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van Donkelaar, P., J. F. Stein, R. E. Passingham, and R. C. Mial. movements based on external sensory cues (Jueptner et al.
tTemporgry igafCttivatiOIP in the Pft'inaatlte ?Otor thala[;?;ils deinlg Vi5llla|W996; Mushiake and Strick 1993; Stein and Glickstein 1992).
riggered and internally generated limb movemedtsNeurophysiol. | 4ividuals with lesion h rebellum hav r | of
83: 2780-2790, 2000. To better understand the contribution of Ceﬁﬁ%cudltua Srodltjcir?S ?nosvgorr:eﬁtgir?geer ?/isua? ii?je?nﬁgt(gza CL:
bellar- and basal ganglia-receiving areas of the thalamus [vent i yp i 9 9 PP
posterolateral nucleus, pars oralis (VPL0), area X, ventral Iat_et%{l al. 1987; van Donkelaar and Lee 1994). However, these
nucleus, pars oralis (VLo), or ventral anterior nucleus, pars parvicélifficulties are reduced when the external cues are removed
lularis (VApc)] to movements based on external versus internal cueg)d/or the movements are self-generated. In contrast, the basal
we temporarily inactivated these individual nuclei in two monkeyganglia have been implicated in the selection, inhibition, and
trained to make visually triggered (VT) and internally generated (I quencing of movements (Boecker et al. 1998; Brotchie et al.
limb movements. Infusions of lignocaine centered within VPL‘i991' Jueptner et al. 1997; Kermadi and Joseph 1995: Mink

caused hemiplegia during which movements of the contralateral a . .
rarely were performed in either task for a short period of timé&+30 5_'696), Moreover, there is some evidence that these processes

min). When VT responses were produced, they had prolonged re@é€ directed preferentially at movements that are memorized or
tion times and movement times and a higher incidence of trajectditernally generated (Hikosaka and Wurtz 1985; Mushiake and
abnormalities compared with responses produced during the preinBitrick 1995). This is supported by the fact that individuals with
sion baseline period. In contrast, those IG responses that were Parkinson’s disease display deficits in producing internally
duced remained relatively normal. Infusions centered within areagenerated or remembered movements that are reduced when
never caused hemiplegia. The only deficits observed were an increg@ggarnal cues are provided (e.g., Crawford et al. 1989; Morris
!n reaction time. and movement .a.mpIitUQe variabi]ity and a high%rt al. 1996; Oliveira et al. 1997).

incidence of trajectory abnormalities during VT trials. Every other The projections from the cerebellum and basal ganglia are

aspect of both the VT and IG movements remained unchanged. X .
Infusions centered within VLo reduced the number of movemen@atom'ca"y segregated at the level of the thalamus (Rouiller

attempted during each block of trials. This did not appear to be due&b @l- 1994; Sakai et al. 1996). Cerebellar dentate nucleus
hemiplegia, however, as voluntary movements easily could be elicit@dtputs terminate in the oral portion of the ventral posterolat-
outside of the trained tasks. The other main deficit resulting frogral nucleus (VPLo) and area X, whereas outputs from the
inactivation of VLo was an increased reaction time in the VT tasknternal segment of the globus pallidus (GPi) terminate in the
Finally, infusions centered within VApc caused IG movements toral portion of the ventral lateral nucleus (VLo) and the par-
become slower and smaller in amplitude, whereas VT movemeRgcellular portion of the ventral anterior nucleus (VApc). We
remained unchanged. Control infusions with saline did not cause ddtently have demonstrated that the functional specificity de-
consistent deficits. This pattern of results implies that VPL0 and Vigrrined in the preceding text is restricted to specific portions of
play arole in the production of movements in general regardless of & cerebellar- and basal ganglia-receiving parts of the primate

context under which they are performed. They also suggest that VPLO .
contributes more specifically to the execution of movements that tor thalamus (van Donkelaar et al. 1999a). In particular, the

visually triggered and guided, whereas area X contributes specificdlj@lority of cells in area X become preferentially active during

to the initiation of such movements. In contrast, VApc appears to pl&yovements triggered and guided by the appearance of visual
a role in the execution of movements based on internal cues. Thégegets, whereas the majority of cells in VApc become prefer-
results are consistent with the hypothesis that specific subcircigtstially active during movements based on internal cues. In
within the cerebello- and basal ganglio-thalamo-cortical systems prebntrast to this relatively high degree of functional specificity,
erentially contribute to movements based on external versus intergalls in VPLo and VLo do not display as clear a preference for
cues. movements based on external versus internal cues. These re-
sults are consistent with the hypothesis that different anatom-
ically segregated portions of the motor thalamus are involved
INTRODUCTION to varying degrees in the control of visually triggered versus

The cerebellum and basal ganglia appear to make differérﬁtfmt?]"y generatted moyem?nts. t ted t firm thi
contributions to the control of movement. In particular, tr@\gn € present experiments, we attempted to confirm this

cerebellum has been implicated in triggering and guidi pothesis by infusing Iignocaine into.s.ites centered yvithin
P ggerng 9 ch of these separate thalamic nuclei in monkeys trained to

The costs of publication of this article were defrayed in part by the paymemake S|mple reaChmg _movements based 0_” EXtem.al_ Versus
of page charges. The article must therefore be hereby maskaeftisement  INt€rnal cues. We predl(_:ted that the behavioral def'_C“S ob-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ served would be a function of the movement task being per-
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formed and the degree of functional specificity observed withiated activity had previously been recorded (van Donkelaar et al.

each nucleus. A preliminary version of these results has 9a). A stainless steel cannula (0.3 mm OD) was lowered into the
peared in abstract form (van Donkelaar et al. 1997). t alamus through a guide tube via a hydraulic m]crodrlve. Injfectlons
were delivered through the cannula at a rate pi/gnin for a duration
METHODS of 2-5 min; in the majority of the sessions, 4 was infused. In
addition, control injections in which saline alone was administered
Animals and apparatus also were performed in the second monkey.

Experiments were conducted on two male rhesus macaque mon- ]
keys Macaca mulatty weighing between 4.8 and 5.2 kg, and carefata analysis

for in accord with American Physiological Society guidelines. The We compared the movements performed in each task before. dur-
monkeys were trained to perform reaching movements in a two- p P » OU

dimensional workspace with the right hand using a manipulanddﬂ'g’ and after the injections. The movement parameters that were

that allowed multijoint responses. Two precision potentiometers m ﬁasc%rrid Ig‘ggd;dritnhe éc;ﬁ\wgng_:r;r;ﬁ E%@Setrhgf rrggéeig:]etr;:r?es?rﬁﬁ:s_
sured the anterior-posterior and medial-lateral position of the mani 5 P uring : ’

landum. The manipulandum itself was positioned underneath an " task defined as the time required to initiate the movement after the
gled semisilvered mirror and was made visible with diffus ppearance of the target (no latency measure was possible in the IG

illumination of the homogeneous background. The monkeys faced 8:1 Zﬁ%ézte:gﬁiﬁg? ggd,iﬁgomn;\s/érr‘ntehnﬁ :{;etaglgfmggeaixf#édegrio d
mirror and viewed targets that could be projected from an overhe, g q t t% )ﬁ t K velocity: and th it dp d
computer screen. They received liquid rewards for making mov, om movement onset to offSet, peak velocily, and the magnitude an

ments starting with the manipulandum just in front of the torso a H’al-to-trial variability of movement ampli_tude in the a_nterior-po_ste-
ending with the arm almost fully extendee5 cm away rior plane. Movement amplitude was defined as the difference in the

start and stop positions demarcated by a velocity threshold (0.5 cm/s).
In addition, because the reward zone codeae4 cmextent in the
anterior-posterior plane, it was possible for the monkey to generate a
The two behavioral tasks that were used have been describednovement that varied quite substantially in this dimension yet still
detail previously (van Donkelaar et al. 1999a). Briefly, in both taskesulted in a reward being delivered. Thus systematic differences in
the monkey began each trial holding the manipulandum at the stde¢ magnitude or variability of movement amplitude could be mea-
position ~5 cm in front of its torso. In the visually triggered tasksured within the context of otherwise successful performance of the
(VT), a target then appeared after a variable length of time (2—3 $)sks. Moreover, it may be possible for the animal to receive a reward
and the monkey reached for it with the manipulandum to obtain tisémply by slowing down in the reward zone without actually stopping.
reward. The reward zone was actually largerx24 cm) than the However, neither monkey employed this strategy. Finally, as men-
target itself (1 cr), and the target was centered within this aredioned in the preceding text, latency measures were not possible in the
During most (80%) trials, the target appeared at the center of ti& task. However, because the IG movements were timed (i.e., the
screen directly in front of the monkey, whereas during the remaindenimal had to wait=3 s after arriving at the starting position), in
(20%), the target appeared 5 cm to the left or right of center. Thetbeory it may have been possible to compare the start position hold
latter trials kept the monkey from producing stereotyped movemettigies pre- and postinfusion to gain insight into the effects of inacti-
to the central target. In the internally generated task (IG), no targ&ttion on movement initiation in this task. Unfortunately, the start
appeared, and the monkey was rewarded for making a spontangaesition hold times were quite variable even during preinfusion trials,
movement to a virtual target zone located 15 cm away. The rewardmaking comparisons before and after infusion difficult at best.
target zone was 4 cm deep and covered the entire width of tB@anges in all of these measurements relative to the time of ligno-
workspace. The only other requirement was that the monkey hadc&ine injection were assessed using analyses of variance (ANOVA)
wait =3 s between each movement. Thus in the VT task, the targeith post hoc Tukey's tests.
provided an external cue about when and where to reach—it triggered
and guided the response. By contrast, in IG trials the movements W%%tological procedures and identification of thalamic nuclei
self-initiated and guided to a remembered target location. In bot
tasks, the monkey was rewarded after the manipulandum was held iDuring the final sessions electrolytic marker lesions were made at
the reward zone for 200 ms after which the monkey was allowed $elected sites in the thalamus by passing DC curreniu{@030 s)
return to the start position. The two tasks were presented in alternatthgpugh a microelectrode. At the end of the experiments, a lethal dose

Behavioral tasks

blocks of trials each lasting 2.5 min long. of pentobarbital sodium was administered, and the monkey subse-
quently was perfused transcardially with saline, followed by 10%
Surgical procedures buffered Formalin. The brain was removed and fixed, frozen, and

- . . . sectioned in the sagittal plane at %0n. Every fifth section was
After initial training, each monkey was anesthetized [ketami ined with cresyl-violet and mounted.

hydrochloride (10 mg/kg im) and alphaxalone/alphadolone acetate he thalamus was parcellated according to the nomenclature and
mg/kg )], and a vertical recording chamber (18 mm ”.D) Was IMeytoarchitectonic criteria of Olszewski (1952) and Matelli and col-
planted stereotaxically over the left thalamus under aseptic conditio gues (1989). The borders demarcating VPLo, area X, VLo, and
In addltlc_)n, o smaI_I _stamless steel tubes for_ stabilizing the he pc as well aé the electrolytic marking lesions \,Nere ide,ntified, for
were horizontally posmon_ed in front of af‘d beh!nd the chamber alch histological section (see van Donkelaar et al. 1999a for a com-
cemented to the skull using dental acrylic. During the surgery, ve .

triculoaranhs were taken in the frontal and saaittal planes o h [ete description of this process). The infusion sites were recon-
ulograp . . 9 P Structed based on their microdrive coordinates relative to those from
determine the location of the thalamus with respect to the recordi

chamber. Postoperative analgesics and antibiotics were given asﬂ'r%_marker !e3|ons. .In addition, Iate(al and coronal X-rays taken after
quired ) ea?ch_expenment W|th_ the can_nula in place were compared _W|th the
: ventriculographs obtained during surgery to confirm the mediolateral
L and anteroposterior position of the cannula with respect to the motor
Injection procedures thalamus. Also results from single unit recording sessions in the same
Lignocaine (5%) dissolved in sterile physiological saline was irmonkeys (van Donkelaar et al. 1999a) allowed us to identify the
jected into different thalamic nuclei from which arm movement redorsoventral and posteriolateral borders of the motor thalamus based
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on the high-frequency discharge characteristic of the reticular nucleyPLo infusions
and the somatosensory responses characteristic of the caudal portion
of the ventral posterolateral nucleus (VPLc), respectively. Finally we In four of the five sessions in which infusions centered
used microstimulation to help confirm the location of VPLo/VLc (vawithin VPLo were made, hemiplegia became apparent and
Donkelaar et al. 1999a); it previously has been shown that the thregdsted for 5-30 min. During this time, the monkey was unable
old for electrical stimulation of movement rises dramatically as ong move the arm contralateral to the site of infusion in either the
moves rostrally from VPLo/VLc to VLo and VApc (Buford et al. ; :
1996: Miall et al. 1998: Vitek et al. 1996) VT or IG tasks. Moreover when tested outside of the experi-
mental tasks, the arm was limp, and the monkey could not be
induced to move it. The effects of the hemiplegia were quan-
tified by measuring the number of trials that were completed
RESULTS during each 2.5-min block of trials. As can be seen in Fig. 2,
this value decreased substantially during the postinfusion pe-
A total of 20 infusions of lignocaine were made at fouriod in both tasks. Repeated-measures ANOVAs (RM ANO-
different sites in each monkey. In addition, single controfAs) were performed on the data from each monkey. In both
injections of saline were made at the same four sites in thases, a significant main effect of trial block was obtained
second monkey. The injection sites as well as the volumes[dfonkey 1 F(4,20) = 3.25,P <0.0374;monkey 2F(3,8) =
affected tissue in each case based on the estimates of Mapf#ft, P < 0.0205]. Post hoc Tukey’s tests revealed that each
(1991) are shown in the sagittal histological reconstructions faonkey completed significantly fewer trials duriibgpcks 3
Fig. 1. Although the infusions were clearly centered in the go@Pd4 compared with the other blocks. monkey lthere was

nucleus in each case, the lignocaine very likely spread §°° @ Significant main effect for task typg(l,20) = 11.95,
9 y Y SP < 0.003], indicating that fewer trials were completed overall

surrounding nuclei. If this spread was extensive, however, ohe . .
would predict that the functional consequences of the infusio the IG task relative to the VT task (FIgAZ Importantly,
ere were no interaction effects. This implies that the influ-

should be similar across the different experimental sessions:. ' L L o e
The fact that the observed deficits varied quite systematicaﬁ,yce of lignocaine infusion into VPLO was similar in terms of

. . L number of trials completed in both tasks. Saline injections
across sessions (see following text) suggests that the 'nd'v'dH@j/er resulted in hemiplepgia :

infusions mainly influenced processing_ in their target nuclei. £ rher analysis of the movements themselves showed that
Monkey was able to complete a minimum of five blocks ofnay differed in the two tasks. Figure 8,andB, shows typical
each type of task within each session (i.e., 1 preinfusion angy¢s- and postinfusion trials in the VT and IG tasks, respec-
postinfusion blocks)Monkey 2completed a minimum of four tiyely. The graphs display movements along the anterior-pos-
blocks of each type of task within each session. In most of th&ior axis plotted against time and are aligned on movement
graphs, the data from each monkey are treated separately. fdet. Whereas the IG movements remained essentially unaf-
the statistical analyses, two-way ANOVAs were completed fégcted after the infusion of VPLo in terms of their gross
each monkey using trial blocks (4 or 5 levels) and sessionsKipematic characteristics (Fig.B3, the VT movements were
or 3 levels) as the repeated measures unless stated otherweisarly abnormal (Fig. B). In particular, there was a marked
The pattern of results, however, was very similar for eadhcrease in variability in the arm trajectory occurring in the

animal. latter half of the movement as the hand approached the target.
A C P
A £
2 \
/ /'. s
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Fic. 1. A: photomicrograph fronmonkey 2howing marker lesion (*) and path of infusion cannula (dark vertical track) into
ventral posterolateral nucleus, pars oralis (VP&Q, The photomicrograph is reconstructeddnbottom right Figures inB and
C are sagittal sections showing the histologically reconstructed estimates of the location and extent of inactivated tissue after
infusion with lignocaine ilfmonkey 1(B) and monkey 2(C). The radius of the circle in each case is 2 mm and is based on the
estimates of Martin (1991). It is apparent in each section that the area of inactivation included surrounding thalamic nuclei;
however, the majority of affected tissue was centered in the target nuclei. Numbershiotthe right cornerof each section
represent the distance from the midline. LD, lateral dorsal nucleus; R, reticular thalamic nucleus; VAmc, ventral anterior nucleus,
pars magnocellularis; VApc, ventral anterior nucleus, pars parvicellularis; VLc, ventral lateral nucleus, pars caudalis; VLo, ventral
lateral nucleus, pars oralis; X, area X.
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FIG. 2. Average number of trials produced during each 2.5-min block of
trials for the visually trigggered (VT) task) and the internally generated (I1G)
task @) in monkey XA) andmonkey B) after inactivation of VPLo. The first

block of trials represent the preinfusion baseline and the remainder represent 200 ms
postinfusion blocks. In both cases, there was a significant reduction in the . ) ) ) . .
number of trials produced after the infusiod., period of time during which Fic. 3. Hand trajectories along the anterior-posterior axis plotted against

the animal was unable to move the arm. This varied from session to sesdifif from typical pre- and postinfusion trials in the VA)(and IG @) tasks in
from 5 to 30 min. Error bars, 1 SE. monkey 1during sessions in which VPLo was inactivated. After the infusion,

there was a high incidence of trajectory abnormalities in the VT task. This
IG movements generated immediately before or after a blo h riﬁ;:ljt;rcl)sr?c was not present in |G trials produced around the same time after
of abnormal VT movements rarely displayed such character- '
istics. Previous research has demonstrated similar reductiongipnkey 2F(3,4) = 26.46,P < 0.004]. Post hoc Tukey's tests
hand movement variability in cerebellar patients during réevealed that this was due to significantly longer reaction times
sponses produced with reduced visual cues or in a self-gerigrtrial blocks 3and4 in both monkeys. Thus after the appear-
ated manner (Beppu et al. 1987; Morrice et al. 1990; vance of the target, the monkeys took significantly longer to
Donkelaar and Lee 1994). The frequency with which thedgitiate their response when VPLo was inactivated. Analysis of
abnormalities occurred during all postinfusion blocks of Vthe movement time results (Fig. & and D) demonstrated
trials is plotted for each thalamic nucleus that was inactivatétgnificant interaction effects between trial block and task type
in Fig. 4. For this analysis, an abnormality was considered f@r both monkeys honkey 1 F(4,20) = 4.88, P < 0.008;
be present if its absolute velocity was10% of the peak monkey 2F(3,8) = 4.57,P < 0.038]. Post hoc Tukey'’s tests
velocity of the main movement and its duration waS0 ms. revealed that this was due to longer movement timesiah
A RM ANOVA using thalamic nucleus and each monkey as 40 -
factors revealed a significant main effect of nuclde(8[56) =
17.22,P < 0.001]. Post hoc Tukey’s tests demonstrated that
this effect was due to differences in the incidence of trajectory
abnormalities after infusions centered within VPLo compared
with the other three nuclei as well as a difference between area
X compared with VLo and VApc. This pattern of results was
similar across both animals. Moreover infusions of saline into
these nuclei did not result in any trajectory abnormalities. Thus
the ability to smoothly guide the hand to the target became
compromised after inactivation of cerebellar-receiving nuclei,
and within these nuclei it was much more common after
infusions centered within VPLo than area X.

We also looked at several other parameters of movement ] =

performance in each task after the VPLo infusions. Figure 5, O PLo Area X Vi VApc
A-D, plots the changes in reaction time and movement time for

IG. 4. Average percentage of postinfusion VT trials that contained trajec-
each monkey' RM ANOVAs demonstrated that there Wastc#; abnormalities as the hand approached the target for each of the thalamic

significant increase in reaction time (Fig.AandB) inthe VT y,clei that were inactivated. This average represents the mean across all
task in both monkeysfionkey 1F(4,10)= 4.09,P < 0.0322; relevant trial blocks for both monkeys. Error bars, 1 SE.

5¢cm

35 ~

30 4

25 4

% Post-Infusion VT Trials
with Trajectory Abnormalities
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blocks 3and4 in the VT task inmonkey Jandtrial blocks 2—4 A

in the VT task inmonkey 2 Thus after infusions centered
within VPLo, the time required to complete the VT movements
after they were initiated increased, whereas the IG movement
times remained relatively invariant. By contrast, saline infu-
sions did not cause any significant changes in either reaction
time or movement time. The longer movement times in the
postinfusion VT trials were not the result of lower peak veloc-
ities. Rather the presence of trajectory abnormalities during
most of these trials appeared to be the cause. Comparison of
the postinfusion VT trails with and without such abnormalities
showed that the movement times were significantly longer in
the former than the lattet-test,P < 0.05). Thus the increase

in movement time during the postinfusion VT trials appeared
to be the result of variations in the trajectory of the hand as it
approached the target rather than smaller initial agonist im-
pulses as reflected in reduced peak velocities. This implies that

VPLo normally contributes to visual-feedback based adjust- Target
ments to movement trajectories. Onset
& 1B C
Area X infusions E 550
g s00
In contrast to what was observed after VPLo inactivation, = 45
infusions centered within area X never caused hemiplegia: the § .,
number of trials produced during each postinfusion block did I
not differ significantly from the number produced during the @ 350

preinfusion period. However, as mentioned in the preceding 300

text, there was an increase in the incidence of trajectory ab- o 4.0

normalities in the VT task although it did not occur as fre- 3~ 5. D E

guently as that after inactivation of VPLo (see Fig. 4). Figure i§ 30

6 displays the other main effects observed after infusion of area E >

X. Figure 6,top, shows typical trajectories along the anterior- £3 25

posterior axis plotted against time and aligned on target onset £ g 2.0 WO
for a series of pre- and postinfusion trials in the VT task. %> 15

Clearly, the reaction time was greater in the postinfusion trials. = 1.0

c 1 2 3 4 5 60 1 2 3 4 5

800 B Block Number Block Number

g 550 A FIG. 6. Hand trajectories along the anterior-posterior axis plotted against

‘q'; time from typical pre- {op) and postinfusionkfotton) VT trials in monkey 2

g 500 (A) during sessions in which area X was inactivated. Traces are aligned on the

i~ 450 appearance of the target (open triangle). The vertical line represents the mean

S 400 reac_tion _time _for the preinfusion t_rials_and demonstrate_s that most of the

5 postinfusion trials had longer reaction times. The open circle and error bars

¥ 350 represent the meatt SE of the movement amplitudes in both sets of trials.

& 350 Clearly, the variability is greater in the postinfusion trials. Averages for
reaction time in the VT task imonkey XB) andmonkey ZC). In both animals

o 400 there was a significant increase in reaction time during the postinfusion trials

£ C D (block number=2). Averages for movement amplitude variability in the VT

E’ 350 (open circles) and IG (filled circles) tasks famonkey D) andmonkey ZE).

£ 300 Compared with the preinfusion trialblpck number Lthere was a significant

= 250 increase in movement amplitude variability in the postinfusion VT trials but

% not the IG trials for both animals. Error bars, 1 SE.

200

5 150 RM ANOVAs demonstrated that there was a significant in-

3 crease in reaction time (Fig. B,andC) in the VT task in both

= T3 a5 s 6 7 3 5 4 % monkeys fnonkey 1F(4,10) = 7.13,P <0.0055;monkey 2

Block Number Block Number F(3,4)=5.11,P < 0.012]. Post hoc Tukey’s tests showed that

FiG. 5. Mean reaction time in the VT task fatonkey 1(A) andmonkey 2 this effect was due to significantly longer reactions times in
(B) during VPLo inactivationsTrial block 1 represents the preinfusion base-trial blocks 2—5in monkey Jand intrials blocks 2—4n monkey

line and the remainder represent postinfusion trials blocks. In both anim@s In addition to the effect on reaction time, the amplitude of

there was an increase in reaction time during the postinfusion period. Mey movements became more variable after the infusion. This
movement time in the VT) and IG @) tasks formonkey 1(C) andmonkey ’

2 (D) during VPLo inactivations. After the preinfusion baselitréa{ block 1), (?he_mge in_ movement amplitude variability appeareq_ to be
there was a significant increase in movement time in the VT task only in bdinited to the VT task. RM ANOVAs revealed significant
animals. Error bars, 1 SE. interactions on the standard deviation of movement amplitude
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between trial block and task type for both monkey®pkey 1 & 4
F(4,20) = 3.33,P < 0.03; monkey 2F(3,8) = 555,P < &

0.023]. Post hoc Tukey’s tests showed that these interactioBs 17
were due to the movement amplitude variability being signif:i

icantly greater irtrial block 5 than intrial block 1 of the VT £ 18
task inmonkey land significantly greater in all the trial blocks=
of the IG task and inrial block 4 of the VT task than irtrial
block 1of the VT task formonkey 2Thus the variability of the 2
movements in the VT task increased after infusion of area X & 14
reach levels similar to or higher than that observed in the I1G

task. The other variables that we measured (movement time; 2so C
peak velocity) did not change in either task after area 2

inactivation, nor were any of the measured variables signifiy 225
cantly affected by injections of saline.

A B

15

ement A

200

VLo infusions 175

®ovement Tim

Infusions centered within VLo caused a reduction in th
number of trials completed during the postinfusion period.
Figure 7,A andB, shows this for both tasks after infusion of
VLo with evidence of subsequent recoveryrnimonkey 1(Fig.
7A). RM ANOVAs demonstrated a significant main effect fors .,
trial block in both monkeysrhonkey 1F(4,20) = 2.93,P <
0.0431; monkey 2 F(3,8) = 55.42,P < 0.0001]. Post hoc 275
Tukey’s tests revealed that fewer trials were completed
block 3 compared with all other blocks imonkey 1In monkey 250
2, fewer trials were completed iblocks 2—4than inblock 1
and inblocks 3and4 than inblock 2.In addition to the effect 225
across trial blocks, there was also a significant effect of task ¢ ' 2 3 4 5 6 0o 1 2 3 4 5
type in both monkeysnionkey 1F(1,20)= 5.39,P < 0.031; Block Number Block Number
monkey 2F(1,8) = 22.56,P < 0.001]. In each case more trials ric. 8. Averages for movement amplitude in the () @nd IG @) tasks
were completed in the VT task than in the IG task. There wi$ f_Tf‘_O”k'tey Oll(Az_ and monkey 2t(B)- Arftteé infutf‘io?eﬁf \/kAFLClv ”I:efe iE a
not, howiever, a significant interaction between trial lock arfert edhcton  moverent ameltade i he 5 ek cHnd e
task type. This indicates that the infusions of VLo had a similgfonkey 2D). After inactivation of VApc, there was a significant increase in
effect across trial blocks on both the VT and IG tasks. movement time in the |G task only. Average peak velocity in the ¥Tgnd

Interestingly, rather than being less successful at accuratthyfe) in monkey XE) andmonkey AF). After VApc inactivation, there was
a Significant decrease in peak velocity in the 1G task only. Error bars, 1 SE.

mm/s)
0]
m
m

Peak V&8ocity (

" 50 A B completing each trial, the monkey simply made fewer attempts

© 40 during each block of trials. Outside of the task context the

E 2 posture of the arm appeared normal and brisk limb movement

o responses could be elicited for food rewards. Furthermore the

8 20 movement times, peak velocities, and amplitudes of those

E o experimental task responses that were produced did not change

z after the infusion. The only other change resulting from infu-
0 sions centered within VLo was a significant increase in reac-

ale D tion time during the VT task (Fig. ©© andD). RM ANOVAs

£ 550 demonstrated that this was true for both monkeysrikey 1

Y 500 F(4,10) = 4.77,P < 0.021;monkey 2F(3,4) = 15.15,P <

-E 450 0.012]. Post hoc Tukey'’s tests revealed that this was due to the

5 reaction time irtrial blocks 3—5being significantly longer than

5 400 in trial block 1in monkey 1and the reaction time itrial block

& 350 4 being significantly longer than itrial blocks 1and 2 in

& 300 T 3 3 4 s0 33 3 i s monkey 2Thus the ability to react quickly to the appearance of

Block Number Block Number a visual target is impaired after infusions centered within VLo.

, _ ) Saline infusions did not cause any significant changes in the
FIG. 7. Average number of trials produced during each 2.5-min block %easured variables

trials for the VT task ¢) and the |G taske«) in monkey 1(A) andmonkey 4B)

after inactivation of VLo. In both types of tasks, there was a significant

reduction after the infusiorb{ock number=2). Average reaction time in the VApC infusions

VT task in monkey 1(C) and monkey 2(D) in sessions in which VLo was . . . .
inactivated. In both animals, there was a significant increase in reaction timeAfter infusions within VApc there was a marked reduction

after the preinfusion baselinklfck number Y Error bars, 1 SE. in the amplitude of the IG movements (Fig.8.andB). RM
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ANOVAs revealed significant interactions between trial blockpecificity and spread of lignocaine
and task type for movement amplitude in both monkeyerj- . o . )
key 1 F(4,20) = 3.00,P < 0.043;monkey 2F(3,8) = 4.30, Lignocaine is a local anesthetic that blocks the conduction of

P < 0.044]. Post hoc Tukey’s tests demonstrated that this wa@fion potentials in the targeted neural tissue. It does not
due to movement amplitude being significantly smalletriml ~ differentiate between cell bodies and axons in its effects and

blocks 4and5 than intrial block 1in the IG task inmonkey 1 therefore may interrupt the activity in fiber tracts passing
and intrial block 4 than intrial block 1 in the IG task in nearby the site of infusion. In the case of the motor thalamus,
monkey 2In other words, the IG movements became smalléfese would include the anterior portion of the internal capsule
in amplitude after infusions centered within VApc, whereas tid the mammillothalamic tract. The internal capsule carries
VT movements remained re|ative|y constant. Despite the fdﬂiers of the COI‘tiCOSpina| tract. As Such, if it is inactivated the
that the IG movements were smaller in magnitude, they ac@imal should become hemiplegic. This is certainly what oc-
ally took longer to complete than the VT movements (Figc8, curred after infusion of lignocaine into VPLo. However, none
and D). RM ANOVAs demonstrated significant interaction®f the other infusion sites resulted in such an effect; even when
between trial block and task type for movement time in botRfusions were centered within VLo, which like VPLo is lo-
monkeys fnonkey 1F(4,20) = 3.11,P < 0.038;monkey 2 cated on the lateral edge of the thalamus adjacent to the internal
F(3,8) = 5.03,P < 0.03]. Post hoc Tukey'’s tests showed thatapsule, hemiplegia never occurred. Thus it is difficult to
this was due to the movement times being significantly slowegconcile this functional dissociation with a potential common
in trial blocks 2-5than intrial block 1 of the 1G task and also effect on corticospinal tract fibers within the internal capsule.
slower than all the trial blocks in the VT task monkey 1In  The mammillothalamic tract carries memory-related signals
monkey 2he movement times were significantly slowetrial  from the mammillary body to different portions of the ventral
blocks 3and4 of the IG task thartrial block 1 of the IG task thalamus. Because the task we used was overlearned by the
and slower thartrial blocks 1and2 of the VT task. Finally, animals, it was unlikely to have involved a substantial memory
analysis of the peak velocities showed that the increased mo¥gmponent. Thus even if the mammillothalamic tract was
ment times in the |G task were due to smaller peak velocitiggctivated by infusion of lignocaine into the target thalamic
(Fig. 8, E andF). RM ANOVAs revealed significant interac- nclei, it would be of little functional consequence for the task
tions between trial block and task type for this variable in bor@eing performed.

monkeys fnonkey 1F(4,20) = 2.89,P < 0.048;monkey 2 A second concern with respect to the infusions was the

El(i%%)ni:.?t?{iz v<va(')s,.%i7e] 'tgoz;io\fe-lroucl?gg:ggisgs Z?Ormfcdatnrl@otential for spread of the lignocaine from the target nucleus
Y P g si9 nto surrounding nuclei within the thalamus. On the basis of the

higher duringrial block 1than the rest of the trial blocks in the ; ;
Ithask. Inm%nkey 2the peak velocity in the first trial block results of Martin (1991), we estimated the extent of spread to

of the IG task was significantly higher than that in the third anlae ~4 mm. Our reconstru_c;ed infusions sites were between 5
fourth blocks. This reduction in peak velocity is consistent witg"d 8 mm apart and a minimum of 2.5 mm from any nuclear
a smaller initial agonist burst under these conditions. Thus aff@rder. Thus the lignocaine almost certainly spread into tha-
infusions centered within VApc, IG movements becami@mic nuclei that were not targeted by the infusions and also
smaller in magnitude' were Comp|eted more S|ow|y’ and hém.y not haVe |naCt|Vated the ent|rety Of eaCh targeted nucleus.
reduced peak velocities compared with the VT movementEWo points give us confidence in making functional distinc-
The other measures that were examined (number of tridigns between thalamic nuclei based on the current inactivation
reaction time in the VT task, and movement amplitude variesults. First, there is a certain degree of somatotopy especially
ability) did not display any significant changes after infusion ofithin VPLo and VLo. In particular, an “onion-like” layering
VApc nor were any significant effects observed after salirexists with face being surrounded by upper limb, which in turn
infusions. is surrounded by lower limb as one moves in a mediolateral
direction (Vitek et al. 1996). Thus if there was spread of
lignocaine across the lateral borders of area X and VApc, the
most likely cells within VPLo and VLo, respectively, to be

The goal of the present investigation was to examine haffected would have been those representing the face. Because
inactivation of different nuclei in the cerebellar- and bas&&cial movements associated with ingesting the liquid reward
ganglia-receiving territories of the motor thalamus affected thi¢gere common to the tasks being performed, it is difficult to
initiation and execution of movements based on internal versigsoncile the functional distinctions that were observed after
external cues. Recall that in the VT task the target triggerénfusions of the medial and lateral thalamic nuclei with this
and guided the response and the target position was vanedential common effect. Second, although the lignocaine may
(although the target appeared at the center of the display mioave spread=4 mm from the injection site, the functional
often); by contrast, in the I1G task the movements were setfensequences appeared to be much more restricted. An exam-
initiated and directed to a remembered target location that gtk of this is related to the hemiplegia observed after infusions
not vary. Thus the different task-dependent effects that werentered within VPLo. On some occasions, only the arm was
observed after infusions centered within each nucleus candftected. Because the arm and leg representations are separated
inferred to be due to the specific contributions that each nby 1-2 mm within VPLo (Vitek et al. 1994), this suggests that
cleus makes to these processes. Before we discuss the defib#sspatial-temporal resolution of the functional effects can be
observed in this study, it is important to examine the way iquite high despite the relatively large absolute volume of
which lignocaine has its effect. affected tissue.

DISCUSSION
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Functional consequences of lignocaine infusion that VLo normally contributes to the initiation of movements
made to visual targets. This result is generally consistent with

We have shown previously that the activity of cells in eacthe findings from our recording experiment (van Donkelaar et
of these nuclei varies in a systematic manner depending on £1€1999a). As in VPLo, we found a large proportion of cells in
movement context (van Donkelaar et al. 1999a). From thegko that did not differentiate between the VT and IG tasks. It
results we have hypothesized ttstecific subcircuitsvithin  is quite possible that these cells contribute to the initiation of
the cerebello- and basal ganglio-thalamo-cortical systems ctoth types of movements but that because of the nature of our
tribute in varying degrees to the control of VT versus IGasks and measurements, the latency deficits after inactivation
movements. The results from the present investigation decome apparent only during VT movements. A more difficult
generally consistent with these findings. After infusions cefinding to explain is the reduction in the number of completed
tered within area X, the monkeys appeared to have difficultyials without any other obvious motor deficits. One possible
integrating the visuospatial information provided by the targekplanation is that VLo normally contributes to the “motiva-
into appropriate and consistent motor responses in the VT biain” required to perform the tasks. Indeed, we have found that
not the IG task. Thus only movements that were triggered aadarge proportion of cells in the basal ganglia-receiving terri-
guided by a visual target were influenced by infusion of area ¥gries of the primate thalamus possess what appears to be
whereas movements based on an internal cue remained largelyard-contingent activity (van Donkelaar et al. 1999b). When
unaffected. In contrast to this functional specificity for VTsuch cells are inactivated, the monkey may have trouble link-
movements in area X, infusions centered within VApc prang the performance of the task with reward delivery, and the
duced deficits restricted to IG movements. In particular, aftaumber of attempts made would very likely be reduced as a
such infusions, the IG but not the VT movements were smalleonsequence. In what follows, we discuss how these results can
in amplitude and slower than those produced prior to thee interpreted in light of previous functional and neuroana-
infusion. Taken together, these results are consistent with eéamic studies within the cerebello- and basal ganglio-thalamo-
recording results showing that area X cells contribute prefarertical systems.
entially to VT movements and VApc cells preferentially con-
tribute to IG movements (van Donkelaar et al. 1999a). Cerebellum and the visual control of movement

The relatively high degree of functional specificity for
movements based on internal versus external cues observed ifihere is a large body of evidence that is consistent with the
area X and VApc was much less apparent in VPLo and VLbypothesis that the cerebellum contributes in a significant way
When VPLo was infused with lignocaine the most obviou® the visual (or more generally sensory) control of movement.
behavioral deficit was temporary hemiplegia on the contral&ubjects with cerebellar damage have a great deal of difficulty
eral side of the body. Before and after these hemiplegic epierforming reaching movements under visual guidance (e.g.,
sodes, the ability of the monkey to control the limb an@eppu et al. 1987; Brown et al. 1993). When visual informa-
accurately perform both tasks was greatly compromised. Thiien concerning the position of the hand or the target (or both)
in a very general sense infusions centered within VPLo reduiseremoved, cerebellar subjects perform much more consis-
the ability to perform movements regardless of the behaviotahtly (e.g., Beppu et al. 1987; van Donkelaar and Lee 1994).
context. When the movement trajectories were examined Fanctional imaging studies demonstrate significant cerebellar
detail, however, it became apparent that deficits existed in thetivation during visually guided limb movements (e.g., Inoue
VT but not the IG responses. Thus although VPLo appeareddabal. 1998; Jueptner et al. 1996). Finally, neuronal recording
contribute in a general way to the ability to generate movstudies have shown that cells within the cerebellar cortex and
ments, it also appeared to play a more specific role in theep nuclei become active prior to visually guided arm move-
initiation and execution of movements based on visual cuesents (e.g., Fortier et al. 1989; Marple-Horvat and Stein 1987).
The presence of these deficits is consistent with several previMushiake and Strick (1993) showed that this specificity for
ous human clinical studies showing cerebellar symptoms visually guided movements is restricted at the level of cere-
patients with thalamic damage (Fukuhara et al. 1994; Louisksllar dentate to particular portions of this nucleus. They
al. 1996; von Cramon 1981). These results are also consistéamonstrated that dentate cells coding preferentially for visu-
with our recording results (van Donkelaar et al. 1999a). Aklly guided movements tend to be located in the caudal portion
though we found that most VPLo cells did not differentiatef this deep nucleus, whereas cells that do not differentiate
between the VT and IG tasks, there was also a large subsebefween visually guided and remembered movements are lo-
cells (~30%) that fired exclusively during movements made ioated more rostrally. The former part of the dentate projects
response to the appearance of the visual target. By contrasainly to area X, whereas the latter projects to VPLo (Strick et
very few VPLo cells were found to fire exclusively to the IGal. 1993). Thus the functional specificity observed at the level
task. of the dentate for the cues used to trigger and guide movement

When infusions were made into VLo, there was also ia preserved in the cerebellar-receiving areas of the primate
significant reduction in the number of trials that were executédalamus (van Donkelaar et al. 1999a). As discussed in the
successfully in both tasks. This did not appear to be relatedpeceding text, the results from the present investigation are
any hemiplegia, however. In fact, relatively normal limb movedargely consistent with these findings. On the basis of these
ments could be elicited outside the experimental task, andmbined results, one would predict that infusions made in the
those movements that were generated within the tasks lwadidal dentate should result in analogous deficits to those
movement times and amplitudes that did not differ significantlybserved after area X inactivation, whereas rostral dentate
from preinfusion responses. Only reaction times in the VT taghkfusions should lead to deficits similar to those observed after
were increased significantly after VLo inactivation, implying/PLo inactivation. Unfortunately, although there have been
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numerous cerebellar deep nuclei inactivation studies, nogenerated movements is consistent with this hypothesis. Indeed

have addressed this question directly. previous recording studies have shown that arm-related neuro-
nal activity in the globus pallidus is modulated by movement
Basal ganglia and IG movement amplitude and velocity (e.g., Georgopoulos et al. 1983; Turner

o _ and Anderson 1997). Moreover, individuals with Parkinson’s
Just as the cerebellum has been implicated in the controlfifease tend to make hypometric and bradykinetic movements
VT movements, it also has been suggested that the baggk are ameliorated by providing visual cues (Jackson et al.
ganglia contributes in a significant way to the control of 1G gg5: Morris et al. 1996; Oliveira et al. 1997). Finally, imaging

have examined the contribution of the basal ganglia to |
movements have produced less convincing results. Two stu

with largely similar results are most pertinent to the discussi
of the present findings. Mink and Thach (1991) and Inase a

Tally initiated movements and thus appear to compensate for
deficits observed during IG tasks (Rascol et al. 1997;
&muel et al. 1997). Taken together, the present results imply

coworkers (1996a) both inactivated portions of the main outp t Fhe br,adyklnetlc and hypometric movements observgd n
structure of the basal ganglia, the internal segment of t @rkmspns d|§ea_se re_sult. from malfunctioning in the pallido-
globus pallidus (GPi) in monkeys trained to perform limhalamic subcircuit projecting through VApc.

movements based on external versus internal cues. In both

cases, the main deficit that was observed was a flexor drift#51amocortical projections

the contralateral arm. More importantly, in both studies there

was no evidence that the movements based on internal cueRecent neuroanatomic studies have demonstrated that there
were more adversely effected by the inactivation than movg- considerable overlap in the cortical projections from the
ments based on external cues. Instead these researchers giigpellar- and pallidal-receiving portions of the thalamus
gested that the basal ganglia were involved in maintaining Holsapple et al. 1991; Hoover and Strick 1993, 1999;
appropriate balances between flexors and extensors to allo ie and Tanji 1995 Inase ot al. 1996b: Matelli and L,uppino'

particular movement to occur regardless of the context (Mi : : e
1996). How can the results from the present study be recor?L 96, Matelli et al. 1989). This implies that more than one

ciled with those from Mink and Thach (1991) and Inase et el rtical area may contribute to movements based on internal

o [ : - : - ersus external cues and/or to the behavioral measures dis-
(19962)2 First, we did not find any evidence of flexor drift afte\rlrupted by our infusions. Indeed studies that have examined this

either VLo or VApc inactivation. This is relatively simple to. . .
explain: in our set-up the handle was blocked mechanicalfPue typically have found that the degree of functional spe-

from moving beyond the start position in the direction of elbowialization within diffe_rent cortical areas is relative rqther than
flexion, whereas in both the Mink and Thach (1991) and Inag@solute (e.g., Mushiake et al. 1991). Be that as it may, we
et al. (1996a) studies the handle had to be held at a cenfrgrertheless found a pattern of deficits after thalamic inactiva-
starting position with appropriate levels of elbow flexor antion that is largely consistent with this relative degree of
extensor activation. Thus although it is likely that flexor drif€ortical specialization and the underlying thalamocortical pro-
could occur after VLo or VApc infusion, it may not have beeiection patterns. Because this reconfirms the results from our
observed in the present study simply because of the naturgpedvious recording study (van Donkelaar et al. 1999a) and a
the experimental set-up. A second more difficult discrepancydetailed discussion of the functional subcircuits arising from
explain is the fact that we found a clear functional distinctiothe basal ganglia and cerebellum can be found in that paper, we
between movements based on external versus internal cudknot delve into this issue any further here. One point does
when VApc was inactivated, whereas Mink and Thach (199®arrant further discussion, however. In particular, of the def-
and Inase and coworkers (1996a) did not when they inactivaieds observed in the present study, the most striking was the
GPi, which provides the main input to VApc. hemiplegia after infusions centered within VPLo. This cer-

The key to reconciling these divergent results may be in th&nly is not too surprising given the strong projection from
locationsat which GPi was inactivated relative to its pattern o¥PLo to the primary motor cortex (MI). However, VLo also
connectivity to VLo and VApc. Mink and Thach (1991) andsends a strong projection to MI and infusions centered on this
Inase et al. (1996a) inactivated the mid- to ventral half of theucleus never resulted in hemiplegia. How can this discrep-
GPi. This part of the GPi projects to the middle portion of VLoancy be accounted for? Neuroanatomic studies have demon-
By contrast the more dorsal part of the GPi projects mainly &irated that VPLo sends projections to the deep cortical layers
lateral and rostral aspects of VLo and VApc (DeVito anth MI where microstimulation elicits movements at low thresh-
Anderson 1982). Moreover, Mushiake and Strick (1995) hawéds (Asanuma and Rosen 1972). By contrast, VLo sends
demonstrated that the majority of cells in the dorsal GProjections to more superficial layers in Ml (Nakano et al.
display a preference for movements based on internal cu#892). Thus VPLo appears to have more direct access to
whereas most GPi cells located more ventrally do not diffecorticospinal neurons. This idea is supported by the finding that
entiate between movements based on external or internal cuesvements can be elicited at low thresholds after microstimu-
Thus a functionally distinct subcircuit from the dorsal GPi t¢ation in VPLo but not in VLo (Buford et al. 1996; Miall et al.
VLo and VApc appears to process information related tt998; Vitek et al. 1996). Thus the more direct route by which
movements based on internal cues. The finding from tM#Lo projects to corticospinal neurons may account for the
present investigation that infusions centered within VApc réact that temporary hemiplegia was observed most consistently
sult in deficits in the amplitude and velocity of internallyafter infusions centered within this area of the thalamus.



TEMPORARY INACTIVATION OF THE MOTOR THALAMUS 2789

The authors thank Dr. Xuguang Liu for performing the implantation surgeriyoug, K., KawasHiMA, R., SxToH, K., KINOMURA, S., GoTo, R., Kovama, M.,
J. Winter for technical assistance, and the staff at the University Laboratory ofSuGiura, M., ITo, M., AnD Fukuba, H. PET study of pointing with visual

Physiology Animal House for expert care. feedback of moving hands. Neurophysiol79: 117-125, 1998.
This research was funded by grants from the Wellcome Trust and theckson, S. R., Ackson, G. M., HARRISON, J., HENDERSON L., AND KENNARD,
Medical Research Council. C. The internal control of action and Parkinson’'s disease: a kinematic

Present address and address for reprint requests: P. van Donkelaar, Dept. afialysis of visually-guided and memory-guided prehension movements.
Exercise and Movement Science, 112C Esslinger Hall, University of OregonExp. Brain Res105: 147-162, 1995.

Eugene, OR 97403-1240. JUEPTNER M., FRITH, C. D., BRooks D. J., RACKOWIAK, R. S.,AND PASSING-
HAM, R. E. Anatomy of motor learning. Il. Subcortical structures and
Received 10 November 1999; accepted in final form 8 February 2000. learning by trials and errod. Neurophysiol77: 1325-1337, 1997.

JUEPTNER M., ENKINS, |. H., BRoOKS D. J., RACKOWIAK, R. S.,AND PAss
INGHAM, R. E. The sensory guidance of movement: a comparison of the
cerebellum and basal gangliéxp. Brain Res112: 462—474, 1996.
KERMADI, |. AND JOosePH J. P. Activity in the caudate nucleus of monkey during
REFERENCES spatial sequencingl. Neurophysiol74: 911-933, 1995.
Louss, E. D., LyncH, T., ForD, B., GREeNE, P., BREssmAN, S. B.,AND FAHN,
AsaNuMA, H. AND RoseN |. Topographical organization of cortical efferent 5. pelayed-onset cerebellar syndromech. Neurol.53; 450454, 1996.
zones projecting to distal forelimb muscles in the monk&yp. Brain Res.  MarpLE-HorvAT, D. E.AND STEIN, J. F. Cerebellar neuronal activity related to
14: 243-256, 1972. arm movements in trained rhesus monkeysPhysiol. (Lond.}394: 351—
Beppy H., Nacaoka, M., AND TAaNAKA, R. Analysis of cerebellar motor 366, 1987.
disorders by visually-guided elbow tracking movements. Il. Contributions &ARTIN, J. H. Autoradiographic estimation of the extent of reversible inacti-
the visual cues on the slow ramp purstiitain 110: 1-18, 1987. vation produced by microinjection of lidocaine and muscimol in the rat.
BoeckeRr H., DAGHER, A., CEBALLOS-BAUMANN, A. O., PassINGHAM, R. E., Neurosci. Lett127: 160-164, 1991.
SAMUEL, M., FrisTon, K. J., POLINE, J., DETTMERS C., CONRAD, B., AND  MATELLI, M. AND LupPPING, G. Thalamic input to mesial and superior area 6 in
Brooks D. J. Role of the human rostral supplementary motor area and thehe macaque monkey. Comp. Neurol372: 59-87, 1996.
basal ganglia in motor sequence control: investigations wigt¥® PET. MATELLI, M., LUPPING, G., FoGass, L., AND RizzoLATTI, G. Thalamic input to
J. Neurophysiol79: 1070-1080, 1998. inferior area 6 and area 4 in the macaque monkeyComp. Neurol280:
BroTCHIE, P., IaNSEK, R., AND HORNE, M. K. Motor function of the monkey = 468-488, 1989.
globus pallidus. I. Neuronal discharge and parameters of moveBmit  MiALL, R. C., RRICE, S., MasoN, R., PssINGHAM, R. E., WINTER, J. L., AND
114: 1667-1683, 1991. SteIN, J. F. Microstimulation of movements from cerebellar-receiving, but
Brown, S. H., KessLER K. R., HEFTER H., CookE, J. D.,AND FREUND, H. J. not pallidal-receiving areas of the macaque thalamus under ketamine anaes-
Role of the cerebellum in visuomotor coordination. I. Delayed eye and armthesia.Exp. Brain Res123: 387-396, 1998.
initiation in patients with mild cerebellar ataxiBxp. Brain Res94: 478— Mink, J. W. The basal ganglia: focused selection and inhibition of competing

488, 1993. motor programsProg. Neurobiol.50: 381-425, 1996.

Burorp, J. A., INAsg, M., AND ANDERsSON M. E. Contrasting locations of Mink, J. W. anD THAcH, W. T. Basal ganglia motor control. Ill. Pallidal
pallidal-receiving neurons and microexcitable zones in primate thalamusablation: normal reaction time, muscle cocontraction, and slow movement.
J. Neurophysiol75: 1105-1116, 1996. J. Neurophysiol65: 330-351, 1991.

CRAWFORD, T. J., HENDERSON L., AND KENNARD, C. Abnormalities of nonvi- MoRRICE, B. L., BECKER W. J., FOFFER J. A.,AND LEE, R. G. Manual tracking
sually-guided eye movements in Parkinson’s dise&gain 112: 1573— performance in patients with cerebellar incoordination: effects of mechan-
1586, 1989. ical loading.Can. J. Neurol. Scil7: 275-285, 1990.

DeViTo, J. L. AND ANDERSON M. E. An autoradiographic study of efferent Morris M. E., IansEk, R., MaTYAs, T. A., AND SUMMERS, J. J. Stride length
connections of the globus pallidus Macaca mulatta. Exp. Brain Re46: regulation in Parkinson’s disease. Normalization strategies and underlying
107-117, 1982. mechanismsBrain 119: 551-569, 1996.

FORTIER, P. A., KaLaskA, J. F.,aND SMITH, A. M. Cerebellar neuronal activity MusHIAKE, H., INASE, M., AND TanJl, J. Neuronal activity in the primate
related to whole-arm reaching movements in the moneileurophysiol. premotor, supplementary, and precentral motor cortex during visually
62: 198-211, 1989. guided and internally determined sequential movemehtdleurophysiol.

FUKUHARA, T., GoToH, M., AsARI, S.,AND OHMOTO, T. Magnetic resonance  66: 705—-716, 1991.
imaging of patients with intention tremo€omput. Med. Imaging. Graph. MusHIAKE, H. AND STRICK, P. L. Preferential activity of dentate neurons during
18: 45-51, 1994. limb movements guided by visiod. Neurophysiol70: 2660-2664, 1993.
GeorGorPouLos A. P., DELoNGg, M. R., anD CrRUTCHER M. D. Relations MusHIAKE, H. AND STRICK, P. L. Pallidal neuron activity during sequential arm
between parameters of step-tracking movements and single cell discharge imovementsJ. Neurophysiol74: 2754-2758, 1995.
the globus pallidus and subthalamic nucleus of the behaving monk&yakano, K., TOKUSHIGE, A., KOHNO, M., HASEGAWA, Y., KAYAHARA, T., AND
J. Neurosci.3: 1586—-1598, 1983. Sasakl, K. An autoradiographic study of cortical projections from motor
Hikosaka, O. AND WURTZ, R. H. Modification of saccadic eye movements by thalamic nuclei in the macaque monk&eurosci. Resl3: 119-137, 1992.
GABA-related substances. Il. Effects of muscimol in monkey substant@LIVEIRA, R. M., GURD, J. M., NxoN, P., MARSHALL, J. C.,AND PASSINGHAM,
nigra pars reticulatal. Neurophysiol53: 292-308, 1985. R. E. Micrographia in Parkinson’s disease: the effect of providing external
HoLsappLE J. W., RRESTON J. B.,AND StRIiCcK, P. L. The origin of thalamic ~ cues.J. Neurol. Neurosurg. Psychiati§3: 429—-433, 1997.
inputs to the “hand” representation in the primary motor cordeieurosci. OLszewskl, J. The Thalamus of the Macaca mulatta. An Atlas for Use With the

11: 2644-2654, 1991. Stereotaxic InstrumenBasel: Karger, 1952.
HooveRr, J. E.AND StrICK, P. L. Multiple output channels in the basal gangliaRascot, O., S\aTiNi, U., FABRE, N., BRereL, C., LouBiNoux, |., CELSIS, P.,
Science259: 819-821, 1993. SENARD, J. M., MONTASTRUG, J. L., AND CHoOLLET, F. The ipsilateral cere-

Hoover, J. E.aND Strick, P. L. The organization of cerebellar and basal bellar hemisphere is overactive during hand movements in akinetic parkin-
ganglia outputs to primary motor cortex as revealed by retrograde transneusonian patientsBrain 120: 103-110, 1997.
ronal transport of herpes simplex virus typeJ1Neuroscil9: 1446—-1463, ROUILLER, E. M., LIANG, F., BaBALIAN, A., MORET, V., AND WIESENDANGER
1999. M. Cerebellothalamocortical and pallidothalamocortical projections to the
INASE, M., BUuFoRD, J. A.,AND ANDERSON M. E. Changes in the control of arm  primary and supplementary motor cortical areas: a multiple tracing study in
position, movement, and thalamic discharge during local inactivation in themacaque monkeys. Comp. Neurol345: 185-213, 1994.
globus pallidus of the monkey. Neurophysiol75: 1087-1104, 1996a.  Sakal, S. T., NASg, M., AND TANJIl, J. Comparison of cerebellothalamic and
INASE, M. AND TaNJI, J. Thalamic distribution of projection neurons to the pallidothalamic projections in the monkeylécaca fuscata a double
primary motor cortex relative to the afferent terminal fields from the globus anterograde labeling study. Comp. Neurol368: 215-228, 1996.
pallidus in the macaque monkey. Comp. Neurol353: 415-426, 1995.  SamueL, M., CEBALLOS-BAUMANN, A. O., BLIN, J., LEmMA, T., BOECKER H.,
INASE, M., TokuNo, H., NamBuU, A., AKAZAWA , T., AND TAKADA, M. Origin of PassiNGHAM, R. E.,AND BrRooks D. J. Evidence for lateral premotor and
thalamocortical projections to the presupplementary motor area (pre-SMA)parietal overactivity in Parkinson’s disease during sequential and bimanual
in the macaque monkeeurosci. Res25: 217-227, 1996b. movements. A PET studyrain 120: 963-976, 1997.



2790 P.van DONKELAAR, J. F. STEIN, R. E. PASSINGHAM, AND R. C. MIALL

STEIN, J. F.AND GLICKSTEIN, M. Role of the cerebellum in visual guidance ofvan DONKELAAR, P., Lorinzc, E., PAssINGHAM, R. E., AND MiALL, R. C.
movementPhysiol. Rev72: 967-1017, 1992. Reward-contigent activity in the basal ganglia-receiving portion of the
Strick, P. L., Hoover, J. E.,AND MusHIAKE, H. Evidence for “output chan-  primate motor thalamusSoc. Neurosci. Abst25: 1407, 1999b.
nels” in the basal ganglia and cerebellum. Role of the Cerebellum and van DONKELAAR, P., SEIN, J. F., RssiINGHAM, R. E.,AND MiALL, R. C. The
Basal Ganglia in Voluntary Movemergdited by N. Mano, I. Hamada, and effects of temporary inactivation of the cerebellar- and basal ganglia-
M. R. DeLong. Amsterdam: Elsevier, 1993, p. 171-180. receiving areas of the macaque monkey thalamus during goal-directed and
TurRNER, R. S.AND ANDERsSON M. E. Pallidal discharge related to the kine- internally generated limb movemengs.Physiol. (Lond.p01.P: 39P, 1997.
matics of reaching movements in two dimensiods.Neurophysiol.77:  VITek, J. L., AsHg, J., DELONG, M. R., AND ALEXANDER, G. E. Physiologic
1051-1074, 1997. properties and somatotopic organization of the primate motor thalamus.
VAN DONKELAAR, P.AND LEE, R. G. Interactions between the eye and hand J. Neurophysiol71: 1498-1513, 1994.
motor systems: disruptions due to cerebellar dysfunctioiNeurophysiol. VITek, J. L., AsHg, J, DELONG, M. R., AND KANEOKE, Y. Microstimulation of
72: 1674-1685, 1994. primate motor thalamus: organization and differential distribution of evoked
VAN DONKELAAR, P., SEN, J. F., RssINGHAM, R. E,AND MIALL, R. C. Neuronal motor responses among subnucleiNeurophysiol75: 2486-2495, 1996.
activity in the primate motor thalamus during visually triggered and interxon CrRAaMON, D. Bilateral cerebellar dysfunctions in a unilateral meso-dien-
nally generated limb movements. Neurophysiol82: 934-945, 1999a. cephalic lesionJ. Neurol. Neurosurg. Psychiatd4: 361-363, 1981.



