
NC;F acrilation of NF-KR through piS4"' 
111ay up-re5ulatc the ewpress~on 0t s~1c11 extr;l- 
cellular ilratriw protcliis III Sch~vann cell., 
tlierehy intlueniing tlielr migration during 
 nerve regenc~ition 1/51, 

T h e  NGF-p75"TR-NF-~R sli:naling 
pathnay may also play ,I role 111 other 
CatlioL~l~yiiologic,ll states. N G F  IS, so far. 
Lliliijue all10115 the neurc~troph~ns In a i t lng 
2s ;1 111111 lhet\\~een i~nt lammat~on anid the 
perlpl~eral  n e r v i ~ ~ s  hystcm (20) .  N G F  lel.els 
,ire ul?-rcgulateil 111 ~ n t l a t ~ ~ e ~ l  tissue (211, 
and it ha5 lieen 511oan that K G F  is releascJ 
hi. cclls of the ilnmune 5)-stem (201, 3s are 
cytoklnes, n.hic11 ;let t l lrougl~ N F - I ~ B .  N G F  
IS , i l s ~  l i ~ ~ c ) \ v ~ i  t c  be r e ~ ~ u i i - e ~ l  for the hyper- 
algeiia accomp~lnving tissue Llamagc, and it 
exerts ~ t s  effects 011 nc)clceptive scnsory 
neurons (22) .  Tliui ,  it can he envisagcLl 
that N G F  actlvateh t l ~ c  L375"T"-NF-~cR 
patlln.:r\- in a context relel-ant to the qen- 
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Gesebeiium Impiicated in Sensory Acquisition 
and Discrimination Rather Than Motor Contra8 

Jia-Hong Gas, Lawrence M. Parsons, James M. Bower, 
Jinhu Xisng, Jinqi bi, Peter T. Fox" 

Recent evidence that the cerebellum is involved in perception and cognition challenges 
the prevailing view that its primary function is fine motor control. A new alternative 
hypothesis is that the lateral cerebellum is not activated by the control of movement per 
se, but is strongly engaged during the acquisition and discrimination of sensory infor- 
mation. Magnetic resonance imaging of the lateral cerebellar output (dentate) nucleus 
during passive and active sensory tasks confirmed this hypothesis. These findings sug- 
gest that the lateral cerebellum may be active during motor, perceptual, and cognitive 
performances specifically because of the requirement to process sensory data. 

F o r  a ceint~lry, the c e r e b e l l ~ ~ m  has heen 
regarcled as u  noto or orpan ( I ) .  Lesions to 
the  cerel.ellum cause incooriiinatcd move- 
ment  (21, and the cerebellum is actil-ated 
i l ~ l r i ~ ~ g  movement ( 3 ,  4 ) .  Recent ~tui l ie i  of 
brain-~njurecl 11u1naiv reveale~l that the cer- 
ehellum IS ~ n s t n ~ m e n t a l  111 nonillc?tor he- 
havlors such as j ~ ~ d g l n g  the tlmlng o i  
events, aol\.ing Cercept~ial  ani{ bpatial rea- 
sonlng l~rc~l>lerus, and generatllig words ac- 
c i ~ r ~ l l n q  to  a semantic rule (5). Very recent- 
ly, cerel~ellar acrivlty ha< been elerected Jur- 
Ing these perceptual and cognir~ve lielia\-- 
iors (6)  and cluriny the lnental rotation of 
abstract oliject, (7). S~ ic l i  tiniliny< clial- 
le~ige  classical motor tlieorles o t  cel.ebell,ir 
tuncrion. Altliouyli the cerebellum recei\ves 
Input trom \ -~rr~ia l ly  el-ery sensory s\;stem 
(8, 9)  and is activated hy tactile sriruulation 
alone (without movement) (3 ) ,  it has not  
beer1 considered a sensory orran beca~rse 
cerelxllar leyions clo not  cause grosy sensory 
ilefic~rs (2 ) .  Ho~vever,  ascerta~riirig ~ l i e t l i e r  
neural tissue ha5 a motor or senyory func- 
tion 15 a suhtle prohle~li  l.ecaul;e motor be- 
1ial-lc)r 1s guided hy ongoing sen<ory acqui- 
s i t i i~n of ohjecr information, and motor et- 

J -H Gao L. M. Parsons, J X~cng J. LI ,  P. I .  Fox, 
Research Imaging Center, ?Med~ca Sc -~oo  Un~vers~t j  of 
Texas Health Science Ceqter Sari Antori~o. 2 7838L- 
62/-0. USA 
J M. Bobver. Ccrnp~~ta t  on and Ne~~ra l  Systems, Calfor- 
nia Institute of Technology, Pasadena. CA 91 123, IJSA 

-To o!hom collesponcence shouc be adcressec 

i~c iency  ( the  accuracy, c o o r d l ~ ~ ~ ~ t l o n ,  cinil 
s ~ n ~ ) ~ t h i i e c s  of in i~tor  heli,ivi(or) cle~~e~itds o n  , 

con t~nr iou~ ly  updated sensory tlata. 
T o c 1'  LlaoiLate .- . senvory i i c c l ~ ~ i i ~ t ~ e > ~ ~  ai1c1 

, A 

~l i sc r~ tn i~~ ; i t i o i i  from motor perfc>rmance pcr 
se, cve ~m;~gecl blood oxygei~ation change, a 
correlate of ineural activitv. 111 the lateral 
(clentate) nucleus of humans as thev pcr- 
formeLl tasks involving passive anLl active 
iensory ~l iscr imi~ia t io i~s .  T h e  clentate nucle- 
us 1s the sole o u t p ~ ~ t  for the large lateral 
liemlspliere< i)f tlie ~1.imare c e r e l ~ l h r m ,  ,inJ 
its acrlvarioii liaa ~ ~ s ~ ~ a l l y  lieen Ilnl<ecl rc-i 

filiger mo\-emenr.: ( I  0 ) .  W e  teytecl the hy- 
porlies~< ( I  I ) rli,it dentate acrlvarion 1s 
~ l io re  c loe ly  assocl;ireci wlth sensory d ~ s -  
crirn~nnrion> macle tlirouh the finyers than 
lvitli f~nyer-movement control per se. 

Six I~ealrliy volunteer< performeil trills 
rasks (12). In tlie Cutaneo~i< Sr~mularian 
(CS)  rask (13),  they pas~ively exper~eniecl 
sani lpal~r  rul>bed agalnst tlie immobil~ze~l 
pails of rlie second, third, and tourrh tirigers oi 
eacli 1~~1ncl. In the C~iraneous Discrimiriariori 
(CD)  task (13), they were asked to actively 
compare (without respondmg) wlietlier rlie 
coarseness o t  the sandpaper on the taro hancls 
matched. Tlie coarseness of the sanLinaaer 

L L 

cliangeLl raricloinly every 3 5. In tlie Grasp 
Objects ( G O )  task (141, they used eacli lian,l 
to repeatedly reach for, grasp, miye, anLl then 
drop an  ohject. In the Grasped Ol~jecrs Lls- 
crimiriarion (GOD)  rask (14),  they graslierl 
one ol~jecr ~vitl i  one hand wlille using the 
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Fig. 1. Functional MRI (col- 
or) overlaid on anatomical 
MRI (gray), showing den- 
tate activations for (A) CS, 
(B) CD, (C) GO, and (D) 
GOD tasks. The dentate 
nuclei are the two dark 
crescent-shaped struc- 
tures on either side of the 
cerebellar midline. Func- 
tional and anatomical im- 
ages were coregistered for 
each task by performing 
rotation, translation, and 
scaling on each partici- 
pant's images and then av- 
eraging images across par- 
ticipants. A group t test, 
comparing task-induced 
changes relative to rest, 
was performed on these 
images for each task. Acti- 
vation was detected with a 
threshold defined by t = 
2.5 and a cluster of five ad- 
jacent pixels. The detected 
activations are statistically 
significant (P < 0.05) rela- 
tive to the whole cerebellar 
plane sampled. 

Task 

other hand to grasp another object, and they 
noticed covertly whether the shapes of the 
two objects matched. In no task did the par- 
ticipants see the stimuli. During each task, 
participants lay supine in a 1.9-T magnetic 
resonance imaging (MRI) instrument (15). 
An axial plane through the dentate nuclei 
was identified with a T, scout imaee and was 

u 

then functionally mapped with T2* gradient- 
echo images (1 6, 17). Task-induced changes 
(task minus rest) were detected by a pixel- 
clustering analysis of response intensity and 
spatial extent (1 8). 

The cerebellar output nuclei showed sig- 
nificant task-induced increases in blood flow 

a 200 

150 - j 100 - 2 50 

O GO CS CD GOD 
Task 

5 250 

Fig. 2. Activation area in the dentate nuclei for 
each task. A group t test was applied to each 
participant's data for each task compared with 
rest. Then, for each participant, activation foci 
were detected by selecting areas with t > 2.5 and 
at least five adjacent pixels (corresponding in 
combination to P < 0.05). The mean (+SEM) of 
these activated foci was calculated for each task 
across participants. 

~ e f i  dentate nudeus 
Rlgm denate nudeus T 

Sensory discrimination s 
No movement 

I 

(Figs. 1 to 3) during the CS task. Thus, 
dentate nuclei are activated by purely senso- 
ry stimuli; this finding confirms positron- 
emission tomography results that show cer- 
ebellar activation during hand vibration (3). 
This activation was equally strong in the left 
and right dentate but tended to be more 
extensive in the right dentate, probably re- 
flecting the left cerebral dominance of the 
right-handed participants. Known anatomi- 
cal connections (8, 19) may enable cerebel- 
lar participation in such sensory processing. 

When the same stimuli were presented 
under identical conditions and a discrimina- 
tion was required (CD task), dentate nuclei 
were more than twice as active (P < 0.05) 
(Fies. 1 to 3). This activation was bilateral . " 
but was stronger in the right dentate. The 
enhanced activity could reflect the anatom- 
ical connections between these cerebellar 
regions and the prefrontal cortex that sup- 
ports working memory processes (20) that 
are possibly necessary for discrimination. 

Movement 

I 

We also compared cerebellar activation 
in a sensory discrimination task that required 
rapid coordinated finger movements (GOD) 
to that in a control task that required similar 
movements but did not require discrimina- 
tion (GO). The G O  task produced very 
slight, statistically insignificant activation 
(Figs. 1 to 3). The slight activation likely 
reflected cutaneous stimulation of the fingers 
that touched the stimuli (14). The lack of 
activation in the G O  task confirmed that 
rapid, coordinated, fine finger movements, 
in the absence of a sensory discrimination, 
do not engage the dentate nucleus. This 
response matches the slight dentate activity 
recorded in another fine motor behavior (vi- 
sually guided reaching and grasping of a peg) 
(21 ). The fact that active finger movements 
do not alone significantly activate the den- 
tate nuclei indicates that, even if partici- 
pants made finger movements during either 
cutaneous task that were too slight to be 
detected by the experimenters (13), those 

Fig. 3. Intrinsic relative signal changes at the activation area 14 
in the dentate nuclei for each task. A group t test was s 12 applied to each participant's data for each task compared 5 
with rest. Then, for each participant, activation foci were 10 

detected by selecting areas with t > 2.5 and at least five 8 
adjacent pixels (corresponding in combination to P < 0.05). 3 
For each participant, the relative signal change was calcu- 3 
lated in the above-threshold activation areas by subtracting ; the average signal value during rest from that during the g 2 
task and dividing by the average signal value during rest. - 
The mean relative signal change (2SEM) was calculated for ' GO CS CD GOD 
each task across participants. Task 
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movernents per se would not cause the sig- 
nificant activations. 

By far the strongest activation (Figs. 1 to 
3) occurred during the G O D  task. Again, 
the right dentate was slightly more active 
than the left. The  extreme contrast (P < 
0.005) between the degree of dentate acti- 
vation in the two grasping tasks provides 
evidence of strong cerebellar support for 
sensory discrimination. 

Together, these data rule out the conclu- 
sion that the greater cerebellar activity in 
the G O D  task may reflect fine motor con- 
trol. The GO task, which requires similarly 
fine motor control, produces no significant 
dentate activation. Thus, fine movement 
control per se does not engage the dentate, 
in contrast to sensory stimulation per se. The 
massive increase in activity in the G O D  task 
relative to that in the GO task is entirely out 
of proportion to the subtle differences that 
may exist between the two tasks' very similar 
movements. The chief difference in move- 
ments-that the G O D  task was performed at 
a slightly slower pace-would wrongly pre- 
dict a decrease in activation because rnotor 
performance rate and activation strength are 
positively correlated (22). 

Thus, our results implicate the dentate 
nucleus of the human cerebellum in sensory 
acquisition and discrimination. Activation 
occurred during sensory stirnulation, when 
there were no accompanying overt finger 
movements or discrimination. Substantial 
finger movements, when not associated with 
tactile discrimination, did not induce signif- 
icant activation. Dentate activation was 
greatly enhanced w11e11 a sensory discrirni- 
nation was required, with or without overt 
finger movements. However, the strongest 
activation occurred when sensory discrimi- 
nation was paired with finger movements. 

Although these findings implicate the 
lateral cerebelluln in sensory discrirnination 
rather than in movement per se, ther do 
not identify its specific role. For example, 
the greater increase in dentate activity for 
the G O D  task may simply result from the 
multidimensional complexity of this senso- 
ry processing task cornpared with the uni- 
dimensional nature of the C D  task. Never- 
theless, the interpretation closest to our 
hypothesis ( I  I )  is that greater cerebellar 
activation during active manipulation re- 
flects a direct role of the cerebellu~n in 
modulating the lnotor control system to 
reposition the tactile sensory surfaces of the 
fingers. This coordination may be based on 
the cerebellar analysis of the sensory infor- 
mation actually being acquired, and it may 
serve to ensure that the highest quality data 
about object shape are being obtained in a 
coordinated fashion from all finger surfaces. 

These findings are not inconsistent with 
the principal effects of cerebellar darnage on 
human movement. Cerebellar deficits in vol- 

untarv movement, such as incoordination and 
ataxia, may reflect disruption of the sensory 
data (from the medial cerebellum-controlled 
muscle spindle system) on which the lnotor 
system depends, rather than disruption of cer- 
ebellar comnutations of smooth motor nerfor- 
mance per se (1 1). Our results are also not 
inconsistent with data frorn neurophysiologi- 
cal studies of awake animals that have been 
interpreted to implicate the cerebellum in 
motor behavior, because the sensory and mo- 
tor components of task performance have not 
been well dissociated. 
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three cycles of rest control, GO, and GOD 

13. In the CS and CD tasks, movements were prevented 
by immobilizat~on and ~nstruction. The arm was Im- 
moblzed by straps encrclng the body. The wrst 
hand, and fingers were ~mmob~lized by a r~gid wood- 
en surface affxed to the dorsum of the hand by tape 
encirclng the wr~st and fingers. During st~mulation, 
part~cipants were instructed to allow the hand to 
remain flaccidly immobile, resting In the restra~nts. 
Sandpaper was apped to the f~nger pads by a con- 
tinuous osc~llation uncoordinated between hands. 
Four grades of sandpaper were used: 60, 100,150 ' 
or 400 (U.S.A. Standard Grading system; maxmal 
packing of grains of sand of 268, I 01, 33, and 23.6 
pm size, respectvely). As the sandpaper was mlldly 
aversve, involuntaty movements toward the stimul~ 
were unlikely, Involuntary movements away from the 
stimu were prevented by the rigd surface to which 
the fingers were attached. Because electromyogra- 
phy cannot be performed w~thin the MR bore, par- 
tlclpants were visually monitored for movement 

throughout each trial. No movements were obsetved. 
In the two grasplng tasks, each (unrestraned) hand 
was enclosed In t s  own tightly woven cotton sock; 
each sock contaned an Identical set of four dfferent 
stirnull. Each stimulus was a smooth wooden sphere 
2.5 cm in diameter; the stmui were dfferentiated by 
one, two, or three addtonal planar surfaces, In the 
GO task, pari~cpants reached and grasped, ~n pin- 
cer fashion, a stmulus at random and then rased 
and dropped t .  Ths sequence was repeated contn- 
uously and was performed Independently by each 
hand. In the GOD task, part~cipants grasped a stim- 
ulus w~th the left hand, felt its shape w h e  usng the 
r~ght hand to grasp and feel another stimulus, and 
noticed whether the two objects were ~dent~cal In 
shape. If the objects were d~fferent, the object in the 
r~ght hand was dropped and another object was 
grasped and compared with the object in the left 
hand. If the objects matched, partcpants released 
both s t m u  and mmediatey began a new cycle, us- 
n g  the opposte hand to grasp the reference object. 
The MRI mages were made with a whole-body MRI 
system operat~ng at 81 MHz (Gyrex; Elsc~nt, Ha~fa, 
Israel). The pariicpant's head was immobilzed w~th 
a facal mask. A body col was used for the radio- 
frequency transmisson. The sgna was received by 
a quadrature surface coil (US Asia Instruments, 
H~ghland Heights, OH). 
H~gh-resoluton multiple T,-weghted sp~n-echo m -  
ages n the transverse plane coverlng the cerebellum 
were acqu~red to locate the dentate nucleus. A single 
(6 mm) slce through the dentate was selected. Typ- 
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M. Glickson, J. May, B Merc~er J. Comp. Neuroi. 
235 303 (1985). J. D. Schmahmann and D. N. Pan- 
dya, ibid 289, 299 (1990). 
A. Baddeley, Working Memory (Oxford Unv. Press, 
New York, 1986): F. A. W. Wilson, S. P. 0. 
Scaladhe, P, S Goldman-Rakic, Science 260, 1955 
(1993): F. A. M~ddeton and P. L. Strick, ibid. 266, 
058 (1 99A). 
S.-G. Kim, K. Ugurbi P. L. Str~ck Science 265 9A9 
(1 99A). 
R. J. Seitz P. E. Roland, C. Boh T. L. Grietz, S. 
Stone-Eander, Neurorepoitl 17 (1990). U. Sabatini 
eta!. J. Cereb. Biood Fiow Metab. 13, 639 (1 993). 
We thank W. Greenough S.-G. Kim, R. Swain, W. T. 
Thach, and L. Ungereider for comments on an ear- 
her verslon of t h ~ ~  report. Supported by an EJLB 
Foundat~on grant and Nat~onal lnst~tute of Mental 
Health grants P20 DA52176-01 and MH/DA521 A5 
(Human Brain Project). 

22 September 1995 accepted 16 Februaty 1996 

SCIENCE VOL. 272  26 APRIL 1996 




