the monkey in which prism adaptaliéh
adaptation, the region of the cerebellum that was ablated also mays abolished, the lesion included nearly all of the regions Yu
a critical site for a short-term motor memory. Prism adaptation seemsceive cortical visual input via the pontine nuclei. Lesiops
to involve a region of the cerebellum that receives a mossy-fibg[sewhere in the cerebellum produced an equivalent degree o
visual error signal and probably a corollary discharge of thgiayia put they had little or no effect on prism adaptation. The
movement. 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.
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INTRODUCTION

If a laterally displacing prism is placed in front of their eyesyeTHODS
people and monkeys misreach in a direction opposite to the_. .
base of the prism. After a few tries, the reach becomes ace qzlve adolescent rhesus monkeyacaca mulatthwere housed in

Wh h o d. subi . h h Jividual cages and maintained on a combination of standard prinjate
rate. \WWhen the prism Is removed, subjects misreach to the otglyratory chow and fruit-flavored reward pellets. Animals were képt

side of the target. Helmholtz (1962) interpreted the misreacky-the highest weight at which they would run readily in the behavidal
ing as caused by an error in the judgement of the direction g{uation. For the daily experimental session, they were restrainef in
gaze. However, if this was the sole cause, the adaptation shauflexiglas primate chair. Head movement was restricted by a sliding
transfer between the two arms. Under controlled conditions meckpiece, which held the head up, and by panels that were adjysted
to press lightly against the sides and back of the head. The monkeyS

The costs of publication of this article were defrayed in part by the paymevigwed the chamber through two eyeholes in front of which could|be
of page charges. The article must therefore be hereby magdatftisemerit placed an occluder or a wedge prism that produced a lateral deflegtion
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. = of ~12°. Two arm holes in the front of the chair, which could He

1960 0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society

B



http://jn.physiology.org

CEREBELLAR LESIONS AND PRISM ADAPTATION IN MACAQUE MONKEYS 1961

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 100 -——-- - ———————
series of 11 radially arranged microswitches separated from one % — e
another by~6° visual angle were placed at successive angular dig- B0 o B S
tances from the center. One switch was directly in front of th§ 70— ——=| [~ —
monkey. The switches were mounted so that an upward movementiof 80 ———— - e
the lever was required to close the switch. Three small white indicatér 5
lights were mounted in front of the chair, one central, the other tw§ 40 - N
~18° to the right or left of the central light and directly above one off 30—~ .
the microswitches. Below the level of the lights and switches the® 20
was a wooden box that enclosed another microswitch. Pressing down 0 e e
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 B interocular and Intermanual Transfer: post-adaptation
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 te
close the switch directly below the light that was on. If the animals h§
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 (v4ri-, |
able ratio 2), which delivered a fruit reward pellet to a small trougtg,

directly in front of the animal’'s mouth.

On each day an animal viewed the lights and switches through ofie 32
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 g 12
in each condition: responses before insertion of a prism (preadapta- degrees from the target
tion), responses after the prism was in place (adaptation), and re- expected direction of shift  —————>
sponses when the adapting prism was removed (postadaptation). Prez ¢
operatively all monkeys learned to adapt to the placement of thgrormance of all animals tested preoperatively. Animal’s response on 4
prism. They reached rapidly in the appropriate direction on virtuallyial was recorded. Numbers on the abscissa represent degrees to the le
all trials, although there was considerable variability in the number @f the right of the target light, placed at 0. Numbers on the ordinate reflect|
trials that were required to adapt. In one animal, adaptation waercentage of the total responses (a8)ior percentage of the responses in tf]
complete after 10 trials. On average the monkeys required 70 trifitst 10 trials after the prism was removed (as in postadaptaBipm: average

TABLE 1. Summary of lesions

Left Side Right Side
Cerebellar Lobules MA HU ST MR RA
Hemispheres
Hil + ++ +4++ — -
HIV +++ +++ +++ + -
HV +++ ++ + + -
Simple Lobule +++ +++ +++ + -
Crus | +++ + +++ - +
Crus Il +++ +++ +++ +4+ +
Paramedian Lobule +++ + + ++ +
Dorsal Paraflocculus  ++ — - — -
Ventral Paraflocculus + - - - -
Flocculus + — - — -
Vermis
| — — — — —
I - - - - -
i - +++ - - -
v - +++ - - -
\% - +++ - - -
Vi - +++ - - -
VIl + +++ + - -
VIl + +++ + +++ -
IX +++ ++ - +++ -
X — — — — —

+++, complete lesioni++, 50% of the lobule
lobule removed;—, lobule intact.

removedt, 25% of the

A Reaching prior to prism placement

= = ... = .
-18 -12 - 0 6 12 18

degrees from the target

100 |
90 B —
80
70

Mintermanual

DOinterocular

s 30
1]
>

[

Intermanual and interocular transfer of prism adaptation: aver

performance of all trained animals at the beginning of the session, reac
without prism and using the preferred eye and preferred hand. Distributio
responses peaks at 0, indicating that nearly all of the animals’ responses
directed accurately to the switch just below the illuminated lightaverage

performance of all animals in the 1st 10 trials just after the prism was remo
Shift to the right reflects a postadaptation shift. When the majority of respor
are at 0, there has been no effect of the prior experience with the prism. Tq
for the presence of intermanual transfer, the animals reached with the untrg
arm after adaptation of the contralateral arm had been achieved. As the fi
shows, prism adaptation did not transfer between the arms. For testing i
ocular transfer of adaptation, the animal viewed the panel with the eye that
been occluded during adaptation. Average performance in the 1st 10 trials
prism removal peaks at 12° to the right of the target, demonstrating

expected postadaptation shift.

when first tested. Adaptation typically took fewer trials with furth¢

training. When adaptation was complete, the animals then were
with the prism in place for~300 trials before being tested for
postadaptation shift.

On most days only a single eye-hand pair was used. On succeq
days, the monkeys were tested for the presence of prism adapt
and postadaptation shift with all eye-hand pairs, both before and 2
cerebellar lesions were made. For testing intermanual transfe
adaptation, the same eye was used, with the arm switched half
through the session. For interocular transfer tests, the same arm

used throughout, but the eye that viewed the target light was switched.

Surgical procedures

All surgery was performed under aseptic conditions. The mon
was predosed with phencyclidine (Sernylan), and anesthetized
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MA- left hand, IPSILATERAL to lesion MA- right hand, CONTRALATERAL to lesion
Pre-adaptation (no prism) Pre-adaptation (no prism)
100 -
§ 0
§_ 80 — 5
@ 70 : §
= 60: =
g 50 preop g
g 40 ‘ M postop 2
g 30 g Bpreop
3 fg i 3 M postop
[ h = o .
oo . 2 =
-18 -12 -6
degrees from target degrees from target
Adaptation (prism on) Adaptation (prism on)
@ n
o - T B I
s s
i - o B preop i
§ _ M postop § o Bpreop
® o M postop
o o
[ o —_—
[ [
> > -
< . 3 < .8 e .
6 12 18 0 6 12 18
degrees from target degrees from target
expected direction of shift <——  expected direction of shift
Post-adaptation (prism off) Post-adaptation (prism off)
, 100 » 100 s - -
8 90 o 90
E 80 e s 80 —
= 70 T 70
b7y 12
£ 60 . i £ 60 - S - -
5 50 1 preop 5 %0
S 40 ! HEpostop g 40
> 30 oy 30 | Bpreop
g 2040 — g 20 Mpostop
@
> 10 > 10 [—
< 0 — - < 0+ —
-18 -12 6 -18
degrees from target degrees from target
expected direction of shift expected direction of shift —_—

FIG. 2. A: pre- and postoperative performancentbnkey MAwith left hand.B: pre- and postoperative performancenabnkey
MA with right hand. Figure was constructed in the same way as Filliddle: 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.

maintained with intravenous supplements of pentobarbital sodiuPerfusion and histological processing

(Nembutal). We exposed the posterior/ventral surface of the cerebel-

lum by removing the bone below the occipital protuberance to within At the conclusion of the experiment, the animals were overdo
a few millimeters of the foramen magnum. We opened the dura anith barbiturate and perfused through the left heart with saline f
made lesions by subpial aspiration under the guidance of a dissectmged by 10% formalin. The brains were removed, and the cerebel
microscope. The wound was closed in anatomic layers with finalas photographed along with attached brain stem. The cerebellum
closure by wound clips. In some cases, the monkeys became ataxibrimin stem then were dehydrated and embedded in celloidin
the use of the arm on the side of the operation, but this improved ovastological processing. A series of parasagittal sections was
time. Otherwise postoperative recovery was uneventful. Table 1 giviesough the tissue. Adjacent pairs of sections were saved at inte
a summary of the lesions in each of the five cases. and stained for cells and fibers.
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HU- left hand, IPSILATERAL to lesion
HU- right hand, CONTRALATERAL to lesion
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Fic. 3. A: pre- and postoperative performancenionkey HUwith left hand.B: pre- and postoperative performancenionkey
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).

RESULTS The pattern of interocular and intermanual transfer is sim

When initially tested as normals, all of the monkeys showdf that described for human subjects (Harris 1965). Figur
a similar pattern of adaptation to the prism. When the prisOWs the averaged data from all of the monkeys trai
first was placed in front of its eye, the monkey misreached R{€operatively. , _ o
the direction opposite to the base of the prism. Monkeys took!f @ monkey was trained to prism adapt using its right e
a variable number of trials to correct the reach, but all of the@fld right arm, there was complete interocular transfer of
soon adapted to the prism and now would reach accuratelyatation when viewing was shifted to the left eye. If tk
the switch underneath the light that had been illuminate@ionkey was trained to prism adapt using the right eye and r
When the prism was removed, they showed the typical postm, the adaptation failed to transfer to the left arm.
adaptation shift. They now misreached in a direction oppositeThe fact that the pattern of intermanual and interocu
to that of the initial misreaching. Like the initial adaptation, th&ansfer is similar to that reported for human subjects dem
postadaptation shift was corrected in a few trials. strates that the monkey is a good model for human peri

6002 ‘0€ JaqwianopN uo Bio°ABojoisAyd-ul woiy papeojumoq

lar

11”2

ed

Ad-
e
ght
ar

or-



http://jn.physiology.org

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

A B C

MA
HU
FiIG. 4. Parasagittal sections through the cerebellum
all the casesA-C. sections correspond to the plates nunp-
ST bered 35, 27, and 19 respectively, in the atlas of Madig
and Carpenter (1971).
MR
RA

mance. Postoperatively, all the animals showed some signgtzfce the first time, she reached out directly in front of her. §
unsteadiness in the limbs ipsilateral to the cerebellar lesiomas given a pellet from time to time to prevent extinction. T
Although they preferred to use the arm contralateral to tfp@stadaptation trial showed clearly that there had been
lesion site when retrieving pieces of food, all recovered use efffect of viewing the lights through the prism. Her respons
the affected limbs. Testing resumed from 5 days to 4 wk afterere varied but remained centered on the central light.

the surgery. lesion inmonkey MAincluded the caudal regions of the pos

of

zl

a

6002 ‘0€ J1aqwanoN uo Bio'ABojoisAyd-ul woly papeojumo

h
e
no
es
he

@

b-

Prism adaptation and the postadaptation shift obviously wesgior cerebellar hemispheres, including most of Crus Il, p

ra-

present both pre- and postoperatively in four of the five aniredian lobule, and dorsal and ventral paraflocculus. Thus]the)
mals. Only one of the five animalsionkey MAfailed to adapt lesion removed the great majority of the mossy fiber visyal

to the prism or show the typical postadaptation shift whdanput to the cerebellar cortex (Glickstein et al. 1994) (see T

using the limb ipsilateral to the lesion (FigAR Adaptation 1 and Fig. 4).

was unaffected on the side contralateral to the lesion (BY. 2 Animals with equally large cerebellar lesions that spa
Monkey MAat first was unwilling to use the arm ipsilateraimost or all of these regions of the cerebellum showed sim

to the cerebellar lesion. The coordination between her arm andtial postoperative motor deficits, but when recovere

hand was poor after the surgery, but her climbing was natlapted normally to the prism and showed the expected p

affected. With training over several days, she started to reamttaptation shift. Figure 3 shows the behavioral results for

with the affected arm but now failed to adapt to the prism @uch animalmonkey HU

show the usual postadaptation shift. When the prism was put inThis animal was also initially reluctant to use the arm a

le

d
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had a pronounced ataxia postoperatively. With training, hevel of increased VOR gain only after 4-5 days of conti
recovered the ability to reach accurately with the affected armusly wearing magnifying spectacles. The present results $ug-
Prism adaptation and postadaptation shift remained norngaist that in addition to such long-term modifications the cere-
bilaterally. The cerebellar lesion in this case included most b&llum mediates rapid and transient visuomotor plasticity.
the arm area of lobule V of the anterior lobe (Adrian 1943) ddarris’ (1965) interpretation of the mechanism of prism adgp-
well as the visual/oculomotor area in vermian lobules VI antdtion was that it involves a change in felt position of the li
VII (Noda and Fujikado 1987). but it seems likely that conscious awareness of limb positio
Figure 4 shows photographs of the cerebellar sections, ot necessary. We propose that the cerebellum contains|cir-
parasagittally, of all five monkeys. In all cases, only the cereuitry for very short term and highly labile “scratch pad]
bellar cortex was damaged, while the cerebellar nuclei wemetor memories; the ability to recalibrate the position of a limb
intact. within a few trials and to quickly recalibrate the position aggin
when a source of optical distortion is removed.

DISCUSSION
) ) ) ] ~ Presentaddresses: J. S. Baizer, Dept. of Physiology, SUNY, 329 Cary HHall,
Prism adaptation was blocked in only one animal of the fiv&iffalo, NY 14214; I. Kralj-Hans, Dept. of Anatomy and Developmentgl
that were studied. In this case, the lesion included those regidifiogy, University College London, Gower Street, London WC1E 6BT, UK.

; ; Present address and address for reprint requests: M. Glickstein, Degt. of
of the ppsterlor !Obe qf the.cerebe”um that rgcelve nearly all RE\atomy and Developmental Biology, University College London, Gowjer
the cortically originating visual mossy-fiber input. Street, London WCIE 6BT, UK.

Although this single case cannot firmly establish the role %f wved 20 July 1998: ted in final form 14 D ber 1998
these visual target regions in the posterior lobe of the cerebef~ Ve wy » accepted in finat form ecember '
lum in adaptation, it was only in this one animal that thgrrerencEs
regions of the cerebellum that receive cortical visual input had _ _ o
been abolished almost completely. The failure of prism adap2% = é‘;fgrelné Jyeasin the cerebellum connected with the lirBiain
tation suggests that cortically originating visual input to th'§AlzéR, J. AND YGLICKé‘;TEIN, M. Role of cerebellum in prism adaptation|
region may be necessary for normal adaptation to displaced, physiol. (Lond.p36: 34-35, 1973.
vision. In all of the other four cases, all or most of these regiogizer, J.anp GLicksTein, M. Cerebellar lesion effects on prism adaptation fn
were spared, and prism adaptation remained unaffected. 2 g)ﬁ?aguiNrgomiXL%zs”zcﬂh PhIBr’]Stg'(-) C(tg:diézi};?o%ggr‘i‘s-m ere
A similar dG_*fICIt n pr'.sm adaptation has bee.” descn.bed I?i:)oordina'tion in split-brain’ mc.)nkéysl. Comp. Physiol. Psych:oﬂSG: 769—
cerebellar patients. Weiner et al. (1983) described a failure o%74, 1963,
patients with lesions of the cerebellum to adapt normally toGicksTein, M., Comen, J., DxoN, B., HoLLINs, M., LA BOSSIERE E., AND
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