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INTRODUCTION 

Des pite c ontinuing wor k  on the s tr uc tur e and func tion of the c er ebellum, 
ther e  is s till no c ons ens us as to what it does or how it does it. I ts dis­
tinguis hing featur es ar e well known, but they have not been fit together 
into any c ompr ehens ive, c oher ent model of func tion. The ques tion 
r emains: What is the fundamental c er ebellar oper ation that s o  depends on 
the s tyliz ed and s ter eotyped c irc uitr y, employs s uc h  highly individualis tic 
inter ac tions among its neur ons , gives r is e  to c har ac ter is tic pat hologic s igns 
when damaged, and is s o  s ubtly ass oc iated with the integr ated motions of 
the ver tebra te body? 

Two piec es of r elatively new infor mation enc our aged this att empt at a 
model of c er ebellar func tion: firs t, the mapping of body par ts and modes 
of motor c ontr ol within the deep nuc lei (As anum a et al 19 83c ,  K ane et al 
19 88, 19 89 ,  Thac h et al 1982 ,  1990 a,b); and s ec ond, the newly ass ess ed, 
muc h longer length of the c er ebellar par allel fiber (Br and et al 197 6, 
Mugnaini 198 3). Our goal has been that the model s hould explain both 
the r egional diff er enc es in c er ebellar func tion and the one gener alized 
func tion that has long been implied by the s ter eotype of the intri ns ic 
c irc uitr y. To this end, we r eview evidenc e  that 1. the body is mapped 
s epar ately within eac h  of the thr ee deep c er ebellar nuc lei, that 2. the nuc lei 
oper ate in par allel, eac h  nuc leus c ontr olling a differ ent mode of bodily 
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404 THACH, GOOD KIN & KEATING 

movement, and that 3. e ac h  mode is a fu nc tion of the inpu t  and ou tpu t 
c onnec tion s  of that nuc leu s. We show that 4 .  the be ams of Pur kinje ce lls, 
so li nke d  by par al lel fiber s, pr ojec t onto the nuc le i  and thu s  link the ac ti ons 
of the differe nt body par ts re pre se nte d wi thi n  e ac h  nucleu s an d the differe nt 
modes of control acrOSS the nuclei into coordinated movement. We suggest 

that 5. the job of the cerebellum is thus to coordinate the e le me nts of 
move men t that re side in its down stre am tar ge ts an d 6. to adju st old an d 
le arn ne w move men t syner gie s. 

THE OUTPUT SIDE OF CEREBELLAR 
PROCESSING: MULTIPLE SOMATOMOTOR 
REPRESENTATIONS WITHIN THE DEEP NUCLEI 

A ser ie s  of anatomic pathway tr acin g stu die s on the mac aque have hel pe d  
cl ar ify the c on nec tion s  and topogr aphic or gan iz ation of the dee p cere bell ar 
nuc le i  (Asanu ma e t  al 1983 a-d , K alil 1982 , Or ioli & S tr ic k  1989 , Sc he ll 
& S tr ic k  1983 , S tanton 1980 ), and ar c su mmar ize d as follows: 

The ou tpu t of the cere be llu m, the cere be llar nuc le i, pr ojec t to a tar ge t 
are a  within the thalamu s that is sufficie ntly free of other inpu ts as to be 
c alle d  "cere be ll ar thal amu s" (Fi gure 1 ). The tar ge t area include s se ver al 
architectonic su bdivisions, VLc ,  VLps, VP Lo, and X. The basal gangli a 
inpu t  to the thalamus arrives more anterior in VLo and VA, and the 
le mnisc al arr ive s  more poster iori in VP L. This cere be llo-thal amic tar ge t 
are a  pr ojec ts to are a 4 (VLc , VLps, VP Lo, an d par ts ofVLo) and to later al 
are a  6, the peri arcu ate are a (X ). In addi ti on to thi s  " speci fic" cere be llar ­
thal amic recei vin g are a, there i s  a "n on spec ific" thal amic tar ge t  are a, 
whic h pr ojec ts more wi del y  to the cere br al c orte x: the cen tru m me di anu m. 

De ntate and inter pose d nuc le i e ach pr ojec t in c omple te ly overlapping 

fashion to the whole width (c or onal )  of the c ontr al ater al thalamic re ce iving 
are a; the fastigiu s pr ojec tion is spar se , bilater al, an d re str ic te d  an d appe ar s 
not to projec t to X o. Thi s jt se lf su gge sts that at the le vel of cere be llar 
ou tflow, c on tr ol of the thalamic tar ge t i s  mu lti ple an d i s  re pe ate d acr oss 
e ac h  nuc leu s. [The pr ojec ti on s of the three nuclei arr ive in re gi ster at a 
macr o le vel onl y; at the cel lu lar le ve l, the y  appe ar to i nter di gi tate in patc he s  
(i nter posi tu s) and r ostr oc au dal r ods (de ntate )  (Asanu ma e t  aI1983c ).] 

Fr om the known somatotopic mapping in the cere bell ar thal amu s 
(S tr ic k 1976 ), an d fr om the topogr aphic pr ojec ti on of e ac h  nucleu s on to 
the c ommon thalamic tar ge t, somatotopic mappin g may be in ferre d wi thin 
e ac h  of the cere bell ar nuclei. In the cere bell ar thalamu s, the he ad i s  me di al , 
tail later al, trun k dor sal, and e xtre me tie s  ve ntr al; in the cere be llu m, the 
he ad wou ld the n  be c au dal ,  tail r ostr al , tru nk l ater al, and e xtre m itie s  
me dial (Asanu ma et al 1983c ). This map has been supported by neural 
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CEREBELLOTHALAMOCORTICAL 

PATHWAY 

Dorsal 

LMedi.' 

Fastigial 

Nucleus 

Thalamus 

Dentate 

Nucleus 

Cortex 

Anterior 

Medi"� 

Deep Cerebellar Nuclei 

Figure 1 Diagram of the body representation with each of the deep cerebellar nuclei, 
thalamus, and motor cortex. VL" Ventral Lateral Nucleus, caudal division; VLP>' Ventral 
Lateral Nucleus, pars postrema; VPLo, Ventral Posterolateral Nucleus, oral division; X, 
Nucleus X; VA, Ventral Anterior Nucleus; VLm Ventral Lateral Nucleus, oral division 
(adapted from Asanuma et aI 1983c). 
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40 6 THACH, GOODKIN & KEATING 

r ecor ding and inac tiv atio n studies dur ing mov ement ( Kane et at 1988 , 
T hac h et a1 1982 , 1990 , 199 1 )  and is c onsistent w ith the elec tr o  anato mic al 
input mapping studies in mac aq ues of Allen and co lleagues ( 1977 , 1978 ). 

Is the ov er lap c omplete? In the anatomic al studies, the f astigius may no t 
proj ec t  to X, the medial and anteri or extent of the c er ebellar thalamus. 
T his may suggest that the dentate and inter po situs but not f astigius co ntrol 
later al ar ea 6 ,  the per i  arc uate ar ea. Or ioli & S tr ic k  ( 1989) and S asaki et al 
(197 6) hav e  r aised the question in mac aques of w hether the c er ebello ­
thalamic projec tio n  co ntro ls ev en f ur ther ant er ior cort ic al ar eas, suc h  as 
ar ea 8 and bey ond. 

I s  ther e  only one map per nuc leus? A number of studies have r aised the 
questio n of w hether ther e is mor e  than one body map per c er ebellar nucleus 
( Or io li & S tr ic k  1989 , Sc hell & S tr ic k  198 3, S tanton 1980 ). If ther e  is a 
separ ate body r epr esentation w ithin later al ar ea 6 of c er ebr al c or tex and 
in nuc leus X of thalamus, this would seem a likely possibility. 

T his i s  not to say that the c er ebellar o utput is exc lusiv ely or ev en mainly 
dir ected to the thalamus and cer ebr al cor tex: T he dentate pr oj ects to the 
parv oc ellular r ed nuc leus, the r eticular nucleus of the po ntine tegmentum, 
and the i nf er ior oliv e [ pri nci pal (PO)] ; the i nter posi tus pr oj ec ts to the 
magnoc ellular r ed nuc leus, the r etic ular nuc leus of the pontine tegmentum, 
the inf er ior oliv e  [ dor sal acc essory (DAO)] , and the spinal cor d inter ­
mediate gr ey ; the f asti gius proj ec ts to later al and desc ending v estibular 
nuc lei, the n. r etic ular is tegmenti pontis and pr epo situs hy poglossi, the 
r etic ular gr ey of the mi dbr ain, the i nferior oliv e  [ medic al acc essory 
(MAO)] ,  and the co ntr alater al motor neur ons in the spinal c or d  (Asanuma 
et al 1983 d). 

CODING: WHAT DO THE MULTIPLE MAPS IN 
THE CEREBELLUM CONTROL? 

If ther e  is a separ ate body r epr esentatio n  within eac h nuc leus, it seems 
likely that eac h sho uld contro l some diff er ent aspec t of bo dily f unc tio n. 
N ev er theless, suggestio ns v ary as to w hat that may be. 

Parameters, Gain, or Something Else? 

Ho lmes ( 1939 ), in his final analy sis of c er ebellar defic its, had f ac tor ed the 
deficits into po ssible error s of star t, sto p, dir ec tio n, acc eler atio n, v eloc ity, 
and forc e (cf. Bro oks & Thac h 198 1 ). Ev ar ts dev elo ped a tec hnique for 
determ ining w hether eN S neur ons c ode f or phy sic al par ameter s of mov e­
ment at single j oints. The Ev ar ts tec hnique prov ed usef ul in testing the 
hy pothesis of w hether the c ausation of mov ement is a ser ial pr oc ess in 
whic h each par ameter is spec ified one aft er another , eac h  in a diff er ent 
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COORDINATION AND LEARNING 407 

part of th e b rai n (Allen & Tsuk ah ara 19 74, Ecc les 1967). Th e predicti ons 
wer e  th at (a) th e movement c ommand f or i niti ati on of movement was 
generat ed i n  th e mot or c ort ex-d ent at e loop at th e mot or c ort ex or d ent at e; 
(b) th e ongoi ng movement would b e  s er vo-c ont rolled b y  th e i nt er posit us, 
which would c ompare th e c ommand from th e mot or c ort ex and th e feed­
b ack from spi noc ereb ellar path ways and would ex ec ut e th e c orrect ed 
c ommands thr ough i nt er posit us pr ojecti ons b ack t o  th e mot or c ort ex (vi a 
th e th alamus )  and r ubr os pi nal neur ons (Allen & Ts uk ah ara 1974 , Ecc les 
1967 ,  Evarts & Th ach 19 69).  Th e r es ults of th es e  experi ments sh owed i n  

th e ons et of acti vit y of th e diff er ent parts of th e b rai n-d ent at e, mot or 
c ort ex , i nt erposit us- sli ght ti mi ng di fferenc es i n  th e order predict ed. 
N everth eless, just as i mpressi ve was th e near-si mult aneit y of onset s  and 
th e gr eat overlap of d isch arg e  patt er ns (e.g. Th ach 1975 , 1978 ). Moreover, 
th e order of th e ti mi ng di ffer enc es vari es among th e di ffer ent t asks, s ug­
gest ing th at in some inst anc es th e dent at e might b e  th e sit e  of th e movement 
i ni ti ati ng c ommand and i n  oth ers , th e i nt er posi tus (Th ach 19 78) .  This 
questi on was revi ewed rec ent ly (Brooks & Th ach 198 1 ), b ut it i s  i mport ant 
t o  s ummari ze th e evi denc e i n  th e li ght of th e newer evidenc e  and i nt er pret­
ati on th at follows . 

Th e dentate and th e lat eni l c ereb ellar h emis ph ere r ec ei ve i nput vi a pons 
f rom f ront al and pari et al ass oci ati on c ort ex (c f .  Allen et al 1978 , Br od al 
1978 ); th e d ent at e h as b een th ought t o  t rans lat e  ment al perc ept s and 

c onc epts i nt o  acti on plans f or movement (Allen & Ts uk ah ar a  1974, Br ooks 
& Th ach 198 1 ,  Ecc les 19 67 ,  Evarts & Th ach 19 69) .  

In k eepi ng with this noti on, dent at e neur al disch arge was r eport ed t o  
prec ed e  mov ement ons et perf ormed b y  t rai ned monk eys, and even t o  lead 
th e disch arge of mot or c ort ex neurons (L amarre et al 1983, Th ach 19 75, 
1978, b ut see Grimm & R ush mer 1974 ). C orrespondi ngly, dent at e i nac­

ti vati on was f ound t o  delay th e ons et of disch ar ge of mot or c ort ex neur ons 
(Meyer-L oh man et al 1975 , S pid ali eri et al 198 3) as well as th e ons et of 
movement (Meyer-L oh man et al 1977, Th ach 1975, Trouch e & Beaub at on 
1980 ). This findi ng was i nt er pr et ed t o  support th e i dea th at th e d ent at e 
partici pat es i n  i niti ati ng voliti onal movement from th e mot or c ort ex 
(Evart s & Th ach 1969 ,  Brook s  & Th ach 198 1 ). Th e pr ob lem with this 
i nt erpret ati on h as b een th at th e onset of moveme nt is only s li ght ly d elayed 
b y  50 -150 ms ec. Unless th e purpose of th e dent at e  is t o  pr ovi de th at litt le 
extr a s peed of r eac ti on, th e paucit y of th e obs er ved d eficit does not appear 
c ommensurat e  with th e ph ylogenetic ally i nc reasi ng size of th e d ent at e 
nuc leus. 

Di recti on of moveme nt h as b een s een i n  several st udi es t o  c orrelat e  with 
th e di sch arge of dent at e, i nt erposed, and Purki nje neurons (F orti er et al 
1989 , Th ach 19 70 a,b )  and i n  one st ud y  with d ent at e b ut not i nt erpos ed 
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408 THACH, GOODKIN & KEATING 

neu rons (Thac h 1 978 ). In ot her stud ies, in w hic h d ifferent t asks w ere 
performed, litt le (Mac Kay 1 988 a,b) or no (Sc hieber & Thac h 1 985 ) d irec ­
t ion signal w as fou nd in t he d ent at e. Fu rt hermore, even in stud ies in w hic h 
d ent at e d isc harge d id c orrelat e  w it h  mov ement d irect ion (Mink & Thac h  
1 991 a), t he direct ion of t he movement d id not d epend on a d ent at e d irec­
t ion signal: Sudd en inact ivat ion of t he d ent at e du ring performanc e of a 
variety of t asks involving fl exion or ext ension of t he w rist produc ed no 
errors of t hese fl exor and ext ensor d irect ions (Mink & Thach 1 991 b) . 

P at hologic t remor (over 5 d egrees amplitud e, 3- 6 Hz ) has been att ri­
but ed t o  d ent at e ablat ion in a nu mber of animal stud ies (B ott erell & Fu lt on 
1 938 b, B rooks et al 1 97 3, Cooke & Thomas 1 97 6, Gold berger & Growd en 
1 97 3, Vilis & Hore 1 977, 1 980). Ind eed, in all of t hese stud ies, t remor 
appeared t o  be t he salient d efic it. The possibility remains, how ever, t hat 
t he reason f or t he lac k  of great er d efic it in t ask performance in t hese 
stud ies is t hat t he neu rons w ere c ont rolling some proc ess ot her t han t he 
movement s  in the tasks. 

The interpositus receives fast feed back from movement and spinal mot or 
programs vi a variou s spinoc erebellar pat hw ay s  and rec eives input also 
from t he mot or co rt ex via t he pons (c f. B loed el & Cou rville 1 981) .  The 
t heory held t hat t he int erpositu s c ompared t he c ommand for movement 
and t he feed back from t he movement, sensed errors, and correct ed t hem 
qu ickly du ring t he cou rse of t he movement (Allen & Tsu kahara 1 97 4, 
Ecc les 1 967, Evart s  & Thac h 1 969). 

Timing stud ies in t rained, visu ally triggered movement s h ave show n  
t hat t he ord er in w hic h t he int erpositu s be gins t o  fire relat ive t o  t he d ent at e 
and mot or cort ex is last (Thach 1 978 ), but in movement s  t riggered by a 
somat osensory pertu rbat ion of t he part t o  be moved (w rist ), t he int er­
positu s w as first (Thac h 1 978 ). A cru cial observat ion w as mad e  by St rick 
(1 983 ): When t he movement w as mad e  t o  oppose t he pertur bat ion, t he 
int erpositu s led d ent at e; but w hen t he move ment w as mad e  in t he d irect ion 
of t he pertu rbat ion, t he d ent at e led int erpositu s. The int erpositu s t herefore 
led w hen the react ion w as hardw ired, as in t he st ret ch refle x ("hold a 
posit ion d es pit e d isplacement" ); t he d ent at e led w hen t he react ion w as 
c ou nt er-inst inct ive and learned ("go in t he d irect ion y ou are pu shed"). 

In c od ing stud ies, Bu rt on & Onod a (1 977, 1 978 ) and S oecht ing et al 
(1978 )  id entified signals c orrelated w it h  veloc ity and forc e du ring move­
ment s mad e  by c at s. Thac h  (1 978 )  d ocu ment ed forc e and posit ion c or­
relat ions du ring posit ions held by monkey s; but in t he latt er study, cod ing 
w as not absolute .  Add it ions of load i nflu enc ed t he ext ent t o  w hic h t he 
neu rons coded for position or force, as it d id also w it h  t he mu scle elect ro­
my ogram (EMG) (c f. Sc hieber & Thach 1 985 ). Sc hieber & Thac h  (1985 )  
fou nd no paramet er correlat ions in int erposed neu rons du ring smoot h-
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COORDINA nON AND LEARNING 40 9 

pursuit w rist tracking. They no te d a patte rn of incre ased disch arge at the 
beginning of mo vement, regard less o f  the d irec tio n  ( flexo r  o r  extenso r) . 
and re gard le ss o f  lo ad o r  muscle pattern ( inc re asing lo aded flexo rs o r  
d ec reasing lo ad ed extenso rs) u sed to make the mo vement. This " bid i­
rectio nal" d ischarge pattern w as also seen in the d isc harge of Ia spind le 
afferent ne uro ns ( Elble e t  al 1 98 4, Sc hieber & Thach 1 985), and bo th the 
l a' s  and the interpo sed neu ro ns c arried a signal o f  the animal' s ow n tremo r. 
Repeated penetratio ns into the interpo situs inc reased the amplitu de and 
slow ed the frequ ency o f  the tremo r. This result appeared co mpatible w ith 
the suggestio ns o f  Vilis & Ho re (1977 , 1 980 ) that phy sio lo gic al tremo r and 
c erebellar tre mo r  bo th o riginate fro m instability of the stretch reflex. It 
also appe are d  to be co nsistent w ith the theo ry of Mac Kay & Mu rphy 
(197 9) that the pu rpo se of the c erebellu m is to co ntro l  the gain and stability 
o f  dow nstream struc tu res ( Thac h  et aI1 98 6) .  

Since the ga mma loo p  wa s ac tive in E MG-sile nt, shorte ning, o r  
lengthening musc le, it w as inferred that gamma mo to neuro n  d isc harge 
w as present in the absence of alpha mo to ne uro n  disc harge ( alpha-gamma 
d issoc iatio n). This w as d isc ussed as a po ssible me ans o f  reduc ing tremo r 
and small mo vement irregu larities in the "o ne- mu scled" mo vement. 

What pe rhaps is mo re surprising is no t that inte rpo sed and dentate 
neu ro ns sho uld resemble gamma mo to neu ro n-stretc h  refle x loo p  ac tivitie s  
( the two have lo ng bee n know n to be re lated ), but that there sho uld be no 
nuc le ar neur al ac tivity re se mbling that o f  alpha mo to ne uro ns, d espite the 
many prio r papers that have show n the expected lo ad ,  po sitio n, and 
direc tio n  signals in these nuc lei. Was there so mething abou t this task and 
w hat the c erebellu m  co ntri bu tes to mo vement that too k  the alphas ou t 
and lef t thc gammas in? As d iscussed below , w e  believe that the c ritic al 
facto r in thi s task w as that the animals we re trained fo r o ver two y ears 
until all EMG ac tivity o ccurring in the task w as co nfined to the lo ade d 
w rist e xtenso r o r  fle xo r  musc les. The gamma loo p  ac tivity w as no t so 
co nstrained; ind eed , it w as fu lly present in the u nlo ad ed , E MG-silent 
antago nist mu scle , and may have be en present in musc les o ver o ther jo ints 
as we ll. 

H eretofo re ,  the interpo se d nuc leus ( nu clei glo bo se and embo lifo rm in 
man) has had no w ell-ide ntified ablatio n sy nd ro me attached to it. U no et 
al (1973 ) repo rted that loc al coo ling of the inte rpo sed nucleu s did no t 
result in the pro mine nt erro rs o f  rate, range, and fo rc e seen fo llow ing 
d entate coo ling. Interpo situs ablatio n  has sinc e  be en seen to c ause an 
acc entu atio n  o f  de ntate tremo r ( Go ld berger & Growd en 1973 ) .  

Othe rs have emphasiz ed impairment by inte rpo sed ablatio n  of certain 
ty pes of task pe rfo rm ance s, such as co ntact placing ( Amassian e t  al 
1972 a,b , 197 4, Amassia n & Rud ell 1 978 ) and the learned nic titating mem-
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410 THACH, GOODKIN & KEATING 

brane response (Mc Cormic k & T hompson 1 98 4, Yeo et al 198 4) .  T hese 
findi ngs [wit h the observ ati ons abov e  of T hac h  ( 1978 ) and S tric k  ( 1983 ) 
on di sc harge patterns c ompati ble wi th long loop stretc h  refl ex operati on] 
w ould suggest the i nv olv ement of the i nterposi tus i n  the c ontrol of some 
tasks and not others. 

The fastigius has i nputs from the v esti bular c omplex, lateral retic ular 
nuc leus, and (i ndi rec tly )  the spi noc erebellar pathw ay s  (Br od al 1 98 1 , 
J ansen & Brod al 1 940 ). I t  has been assumed t o  c ontrol proxi mal musc u­
lature, or stanc e  and gai t, or both, and h as not been c onsid ered i n  mod els 
of v oluntary c ontrol of li mb mov ement (Allen & T sukahara 197 4, Ecc les 
1 967 ,  Ev arts & T hac h 1 969). 

Fasti gi al si ngle-uni t  rec ordi ngs d uri ng trai ned li mb mov ement i n  mon­
key s  hav e  nev ertheless been reported to c orrelate wi th forc e and i ts ti me 
d eriv ativ es (Bav a  et al 198 3, Bav a  & Gri mm 1 978 ).  T he suggesti on w as 
mad e that the fasti gi us c ontrolled the forc e of mov ement (and the ti me 
d eriv ativ es of forc e) and that the i nterposi tus and d entate c ontrolled pro­
gressiv ely more abstrac t  properti es of mov ement, suc h  as sequenci ng 
(Gri mm & Rushmer 197 4). 

Other si ngle-uni t rec ordi ng studi es i n  the fasti gi al nuc lei of d ec erebrate 
c ats m ad e  to und er go w alki ng and scr atc hi ng mov em en ts h av e  show n  
neural di sc harge c orrelated wi th the mov ements but hav e  found li ttle or 
none i n  the i nterposi tus and d entate, respec tiv ely (Antzi ferova et al 1 980 , 
Arshav sky et al 1 980 ). Fasti gi al ablati on has been show n to i mpai r  stanc e  
and gai t (Botterell & Fulton 1938 a, S prague & Chambers 1953 ; and see 

. beloW) .  T hese observ ati ons w ould be more c onsi stent wi th a role spe­
ci ali zed for c ontrol of stanc e  and gai t. 

Mac K ay ( 1988 a), i n  rec ordi ng from all t hree d eep nuc lei d uri ng vi sual ly 
tri ggered , si ngle-j oi nted elbow mov ements, found li ttle relati on to di stal 
mov ements or mov ement parameters, i nc ludi ng di rec ti on, v eloci ty , forc e, 
and m uscl e  group. Yet sm all diff erenc es i n  timin g serv ed t o  dis ti ngui sh t he 
three nuc lei (d entate fired earli est, i nterposi tus next, and fasti gi us last, i n  
agreement wi th other studi es of Bav a  et al 1 983 , Bav a  & Gri mm 1 978 , 
T hac h 1970 a, 1 978 a). Mac K ay c onc lud ed that " all three nuc lei w ork to 
stabi liz e  the same motor performanc e but at diff erent lev els." In studi es 
of multi j oi nted reac hi ng m ov ements (MacK ay 1 988 b), neuron s tend ed to 
di sc harge maxi mally at lift -off and mi ni mally d uri ng returns to rest and 
d ec elerati ons i n  mid traj ec tory. Agai n, di sc harge appeared related exc lus­
iv ely to pr oxi mal mov ements, and wi th "no observ able relati on to ki ne­
matic parameters." T he ti mi ng sequenc e w as now c hanged , wi th fasti gi us 
firi ng first and i nterposi tus last. Asid e from timin g, there w as nothi ng else 
i n  the di sc harge that di sti ngui shed one nuc leus from another. 

In a rec ent study (K ane et a1 1 988 , 1 98 9, T hac h et aI 1 990 a,b, 1 99 1 ), uni t  
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COORDINATION AND LEARNING 4 11 

act iv ity w as rec ord ed in t he c erebellar nuc lei as t he monkey s  performed fiv e 
trained mo vement s o f  the w rist. T he jo b o f  t he animal w as to flex or ext end 
t he wristto line u p  the cu rso r  within t he t ar get window o n  an o scillo sco pe 
(F igu re 2a) and to maint ain t he al ignment as t he window mo ved . The 
animal s  perfo rmed five tasks d esigned to d isso ciate hy po thet ical fu nctio ns 
of t he nucl ei: (a) J erk, a prompt v isu al tr iggered m ov e; (h ) Jum p, id ent ic al 
t o  t hat above, exc ept requ ired t o  st op w it hin t he v isu al t arget; (c ) P ert , 
retur n to hold po sit io n  af ter pertu rbat io n  by to rqu e st ep; (d ) Ramp, 
t racking o f  visu al t arget; (e) RA M, self-paced rapid ly alternat ing move­
ment s. All t asks w ere performed in tw o d irect io ns, u nd er two load s. The 
earliest c hanges were seen in t he d ent at e on t he J erk and Ju mp t asks. T he 
int erpositu s show ed t he earliest c hanges on t he P ert t ask, and al one show e..I 
modu lat io n  in relat io n  t o  t remor o n  t he Ramp t racking. T he int erpo situ s  

Jerk 

Jump 

Pert 

Ramp 

flEX 
I 
EXTEND 

RAM ��= 

/ 

Figure 2a Two batteries of behavioral tasks. Trained wrist movements are on the left. RT­
reaction time. MT -movement time. RWD-reward. Nontrained multijointed movements 
are on the right. 
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4 12 THACH, GOODKIN & KEATING 

and dentate show ed equ al modu lation on the RAM task. F astigial neur ons 
occ asionally show ed modu lations, bu t w ithou t the tr ial by tr ial or tempor al 
c onsistency seen for the other two nuc lei. T he r esu lts of this u nit disc har ge­
behav ior al c orr elation stu dy w er e  thu s  somew hat similar to those of 
Mac K ay 's ( 1988 a,b). B oth the dentate and inter positu s  seemed to c on­
tr ibu te to some extent to all tasks, bu t at differ ent times and intensities. 
T he f astigiu s  lac ked c onsistent m ov em ent c orr elations, thu s r aising ser iou s 
qu estions abou t w hether it w as taking par t  in these mov ements. 

T o  see whether par ameter s of mov ement or mov ement stability 
depended on the neur al disc har ge w ith whic h it was c orr elated, the differ ent 
nuc lei w er e  inac tiv ated w ith mu sc imol ( tempor ary ) or kainic ac id ( per ­
manent) w hile the pr ofic iency of per for manc e w as monitor ed ( K ane et al 
1988 , 1989 , Thac h et al 1990 , 1992) .  Any impair ment was docu mented 
by c ompar ing the pr e- and post-inj ec tion mov ement tr ac es. S ev er al v ar i­
ables w er e  examined, inc lu ding onset and ter mination times, mov ement 
time, dir ec tion, v eloc ity, amplitu de, tr emor, and EMG patter ns. 

F or the dentate, ther e  w as a slight (47 ms) delay in r eac ti on time on 
Jerks and Jumps only. There was no overshoot of final target position. 
T her e was a tr emor du ring Ramps only; the tremor was tr ansien t, ev en aft er 
per manent k ainate ablation. P er ts and RAMs ( exc ept f or su per imposition 
of tr emor )  wer e nor mal. For the inter positu s, a slight ( 10-20 msec ) delay 
in the r eac tion time on P er ts occurr ed af ter one mu sc imol inj ec tion. A 
tr emor appear ed at the end of Ju mps and P er ts and dur ing Ramps; the 
tr emor per sisted. N o  c onsistent c hange w as seen in fr equ ency , amplitu de, 
or r egu lar ity of r apid alter nating m ov em ents, exc ept the su per imposition 
of tr emor . T he fastigiu s show ed no detec table abnor mality in the per­
for manc e of any of the fiv e tr ained wr ist mov ements. S imilar small delay s  
and irr egu lar ities of v eloc ity and f orc e in single-j oint tr ac king ( B eppu et 
al 198 4, 1987 ) and in isometr ic f orc e ( Mai et al 1988 ) and EMG ( Hallett 
et al 1975) hav e been seen in stu dies in c er ebellar- damaged patients. 

T o  su mmar ize: In no instanc e  did inac tiv ation abolish the task per­
f or manc e; and the inac tiv ation was immediate, bef or e c ompensation c ou ld 
hav e  occurred. I nac tiv ation of the dentate and inter positu s  delay ed the 
onset of task perf or manc es w ith whic h the neur al disc har ge appear ed best 
to c orr elate, bu t the impair ment was of ten so slight as to be ju st bar ely 
detec table. N either w as the c hoic e  of dir ec tion or v eloc ity of mov ement 
impair ed. Th e most c onspicu ou s defic it  was tr emor . T he au thor s c ame to 
sev er al c onc lu sions: 

1. the c er ebellar nuc lei ar e not signific antly r ep on sible f or the gener ation 
of any one of the modes of mov ement in this stu dy ; 

2 .  the c er ebellar nuc lei ar e not signific antly r esponsible f or c ontr ol of any 
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COORDINATION AND LEARNING 413 

of the ph ysica l  move me nt pa ra me te rs u nde rlyi ng these move me nts ,  
e xce pti ng possi bly i ni ti ati on and s tabi li ty; 

3. the ac ti ons of the cere be llar nuc lei may ei ther be res ponsi ble for the 
" fine c ontrol" of a ny a nd a ll move me nt; or 

4. the modes of move me nt th at the cere be llu m re ally c ontr ols were not 
i nc lu de d  i n  this s tu dy. 

The see mingly c ontra dic tory se t of findi ngs ac ross the ma ny s tu dies of 
(a) a g ood c orre lati on of disch ar ge wi th s ome as pec ts of the beh avi or 
(s ome s tu dies ) and (b) li ttle or no de fici t i n  th at beh avi or after ablati on, 
a gai n raises the per ple xi ng ques ti on of wha t  i t  is tha t  the cere be llu m  does . 
G ai n  c ontr ol wou ld see m to be the logic al ans wer . I n  this mode l, the r ole 
of the cere be llu m wou ld be th rou gh tonic discha rge sim ply to mai ntai n 
the a djus tme nt of downs trea m s truc tu res -tha la mus a nd motor c orte x, 
re d, re ticu lar ,  ves ti bu lar nuc lei ,  and s pi nal c or d- which i n  tur n are direc tly 
res pons ible f or the initia tion a nd e xecut ion of move me nt . Ne ve rthe less , 
this i de a  is i ntu iti ve ly u ns atisf yi ng . Wh y sh ou ld there be s o  e labor ate an 
ap par atus f or s o  tri vi al a pur pose? Engi neers acc omplish the s ame tas k  
wi th t ri mpots, ti ny si mple pote nti ome te rs, which ve ry accu ra te ly bias a nd 
ba la nce hi gh perf or ma nce a mpli fie rs . Is there s ome other ki nd of beh avi or 
we are missi ng? 

One i dea is tha t  the beh avi or is pure ly me nta l, a nd tha t  we miss i t  i n  
ani mal s tu dies and i n  the r ou ti ne cere be llar neur ological e xami nati on 
bec ause we c annot or do not look f or i t. Time and s pace do not per mi t 
re vie w of this bu rge oni ng body of ma te ria l, h owe ve r. As the ques t f or 
wha t-i t-is -the -ce re be llu m-does th rea te ns to vee r  a wa y  f rom move me nt a nd 
towar d  mi nd, it is usef ul to c onsi der ag ai n an old ques ti on: 

DOES THE CEREBELLUM PREFERENTIALLY 
CONTROL THE COORDINATION OF 
MULTIJOINTED MOVEMENTS? 

The Multijoint Coordination Model Versus the Single-joint 
M adulator Model 
It is wi de ly he ld tha t  the cere be llu m c oordi na tes move me nt. This i dea is 
not a ne w one; i ts f ou ndati on da tes back to 1824 whe n  F loure ns c onc lu de d, 
f ollowi ng cere be lla r  a blations i n  the pi ge on, "the will, the se nses , the 
perce pti on re mai ne d, bu t the c oor di nati on of move me nt, the abi li ty f or 
c ontr olle d  and de ter mi ne d  move me nt, was los t" (F loure ns 1824) .  

Babi ns ki ( 1899 , 1906 ) su pporte d  this i dea in his obse rva ti ons a nd i nfe r­
e nces fr om a pa tie nt wh o, whe n  i ns truc te d  to poi nt his toe a t  a targe t 
a bove his su pi ne body, firs t fle xe d the hi p, a nd only after ex te nde d  the 
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414 THACH, GOODKIN & KEATING 

knee . Te rmed " asy ne rgia," the de fi cit als o implied of ability to coord inate 
the two joints s imu ltane ous ly to the pu rpose of the tas k. The obser vation 
of dec ompos ition of move me nt in patie nts with cerebe llar defic its led 
Babins ki to the s ame conc lus ion that one of the pr imar y fu nc tions of the 
ce re be llu m  is to link toge the r the cons titue nt, s imple r  moveme nts that 
make u p  vol itional, compou nd move me nts (Babins ki 1899 , 190 6). 

Bu t the ide a  that the ce re be llu m plays a s pec ific combining role in the 
c oord ination of move me nt has not gained u nivers al acce ptance , es pec ially 
in the E nglis h-s pe ak ing nations . One of its e ar lies t  oppone nts was none 
othe r  than the ce le br ate d Br itis h neu rologis t, J ohn Hu ghlings J acks on. 
Jac ks on wrote, "It will not, at all e ve nts ,  suffi ce to s pe ak of coordination 
as a se par ate ' facu lty .' Coord ination is the fu nction of the whole and e ve ry 
par t  of the ner vous s ys te m" (Jac ks on 1870 , as c ited in Tay lor 19 32 ). 

Lu ciani (191 5) was e ve n  more ex plic it. After having descr ibed a var ie ty 
of move me nt abnor malities produce d by cere be llar ablation, he pr opose d 
that all c ou ld be ex plaine d  by three primary de ficits: atonia, as tas ia, and 
as the nia. The fu nction of the ce re be llu m, he conclude d, was to exe rt a 
su pportive influe nce on the res t  of the ner vous s ys te m, whic h was necess ar y  
for its fine adjus tme nts (c f. Mac K ay & Mu rphy 1979 ). U pon obser ving 
that a dog with half of its cere be llu m re moved was s til l capab le of s wim­
ming " with pe rfec t c oordination," Luc iani dis misse d F1u ore ns' the ory (of 
the cere be llu m as be ing the se at of and necess ary for c oordination) as 
be ing " a  fictitious e ntity ,  obscu re , imper fe ct, and u ninte lligible." Fu rther , 
that it " opens a false tr ack to su bse que nt worke rs and has bec ome a se rious 
obs tacle to ad vance in the phys iology of the ce re be llu m." 

Ye t, it is interes ting to note that Luc iani's c ritic is m  of c oordination 
c omes bu t one page after the following s tate me nt: " whe n  s tanding and 
walk ing, the ce re be llu m inter ve nes less as an organ for preser ving equ i­
librium than as an organ which re gu lates tone and contr action of mus cles 
to the r ight ex te nt and in the proper c ombination." 

Luc iani's reduc tionis t approac h  gre atly influe nced anothe r  Britis h ne ur­
ologis t, Gor don Holmes . A tr ibu te to Luc iani c onc lu des the final inter pre ­
tation (Holmes 19 39 )  of his own me ticu lous s tu dies of acu te cere be llar 
injury of man pe rforme d dur ing WWI (Holmes 19 1 7, 1922). F ollowi ng 
ce re be llar inju ry , Holmes had note d  that s imple move me nts ,  those that 
occur in one d irec tion and at one joint, cou ld be dis tur bed in r ate , 
re gu lar ity ,  and force . In the las t  paragr aph that he wr ote on the subjec t, 
he e nds: " In his c lass ic al c ontr ibu tions to the phys iology of the cerebe llu m  
Luc iani descr ibe d  as the three s ymptoms of cere be llar de fec t: atonia, 
as tas ia, and as the nia. These three sy mptoms occu r  in man as a resu lt of 
acu te ce re be llar les ions and by the m  the irre gu lar ities of move me nt whic h  
c ons titu te ce re be llar atax ia c an be fu lly ex plained" (Holmes 19 39 ) .  
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COORDINATION AND LEARNING 415 

As for th e irr egu lari ti es obser ved in mu ltijoin t mov emen ts, Holmes 
c onc luded tha t th ey wer e  th e r esu lt of the err or s i n  th e c onsti tu ent si ngle 
j oin t movemen ts, c ombini ng "a s i t  wer e in geometr ic pr ogr esi on so tha t  
th e err or of th e wh ole movemen t  i s  r ela ti vely gr ea ter than the su m of i ts 
par ts" (Holmes 1939). He pr eferr ed to ex plain d ec omposi ti on of movement 
n ot a s  a pri mar y d ef ec t  in c ombinin g movemen ts, bu t ra th er a s  cau sed by 
th e d ela y  i n  i ni tia ti on a nd th e exc essi ve ra nge of movement of a ny one a nd 
a ll of th e c ompon en t movements r ela ti ve to each oth er , a nd to d efec ti ve 
postura l fixa ti on (Holmes 1939). Yet, Holmes pr ovid ed no da ta on si ng le 
join t-mu ltijoin t movem en t c om pari sons . I nd eed ,  he presen ted som e  evi ­
d enc e a gain st th e h ypoth esi s: "I ha ve studi ed th e r ela ti on s  of such si mple 
syn er gi es a s  exten si on of th e wri st on fl exi on of th e finger s, bu t th ou gh 
traci ngs sh ow tha t  wh en th e finger s sudd enly c lose wri st ex ten si on i s  less 
r egu lar than nor ma l, thi s  d oes n ot a ppear to be an i mpor tant elemen t or 
speci fic fac tor of 'c erebella r a taxia'" (Holmes 1939). Is i t  possi ble tha t  
Holmes' elegan t in ter pr eta ti on s  overca me hi s own evid enc e? 

Wha tever th e ca se, th e ar gu men t  of Jack son , Lucia ni ,  a nd Holmes 
c lear ly a sser ts tha t  th e c er ebellu m  ex er ts c ontr ol pri mari ly over th e si ngle 
joi nt ha s d omina ted ph ysi ology. And becau se oth er motor c omponents, 
like th e pyra mida l system, even mor e  c onspicu ou sly c ontr ol single j oints 
(La wr enc e & Ku yper s  1968, Schi eber 1988 ), th e r ole of th e u pstr ea m  
c er ebellu m  ha s in evi ta bly been r elega ted to tha t of " modu la ti on" of i ts 
d own str ea m ini tia tor s  and gen era tor s. Thu s, Holmes (1939 )  sta ted: "Th e  
c onc lu si ons ca n be dra wn tha t, i n  addi ti on to r egu la ti ng postura l tone, th e 
c er ebellu m  r einf orc es or tun es u p  th e c er ebra l  motor a ppara tu s, inc ludi ng 
su bc or tica l struc tur es wi th motor func ti ons, so tha t  th ey r espond pr omptly 
to volitiona l  stimu li  a nd th e impu lses fr om th em which exc ite mu scu lar 
c on trac ti ons ar e pr oper ly grad ed ." And , Denn y-Br own (1968 ) sta ted: "Th e  
c er ebellu m  i s  n ot essen tia l to a ny of th ese [ pyra mida l a nd] extra pyra mida l 
mechani sms, bu t i t  exer ts a modu la ti ng eff ec t on a ll of th em . . . .  Th e 
c er ebellu m  r egu la tes th e ga mma di schar ge a ssocia ted with a ll motor 
r esponses, bu t i ts modu la tin g  effec t  i s  sti ll pr esent in movemen ts i ni tia ted 
by dir ec t  a lpha dri ve i n  a d eaff er ented li mb." Th e sta temen ts for eshad ow 
th e im porta nt work of Gi lman on th e c er ebellar c on tr ol of ga mma motor 
n eur ona l  di schar ge in h ypotonia (Gi lman 1969) and of i ts ind epend ent 
c ontr ol of a lpha r ou tes i n  a ta xia (Gi lman et a l  1976 , c f. a lso Gra ni t  et a l  
1955 ). Th e sta temen ts ar e c ompa ti ble wi th th e mod ern empha si s on pri ­
mar y c er ebellar r oles i n  sta bi lity c ontr ol a nd tr emor (Elblc et a l  198 4, 
Gla ser & Higgin s 1966 , Hena tsch 1967 , Ma tth ews 198 I, Schi eb er & Thach 
1985 , Vi li s & Hor e 1977 ).  Th ey poi nt toward th e r eflex gain c on tr ol 
(Mac Ka y & Mur ph y 1979) a nd sta bi li ty c on tr ol (Thach et a11986 ) th eori es 
of toda y. 
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416 THACH, GOODKIN & KEATING 

We ha ve pr evi ous ly in ter pr et ed th e dra matic c orr elati on of in ter posit us 
ne ur al disc har ge with tre mor and the pr oducti on of tr emor by i nt er pos ed 
inac tivation to s uppor t  the ar gume nt f or gain c ontr ol (Elble e t  al 
1 984 , Thac h e t  a1 1 98 6) as ha ve oth ers befor e us (Glas er & Higgins 1 966, 
Henatsch 19 67 ). Th e ar gu ment ru ns tha t, becaus e osci llati on is a pr oblem 
inh er ent in th e mechanica l-r efl ex des ign of th e mot or syst em, th e c er e­
bellu m  or oth er c omponent of that syst em may ha ve evolved as a s pecific 
s olution to the pr oble m: to ac tivcly da mp the osc illation. The s ame pr ob­
le m of osci llati on occurs i n  mechanica l an d electrica l syst ems, an d th e 
s oluti on of acti ve dam pi ng is a dopt ed in both: on e us es dash pots , an d 
th e oth er us es r esist ors. If it is c onc eded that th e c er ebellu m  may da mp 
osci llati on, the ques tion re mains as to the mec hanis m: whe ther at the 
le ve l of se gme ntal s tre tc h  re fle xes via gamma motor ne ur on modulation 
(G ilman 1 969), or i n  a long loop at th e level of mot or c or tex (Vi lis & 
Hor e  1 977, 1 980 ), or both. Th is mecha nis m st ill s eems plaus ible becaus e 
c er ebellar units often ha ve a ppear ed t o  r elat e  poor ly or n ot at a ll t o  th e 
vari ous para met ers of th e tas k that th e EMG an d a lpha mot or n eur ons 
re late to; cere be llar units under cer tain c onditions have re late d  ver y  
s peci fica lly t o  ac ti viti es of th e gamma -r efl ex loop; c er ebellar a bla ti on has 
mai nly give n ris e t o  i nsta bi lity a nd tr emor, with litt le or no eff ect on oth er 
as pects of c ertain tas k per for manc es; a nd c er ebellar out put is t onica lly 
acti ve a nd, th er efor e, a pri ori in flu enc es th e s ensiti vity of downstr ea m 
tar gets to oth er in puts . 

But does th e c er ebellu m  on ly c ontr ol th e gain an d sta bi lity of down ­
str ea m  elements? Des pit e  th e physi ologist 's acc epta nc e  of the s ingle j oint 
hypothes is , many ne ur ologis ts s till inf er fr om c linic al obser vation that the 
functi on of th e c er ebellu m  is pr efer entia lly c onc ern ed with c ompoun d 
mu ltij oint ed movement, a nd that th e loss of this fu nc ti on is th e maj or 
sy mptom of c er ebellar da ma ge (Ron dot et a l  1 97 9) .  Even Dow (1987 )  i n  
atte mpting to s ummar ize H olmes' descr iption of cere be llar de fic its s tates , 
" whe n  move me nts involve two or more j oints ac ting s ync hr onous ly or 
s imultane ous ly, the dis or ders are more than the s um of e ach of its par ts ." 
This a ppar ent ly a mounts t o  a c linica l i ntuiti ve feelin g tha t th e parts , that 
is , th e defic its at si ng le j oi nts , do not a dd u p  t o  th e wh ole, that is , th e 
defic it in c ompou nd move me nts .  Ye t no one has re ally a dded u p  th e par ts 
to see whe ther the whole e xcee ds the s um or not. 

S ome oth er su ggesti ons of a c er ebellar mecha nis m for c oor di nati on can 
be foun d within th e lit eratur e. Nash ner has sh own that i n  r es pons e  t o  
for war d or bac kwar d  plat for m trans lati on, which pr oduc es pri mari ly 
r otati on of th e body ar ou nd th e an kle j oi nt ,  th e nor ma l  su bj ect c om­
pensat es with a pr epr ogra mmed, fix ed syn er gic patt ern of ra pi d  muscu lar 
c ontracti ons i nvolvin g n ot only th e musc les of th e ankle , but hi p and 
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COORDINATION AND LEARNING 417 

knee a s  well. I n  a study of pa tients with c er ebellar disea ses, pr imar ily 
degenera tive disea ses of th e c er ebellar c or tex, Na sh ner & Gr imm (1978 ) 
r epor ted a bnor ma lities in th e syner gic r esponse to per tur ba tion. Th er e 
wer e gr oss dela ys between nor ma lly linked pa ir s of musc les a nd tr ia ls in 
wh ich th er e wa s a c omplete a bsenc e of r esponse in some muscles, a s  if th e 
mechanism tha t  c oor dina ted th is gr oup of postura l musc les dur ing sta nc e  
wer e lost. 

Elec tr ica l  stimula tion of th e ba boon's denta te nuc leus pr oduc ed two 
distinc t  types of movem ent: "simple" a nd "c omplex" movements (Rispa l­
Pa del et a l  1982 , 1983). S imple movements c onsisted of th e unidir ec tiona l  dis­
plac ement of a limb segment ar ound a single j oint with th e c oc ontrac tion 
of musc les ar ound a near by j oint. Th us, f or simple movements, th e denta te 
signa l  a ppear ed to carr y inf or ma tion not only of wh ich limb segment to 
move but a lso th e postura l fixa tion nec essar y f or tha t  movement to occ ur . 
C omplex movements involved th e displac ement of t wo or thr ee j oints, 
usua lly nonc ontiguous. Th ese movements wer e ster eotyped a nd indis­
soc ia ble. Both types of movements c ould be th e r esult of c er ebellar c ontr ol 
of musc le sy ner gies. 

At th is point, th e question sh ould be sta ted pr ec isely: Does th e c er e­
bellum independently c ontr ol th e musc les tha t  opera te each j oint, or does 
it ha ve a spec ific r ole a nd mecha nism f or c ombining th e ma ny musc les 
tha t  opera te ma ny j oints in a multij oint movement? Alth ough ma ny studies 
ha ve r ec or ded units or a bla ted dur ing single-j oint ta sks, a nd ma ny oth er 
studies ha ve r ec or ded or a bla ted dur ing multij oint ta sks, we ha ve f ound 
no study tha t  ha s both r ec or ded a nd a bla tcd dur ing both single-j oint a nd 
multijoint ta sk s. Indeed, only thr ee studies eith er r ec or d  or a bla te dur ing 
both single-joint a nd multijoint ta sks. Th e r esults of th ese ar e inter esting: 

Va n Ka n et a l  (198 6) r epor ted in a publish ed a bstrac t  tha t  inter positus 
c ells, wh ich r esponded well to fr ee-f or m r each ing, did not c orr ela te a s  well 
to movements a bout a spec ific j oint. 

Yet, Harv ey et a l  (1979 )  r ec or ded th e ac tivity of 129 r ela ted single units 
in th e denta te a nd inter positus nuc leus dur ing a wh ole arm r each ing ta sk. 
Th ey a ttempted to demonstra te r ela tion of th ese units to a spec ific j oint 
involved in r eac hi ng thr ough " gentle ma nua l  r estra int" of specific j oints 
to r educ e  th e ta sk to tha t  of a single j oint. F or 50 of th e 129 neur ons 
(38,7 6% ), th er e wa s a n  a ssoc ia tion with movements a bout a par tic ular 
j oint (wr ist, elbow, or sh oulder ) or wh ole ha nd finger fl exion or extension. 

Kane et al (1988 , 1989) a nd Thach et a l  (1990 , 1992) studied th e effec t of 
nuc lear inac tiva tion acr oss nuc lei on th e perf or ma nc e of five tra ined single­
j oint ta sks, a nd, in th e sa me a nimal s in th e sa me sessions, on th e per ­
f or ma nc e  of five untra ined ta sks. Th e untra ined ac tivities c onsisted of 
sitting, sta nding, wa lking, r each ing out f or bits of f ood, a nd pic king sma ll 
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418 THACH, GOODKIN & KEATING 

bits of f ood out of dee p narr ow f ood we lls with a precisi on pi nch of the 
fi ngers . St ance ,  sitti ng ,  and walki ng were e valu ated i mmedi ate ly after the 
ani mal was re le ased fr om the pri mate ch air i n  which the i njecti on h ad bee n  
stere ot axic ally de livered. Re achi ng i nvolved c oordi nated move me nt of 
sh ou lder and e lbow; re achi ng was perf or med wh ile sitt ing and st and ing 
on the floor , and whi le sitt ing in the pri mate ch air . The pre cis ion pinch 
t as k  re quired coord inated move me nts of the h and and fingers , i ncludi ng 
the pi nch per se of thu mb and f ore finger and "te a-cu p" posturi ngs of 
the other digits t o  kee p  the m out of the way of the edges of the f ood 
we ll. Move me nts were movie -fi lmed or vide o-t aped and gr aphi cally 
re constru cted . 

Each nu cle ar i nacti vati on pr oduced an i ncapacit ati ng i mp air me nt of 
bodi ly move me nt . But f or e ach nuc leus, the t ype of de ficit was u ni que ly 
di ffere nt (Figure 2 b) .  F astigi al i nacti vati on pre ve nted sitti ng ,  st andi ng , 
and walki ng , with fre que nt f alls t o  the side of the lesi on. Inter posed 
i nacti vati on c aused a se vere acti on tre mor of 3-5 Hz duri ng re achi ng, but 
not duri ng sitti ng , st andi ng ,  or walki ng . De nt ate i nacti vati on c aused excess 
angu lati on of sh ou lder and e lbow i n  re achi ng, which resu lted i n  oversh oot 
of the t arget , and an i ncre ased use of si ng le -dig it str ategies in atte mpti ng 

F I 

Figure 2b Major deficits produced by micro-injection of muscimol and kainic across the 
tasks. F represents sitting and stance after each of two fastigial muscimol injections. The 
figures represent sequential video frames in the course of falling that was caused by an 
ipsilateral muscimol injection. I represents arm position during reaching after interposi­
tus injection of muscimol. D-deficits in reaching and pinching after dentate injection of 
muscimol. 
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COORDINATION AND LEARNING 419 

t o  pinch a nd pic k  up food mor se ls, fr om wh ich we inferre d a n  inc oor dina ­
tion of c ompound finger movements. The de fic its wer e  qua litat ive ly mor e  
se vere tha n  a ny de fic its see n in the simple, single -jointe d  wr ist move me nts. 
Our inter pre ta tion wa s a nd is tha t  nuc lear dischar ge would ha ve bee n  
pr imar ily c oncer ne d with th is la st ba tter y of ta sks, a nd not with the fir st. 

To summar ize th e st udies that ha ve spec ifica lly a ddr essed th e quest ion 
of mult ijoint ver sus single -joint c ontr ol, one unit rec or ding study se emed 
t o  fa vor the multijoint c ontr ol, wherea s th e sec ond seemed t o  a ssure that 
single -j oint c ontr ol occ ur s. The a bla tion study c lear ly fa vore d multijoint 
c ontr ol over single-j oint c ontr ol, in a ddition to pr oposing the discret e 
c ontr ol of differ ent ta sk modes for each of the nuc lei. 

Bott ere ll & F ult on ( l938a,b) ha d pr eviously not ed that midline lesions, 
whe th er th e fa sti gia l nuc lei wer e i nvolve d  or not, ga ve r ise unique ly to 
di ffic ultie s in sta nce a nd ga it. Th e a nima ls c ould not sta nd up a ga inst 
gra vity; if the le sions were unila tera l, the y  fe ll to the side of the le sion. The 
e sse ntia l a bn or ma lity wa s of much of the body musc ula ture , but a s  use d  
only in sta nc e  a nd ga it : Th e midline r epre sentat ion wa s, th er efor e, of th e 
wh ole body, but only for c irc umscr ibe d  funct ions. Lesions of th e latera l 
h emisph er es (with or with out de ntat e involve ment) a nd th e ensuing 
beha viora l de fic its for me d the c or ollar y: Ma ny musc le s  of the body were 
a ga in involved, but for a n  e ntire ly differe nt set of ta sks. Anima ls over sh ot 
the mar k whe n  reach ing for a n  objec t, a nd sh owe d "c lumsiness" whe n 
ma nipulat in g sma ll objec ts. Wh en r unning h ea dlong down th e hallwa y, 
the y would often bump int o  the wa ll, una ble t o  st op i n  t ime (vision wa s 
th ought t o  be nor ma l) .  

Thc sc obser va ti ons were c onfir me d a nd extended by Cha mber s  a nd 
S pra gue in cat s with e lec tr olyt ic lesions st er eota xica lly plac ed with in th e 
nuc lei. With fa stigia l lesions (S pra gue & Cha mber s 195 3), th e a nima l  fell 
towar d th e side of the lesi on. Anteri or fa sti gia l le si ons ca use d  th e i psilatera l 
h indli mb to flex a nd the opposi te t o  e xt end; poster ior fa sti gia l le sions 
a ffect ed the fore li mb more, th ough the a ttit ude (fle xi on or e xte nsion) wa s 
var ia ble. Reach ing a nd c limbing wer e nor ma l. I n  la tera l he misphere le sions 
(Cha mber s & S pra gue 1955a ,b), sta nce a nd ga it were rela tive ly nor ma l, 
but r each ing over sh ot a nd pa wing movement s wer e "c lumsy." 

What Is Different and What Is Common Across All 
Nuclei? M Olor Modes and Movement Coordination 

What did the ra ther mar ked cha nge s  in ne ura l dischar ge re la te t o  in a ll 
the single -joint move me nt studie s, if it did not "ge nera te" the m? We be lie ve 
tha t  th e obs er va ti on tha t  single units dischar ge dur ing ta sks tha t are not 
impaire d  by the inac tiva tion of th ose ne ur ons must mea n  that the ne ur ons 
were indee d doing someth ing other tha n c on tr olling the monitore d a spec ts 
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420 THACH, GOODKIN & KEATING 

of th e t ask perf or manc e. We h ave poi nt ed out els ewh er e ( Mi nk & Th ach 
1 991 a,b) th at unit firi ng may c orr elat e  with par amet ers of movement and 
yet not c ontr ol th em: The i nacti vati on of t hos e units does not i mpair 
t hos e par amet ers . The less on: C orrelati on does not mean c aus ati on. The 
monk eys wer e tr ai ned t o  per for m movements of th e wrist ,  and th ey di d 
s o. As we have oft en c omment ed ( Mi nk & Th ac h 1 991 a, Schi eber & Thac h  
1 985, Thac h  1 968 ,  1 970 a, 1 978 ), h owever , monk eys us ually move many 
musc les oth er th an th os e  mi nimally nec ess ar y  t o  oper at e th e wrist j oi nt .  
Si nc e  after nuc lear lesi on t he wrist j oi nt movements wer e  t hems elves s o  
litt le i mpair ed, and t he multij oi nt movements s o  badly i mpair ed, we c on­
c lude th at th e unit acti vit y may h ave been bett er c orr elat ed with ( and 
h elpi ng t o  c aus e) th e c overt multij oi nt movements . 

Wh at is t he meani ng, if any, of t he s li ght ablati on deficits on perf or manc e  
of t he si ngle-j oi nt t asks , and how do t hey r elat e  t o  th e multij oi nt r es ults ?  
Common t o  t he si ngle j oi nt t asks and th e multij oi nt t asks is t he mode i n  
which th ey wer e made. We s uggest th at J erk , J ump, and Ramp h ave a lot 
i n  c ommon with Reach and Pi nch: Th ey ar e all vis ually tri gger ed or gui ded 
h and and/ or li mb movements . Th ey ar e "voliti onal" movements: Th ey ar e 
tr ai ned and/ or t hought about befor e t hey ar e made. They pr obably r equir e 
pr oc essi ng i n  t he occi pit al and pari et al c ortic es ,  wit h  i nfor mati on s ent t o  
t he dent at e over c er ebr o-pont o-c er ebellar pat hways . Dent at e c ells fir e ear ly 
i n  r elati on t o  t he si ngle-j oi nt per formanc es; dent at e i nacti vati on i mpairs 
ons ets of both th e si ngle- and t he multij oi nt per for manc es . One s hould 
poi nt out t hat i n  t he vis ually gui ded si ngle-j oi nt movement (R amp), t he 
eye and t he wrist ar e moved c oor di nat ely. Dent at e i nacti vati on is k nown 
t o  i mpair eye-hand c oor di nati on (Verc her & G aut hi er 1 988 ),  wh er eas 
si ngle movements ar e only s li ght ly delayed. 

What would be t he "mode" of oper ati on of t he i nt er posit us? I f, as for 
th e dent at e, we t ak e  t his mode t o  be lar gely det er mi ned by t he t ype and 
s ourc e  of i nput, th e s pi noc er ebellar , vis ual, and audit or y  i nputs s uggest 
behavi ors for whic h fast i nput and feeback i nfor mati on fr om t he part t o  
be c ontr olled is us ed t o  tri gger movement of t he part . Examples ar e t he 
long-loop refl ex, c ont act placi ng, and visi on and auditi on t o  c ontr ol t he 
lear ned bli nk r efl ex (Mc Cor mick & Th omps on 1 984 , Yeo et al 1 984)  
and ac oustic st art le r es pons es ( Leat on & S upple 1 98 6, Morti mer 1 973), 
r es pecti vely. The mode would be " refl ex es ." The questi on r emai ns as t o  
how much of t hes e  ar e i n  t he c er ebellum and how much i n  th e br ai nst em 
and s pi nal c or d  (c f. Bloedel & K elly 1 988 ) .  

Pr evi ous unit -r ec or di ng si ngle-j oi nt st udi es (St rick 1983 , Thac h 1 978 ) 
sh ow th at t he i nt er posit us r es ponds at critic ally sh ort lat enci es t o  per ­
t ur bati on fr om a holdi ng positi on. If t he "f uncti onal str etc h r efl ex" per se 
wer e  fully r out ed t hr ough t he i nt erposit us , one mi ght expect an i mpair ment 
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COORDINATION AND LEARNING 421 

of i ts perf or mance by i nterp osed i nac tivati on. This res ult w as obtai ned i n  
one i njecti on only (Thac h  et aI1990 a,b); one w onders w het her t he f uncti on 
of the i nterp osi tus is bes t tes ted by t he si ngle -joi nt, musc le -loaded t as k. 
B ut t he c ont act -p laci ng re acti on als o c onsists of a c oordin ated acti on of a 
li mb tri ggered by a s omatose ns or y s ti mulus de li vered t o  t he li mb. Ablati on 
st udies of Amassi an (Amassi an e t  al 1972 a,b, 1974 , Am assi an & R ude ll 
1978 ) have s ugges ted that this ac ti on is s ubser ved by the i nterp osed nuc le ar 
c ontr ol of t halamic pr ojecti ons ont o  t he cere br al m ot or c ortex. 

Are i nterp osi tus defici ts als o  d ue to i nc oordi nati on of numbers of musc le 
gr oups? S mit h and c olle agues (Fr ysi nger e t  a11984 , S mit h & Bour bonnais 
1981 , We tts e t  a11985 ) have specific ally s ugges ted fr om their ow n d at a  t hat 
t he cere be llar c orte x over lyi ng the i nterp osed nuc le us c aus ally deter mi nes 
w het her t he fle xor and e xte ns or musc les acti ng at t he wrist are recipr oc ally 
acti ve (as i n  fle xi on and e xte nsi on move me nts at t he wrist ) or c oacti ve (as 
in the co-contraction that fixes the wrist when the fingers are used in a 

precisi on pi nc h). The pr op osed mec hanis m is si mp le: Whe n  t he P ur ki nje 
ce lls tur n off , the nuc le ar ce lls and t he agonist and ant agonist musc les at 
the wris t t ur n  on. If this i nterpre tati on is c orrect, the i nterp osi tus w ould 
p lay a r ole i n  c oordi nati ng opp osi ng musc les at a joi nt r ather than s yner gist 
musc les acr oss joi nts. 

I n  t he si ngle -joi nt e xperime nts of Schie ber & Thac h (1985 ), K ane et al (1988 ), 
a nd Thac h  e t  al (1990 , 1992 ), loads app lied altern ate ly t o  e xte ns ors and 
t o  fle xors alw ays deter mi ned t hat mai nly one of an ant agonis t p air of 
musc les w as ac ti ve . Wi th over trai ni ng i n  the Sc hie ber e xperime nt to the 
p oint t hat n o  ot her musc le activit y w as see n, not one i nterp osed or de nt ate 
ne ur on fired i n  re lati on t o  t he p ar ame ters that did e ngage the mot or c orte x 
and EMG. We t hus c onc lude t hat t he cere be llum w as not c oncer ned wit h 
alp ha motone ur ons i n  this "si ngle qmsc le gr oup" move me nt. N uc le ar 
i nac ti vati on c aused trem or e ven in t he si ngle joi nt move me nts: t his may 
have bee n  t he res ult of i nac ti vati ng t he gamma loop s yste m, as ori gi n­
ally s uggested . These s tudies t heref ore did not test t he mode l of S mit h 
and c olle agues , w hic h i n  esse nce de als wi th the c oordi nati on of agon­
ist and ant agonist t hr ough t he r ange of recipr oc al c ontr acti on t o  f ull 
c oc ontr ac ti on. 

What about t he f asti gi us? That f as ti gi al i nacti vati on i mp airs st ance and 
gait is c onsiste nt wit h e ar lier obser vati ons (Bottere ll & F ult on 1938 a, 
Spr ague & Chambers 1953 ) and wit h t he si ngle -unit rec ordi ng st udies 
(Antzifer ova e t  al 1980 ) t hat s how unit acti vi ty in t he f as ti gi al nuc le us 
d urin g ficti ve scr atc hi ng and w alki ng, wi th re lati ve ly li tt le i n  t he i nter ­
p osi tus and none i n  de nt atus, respecti ve ly (Ars havs ky et al 1980 ), d uri ng 
t hese acti vities. T he y  are als o c onsiste nt wi th Anderss on & Ar ms tr ong's 
(1987) obser vati on of P ur ki nje ce ll acti vit y rel ated t o  w alki ng (and its 
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422 THACH, GOODKIN & KEATING 

ad aptati on) i n  the cere bell ar ver mis. Thus, the fas ti gi us is c oncer ned wi th 
a mode of ac ti vi ty-s tance and gai t-that dis ti nguis hes i t  fr om the i nter ­
posi tus and de ntate. 

Si nce the ac ts of w al ki ng (and scr atchi ng) are by thcir ver y  nature 
c oordi nated mul tij oi nt tas ks ,  w hat the cere bell um adds to their c ontr ol is 
not clear from these s tudies. That the esse nti al pr ogr am gener ators for 
these move me nts and e ve n  s ome me as ure of their ad aptabili ty lie i n  the 
br ai ns te m  and s pi nal c ord is know n  (Ars havs ky e t  al 1972 a, b, Bl oedel & 
Kell y 1988 ). What the ce re bell um adds is therefore pres umabl y s uper ­
i mposed upon these fund ame ntal motor s yner gies. K nowi ng the mag­
ni tude and range of this c ontr ol may de pe nd on e xperi me ntal s tr ate gies of 
the type i n  w hic h Ar ms trong & Bl oedel are e ngaged that all ow more 
varie ty of al ter ati on of gai t. 

A NEURAL NETWORK MECHANISM FOR 
MOVEMENT COORDINATION ... 

Parallel Fibers, Purkinje Cell Beams, and Coordination 
of Linked Nuclear Cells 

One of L uci ani's objec ti ons to a cere bell ar r ole i n  c oordi nati on w as that 
he s aw no s peci al fe ature i n  i ts s tr uc ture t hat s ugges ted s uc h  a func ti on. 
One mus t  re me mber that this view s omew hat preceded the disc overies of 
Ramon y Cajal on the arc hi tec ture of the cere bell ar c or te x. Is the si tuati on 
s till the s ame tod ay? 

The s tudies re viewed here s how a s omatopic re prese ntati on of the bod y  
wi thi n  e ac h  of the three cere bell ar nuclei (Fi gure 3). I n  e ac h  re prese ntati on, 
the mappi ng is of the c aud o-r os tr al di me nsi on of the bod y  onto the s agi ttal 
dime nsi on of the nucle us . The hi ndli mbs are re prese nted anteri orl y, the 
he ad (at le as t  for the de ntate and i nter posed nuclei ) pos teri orl y; dis tal 
par ts are medi al, pr oxi mal par ts l ater al . This. orie ntati on w ould s ugges t 
that the myotomes, r unni ng or thogonal to the l ong axis of the bod y, 
run pri maril y i n  the c oronal di me nsi on and thus roughl y parallel to the 
tr ajec tor y  of the par allel fi bers . Si nce the par allel fibers are c onnec ted to 
the nucle ar cells by P ur ki nje cells. a c or onal "be am" of par allel fibers w ould 
c ontr ol thr ough i nhi bi tor y  mod ul ati on the nucle ar cells that in flue nce the 
s yner gis tic muscles i n  the myotome .  The par allel fi ber i n  this w ay w ould 
be a si ngle ne ur al ele me nt s panni ng and c oordi nati ng the ac ti vi ties of 
mul ti ple s yner gic muscles and joi nts. 

HOW LONG IS THE PARALLEL FIBER? I n  the above model, i t  is obvi ous that 
the l onger a par allel fi ber is, the more cells i n  the nuclei (vi a P urki nje cell 
c ontr ol ) that i t  c an li nk toge ther. The le ngth of the par allel fi ber the n  
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COORDINATION AND LEARNING 42 3 

Figure 3 Diagram showing linkage into beams of Purkinje cells by parallel fibers. Beams 
project down onto the somatotopically organized nuclei. Purkinje cell beams thus link body 
parts together within each nucleus and link adjacent nuclei together. Such linkage could be 
the mechanism of the cerebellar role in movement coordination. 

bec omes a cr itic al limit t o  its pot ential f unct ional c apac ities. Ramon y 
Cajal believed t hat par allel fibers r an t he f ull w idt h of t he c er ebellum 
(Ramon y Cajal 1 911). Sinc e t he electr ophys iologic al st ud ies of t he Can­
berr a gr oup (Ecc les et al 1 967 , Llinas 1 981), the length of t he par allel fi bers 
has been ass umed to be meas ur ed by t he d is tanc e ac tivity w hic h  c an tr avel 
aw ay fr om a loc al s timulus t o  t he par allel fibers in t he molec ular layer . 
This has been about 1 . 5  mm. As s uc h, this r at her s hor t par allel fiber has 
been mod eled as a t apped d elay line t o  gener at e s hort t ime int er vals 
(Br aitenber g  1 967 ,  Br ait enber g  & Atw ood 1 958 ) .  

Dir ec t anat omic al st ud ies s how par allel fi bers t o  be muc h  longer . I n  the 
s tud ies of Mugnaini and c olleagues (Br and et al 1 97 6, Mugn aini 1 983), 
c uts w er e  mad e  acr oss par allel fiber beams and t he fibers allow ed t o  
d egener at e. Upon examination, d egener ating fibers w er e  f ound to extend 
f or c ons id er able d is tanc es :  Thos e mor e  s uper fi cial w er e  longer t han thos e 
d eep. On the aver age, thos e  for c hic ken w er e  jus t  und er 10 mm, thos e  for 
c at, a little over 5 mm, and t hos e f or monk ey about 6 mm. T he r ange of 
lengt hs w as r oughly the mean ± 2 mm. Six millimeters is r oughly a third 
the w id th of the mac aque's c er ebellar hemis pher e. A 6 mm str etc h of c or tex 
pr oj ects onto about a 3 mm beam of nuc leus , w hic h is the w id th of one 
nuc leus or s lightly gr eat er (F igur e  3). 

T hus , a beam of Purk inje c ells und er t he infl uenc e  of a s et of par allel 
fibers of the s ame or igin and length aff ec ts .a beam of nuc lear c ells acr oss 
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424 THACH, GOODKIN & KEATING 

an entir e nuc leus. Dep endi ng on the p or ti on of the body map to w hic h the 
cortical beam p rojec ts, that nuclear beam infl uenc es the synergic musc les 
acr oss several joi nts i n  the li mb (Fi gur e 4 ), or the musc les of eye, head and 
nec k, and ar m, or w hatever ,  dep endi ng on the p atter n of pr ojec ti on and 
the foli al or ientati on i n  the hori zontal p lane. We often c aric atur e the foli al 
p atter n as bei ng mor e  or less stric tly i n  the tr ansver se or c oronal p lane; 
but a look at the c er ebella of di ffer ent ani mals show s  how vari ed i t  ac tu�lly 
i s-some even sagi ttal, or near ly so. F or examp le, i n  the ver mi s of the c at, 
ther e  ar e near -sagi ttal and a vari ety of other ori entati ons of c or tic al beams. 
Assumi ng that they pr ojec t as suc h  onto thc nuc lei , they gr oup and r egr oup 
the c ells of the fasti gi al nuc lei i n  a vari ety of w ays. As one r eflec ts on the 
c at's uni que and unc anny abi li ty to move li mbs and trunk w hile falli ng so 
as to land invari ably standi ng, one may susp ec t a li nk betw een these 
uni quely c oordi nated movements and the uni quely c onfigtired c ortic al 
foli a. 

Beams also br idge and link nuc lei, e.g. the two fasti gi al nuc lei. This 
pr ovi des a means for c oor di nati on of the two nuc lei and the tw o sides of 

1 2 3 4 5 6 7 8 9 10 

-lI<HI-lI<::HI--fI<HI--1I<1r1t--1I<l--fl---.- i- - - -

-lI-fI<HI-4:H+--1I<HI--II<l-!l-*-...--i- - - - -

1 2 3 4 5 6 7  

Figure 4 Model of granule cell parallel fiber control of muscular coordination: (a) within 
each nucleus, there is a use-specific (modal) representation of somatic musculature; (b) the 
orientation of the myotome is in the coronal plane; (e) the orientation of the parallel fibers 
is also in the coronal plane; (d) the output of the parallel fiber beam of Purkinje cells falls 
on the nuclear representation of the myotome; (e) different uses of the muscles in a limb may 
be coded by different subsets of parallel fibers and their differential effects on the Purkinje 
cells (coordination of synergist muscles); (f) parallel fiber beams that span the nuclei in their 
Purkinje cell projection may influence two or more nuclei simultaneously (coordination of 
modes of movement). 
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COORDINATION AND LEARNING 425 

t he bod y in st anc e and gait . B eams als o lin k  fasti gi us and int erp os ed n uc lei 
(e.g. loc omoti on and r eflex s ensiti vit y) and int erp os ed and d ent at e  n uc lei 
(e.g. r eac h and r eflex s ensiti vit y), and t hus c oordin at e t heir functi ons. 

Thes e  r elati ons hips ar e a fact. Ther e c an be litt le questi on t hat p ar allel 
fibers lin k  Pur kinje c ells , whic h in hi bit n uc lear c ells , whic h in t urn c ontr ol 
t he di ffer ent bod y p arts. Bec aus e  of t hes e an at omic al feat ur es ,  lin kage of 
bod y p arts and mod es of movement w ould app ear t o  be d esi gn ed int o t he 
str uct ur e. The p ar allel fiber is t he key element of t he c oordin ati on. The 
questi ons t hat r emain ar e: How muc h  d oes on e p ar allel fiber c ontr ol, how 
man y  p ar allel fibers ar e r equir ed t o  c od e  a n ovel s yn er gy, how muc h  of 
c oordin at ed behavi or d o  p ar allel fibers c oordin at e, and what ar e t he 
uni que feat ur es of t hat t yp e  of c oordin ati on ?  

A Model for Controlling and Adapting Movement Synergies 

1 .  The bod y is mult ipl y  rep res ent ed wit hin t he d eep c er ebellar n uc lei , 
wit h  at least on e bod y map wit hin each nuc leus . 

2 .  Eac h  bod y map c ontr ols a di ffer ent mod e  of bodi ly movement , and 
eac h map and mod e op er at e in p ar allel wit h  t he ot hers. 

3. Eac h  mod e  has its own tri ggerin g inp ut and its own outp ut t ar get (wit h 
its own in her ent mot or s yn er gi es ), and t hes e inp ut -outp ut c onn ecti ons 
d et er min e t he di ffer enc e  betw een mod es . 

4. The p ar allel fibers of t he c er ebellar c ort ex lin k  Pur kinje c ells int o lon g  
beams t hat pr oject d own ont o  t he n uc lei , whic h in t urn lin k  t he 
s omat ot opic ally arr an ged n uc lear c ells int o functi on al s ubgr oupin gs . 

5. Thes e  s ubgr oupin gs ar e uni que and t as k  sp eci fic ,  and ar e t he basis for 
t he c er ebellar c oordin ati on of movement. 

6 .  The par allel fiber -Pur kinje c ell lin kages ar e adjust able and ar e t he 
basis of sp eci fic ad hoc learn ed mot or s yn er gi es .  

7 .  The learnin g is d et er min ed by t he c li mbin g  fiber effect on t he p arall el 
fiber -P ur kinje c ell lin kage: an err or in movement acti vat es t he c li mb­
in g fiber , whic h wor ks t o  r ed uc e  t he str en gt h  of c onn ecti on s  of t he 
p ar allel fiber (s ee below ). 

8 .  L earnin g occ urs at s yn aps es outsid e t he c er ebellar c ort ex as well, but 
for a di ffer ent p urp os e: Ad apt ati ons at t hos e c los er t o  t he mot or 
outp ut (or s ens or y  inp ut )  wi ll be gen er ali zed acr oss all p er for manc es 
vi a t hos e outp uts (and inp uts ). Thes e ad apt ati ons ar e us eful in bal­
ancin g t he pr op erti es of t he motor app ar at us (e.g. musc les )  or inp ut 
(e.g. s ens or y  or gan )  str uct ur es , but t hey ar e n ot and c ann ot be t he 
mec hanis m for memor y and c ontr ol of uni que t as k-sp eci fic s yn er gi es. 

9 .  Memor y for t as k-sp eci fic syn er gies c an occ ur in t he c er ebellar c ort ex, 
w her e it is r emot e  fr om inp ut and outp ut pr oc essin g, and wher e t her e 
ar e ad equat e  t yp e  and n umber of str uct ur es t o  c od e  t he man y  and 
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42 6 THACH, GOOD KIN & KEATING 

various s yne rgies that make up highe r  ve rte brate move me nt repe r­
toi res . The bes t  candi date is the granule ce ll-p aralle l  fibe r-P urki nje ce ll 
s ynapse . 

10 . The mode l has pre dictive value . 

The ver ific ation of this mode l  w ill re quire s how ing the follow ing: 

I .  P urkinje ce lls are differe ntially c ontr olle d  in si ngle vs. multijointe d  
move me nt. 

2 .  The p aralle l fibe r  is the age nt of this c ontrol on the Purkinje ce ll. 
3 .  Afte r ce re be llar cortic al injury, multijoi nte d  move me nts are s ufficie ntly 

more imp aire d  than si ngle -joi nte d  move me nts , s uch that the s um of the 
abnormalities at the s ingle joints c annot acc ount for the magnitude of 
the abnor malities in the c omp ound move me nt for all three zones and 
modes . 

4. The c limbi ng fibe rs fire along the be am w he n  le arning a s yne rgy that 
involves many mus cles and joi nts i n  a limb. 

5 .  Ablati on of the be am re moves the le arne d s yne rgy from the be havioral 
re pe rtoire. 

Why do cli mbi ng fibe rs fire in s agittal s trips? P aralle l  fibe rs have bee n  
c aricature d  as linki ng toge the r the musc les and joi nts i n  a myotomal­
c oronal dime ns ion. If this is true , the re re mains the p roble m  of how to 
coordi nate the m uscles and joints al ong the axi al-s agi ttal di me ns ion. One 
w ay w ould be to have folia s lanting in a varie ty of w ays onto the dee p  
nuc le ar body map , as we have su gges te d  may be the case in the ve rmis of 
the cat. Anothe r  w ay would be a time s tamp ac ross paralle l fibe r  be ams , 
s o  that le arning at the e lbow would rei nforce c onte mp or ary and comple ­
me ntary p atte rns at the knee . Only if both are corre ct (or i ncorre ct) w ill 
e lbow and knee ge t minimum (or maximum) atte ntion fr om the climbing 
fibe r adapting both. 

Relation of Output Mapping to Input Mapping 

We have re fe rre d above to the c ommon be lie f  that the trunk is rep rese nte d  
i n  the midli ne and the ex tre mi ties late rally. This noti on came from L uci ­
ani 's (18 1 1-18 24 ) localizati on of abnormalities of s tance and gait to mi d­
line lesi ons , and tre mor and limb inc oordination to late ral les ions (cf. als o 
Holmes 19 17 , 1922 ). T hese obs ervati ons have bee n  i nte rpre te d to imply 
that the p rox imal musc ulature alone is use d  to s tand and that dis tal 
m usc ul ature alone is use d  i n  re ac hi ng and manip ulative move me nts (c f. 
Brow n  1949). Botte re ll & F ulton ( l9 38 a,b), in p re se nting the ir ow n sc he me 
of func tional loc alization, c omme nte d  on the lac k  of logic in this 
formulati on. 
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COORDINATION AND LEARNING 427 

Another li ne of wor k  that has entr enc hed thi s  beli ef i s  input mapping 
and the e voke d  p ote nti al studie s of Adr ian ( 1943), S nider & S tove ll ( 1944), 
and S nider & Eldre d ( 1952 ) .  The se studie s showed the familiar repre ­
sentation up si de down in the ante rior lobe (with vi si on and audi ti on 
overlappi ng the somatosensor y  f ac e) and a sec ond repre se ntati on i n  the 
p aramedian lobule. The tr unk was i n  the mi dli ne, the ex tr emi ti es ex tended 
out later ally i nto the i nter medi ate z one c or tex .  Alc oholic c er ebellar 
degener ati on was found to occ ur fir st and wor st i n  the anter ior p ar t  of the 
anteri or lobe; the c hief di stur bance was c ontr ol of gai t and the lower 
ex tr emity (Vic tor e t  a1 1959 ). Thi s p atter n fi t that of the hindlimb repr e­
sentation i n  the anteri or lobe of the e voke d  p otenti al studie s, and theref ore 
the evoked p otenti al input mapping has been r epr oduc ed i n  vari ous c li nic al 
wor ks as though ge ner ally r epre senting loc aliz ati on of c er ebellar func ti onal 
output mapping. We agr ee wi th Botter ell & F ulton ( 1938 a) and Chamber s  
& Spr ague ( 1955a,b) that this idea may not be c orr ec t. 

Fr om the mor e r ec ent studie s  of mossy fiber re sp onse s to tac tile stimu­
lation in the rat (Josep h  et al 1978, S hambes et al 1978 ) and c at (Nelson 
& Bower 1990 ), i t  app ear s that that inp ut mappi ng may gener ally be f ar 
more c omp lex than or igi nally thought. The i np ut mappi ng c onsi sts of 
multip le repre se ntations of body p ar ts in a p atter n its di sc overer s have 
c alled "fr ac tur ed somatotop y." 

What ar e the p hysiologic al i mp lic ations of suc h  an i np ut system? N elson 
& Bower ( 1990 ) pr op ose that i t  "may be i nvolved i n  op ti mally c ontr olli ng 
se nsor y r ecep tor surfac es" (e.g. r eti na, finger s, whi sker s) dur ing sensor y  
exp lor ation. Qui te another interpre tati on i s  sugge ste d by the wor k on the 
associ ative c onditi oning of the nic titating me mbr ane re sp onse (Mc Cor ­
mic k  e t  al 198 1 ,  1982 , Mc Cor mic k & Thomp son 198 4, Yeo et al 198 4). 
The imp or t  of that wor k is that through learning, a movement p attern 
may be pr ovided with a new and ar bitr ar y  se nsor y tr igger. Any one of the 
many differ ent sensor y featur es r epr ese nte d i n  a mosaic p atc hwor k  c ould 
be selec te d, thr ough lear ni ng, to dr ive the be havior. 

. . .  THAT LEARNS NEW MOVEMENTS 

What i s  a ne w move me nt? One easi ly thinks of ex amp les of ski lle d  p er ­
for manc es like ri di ng a bic yc le, skippi ng r ope, ser vi ng i n  te nni s, typi ng, or 
p laying a Bee thove n  S onata. What is ne w? Is it the nove l  c ombinations of 
the musc le and joi nt ac ti ons, or the app lic ati on of old moti ons to novel 
c ondi ti ons, or both? 

An exp eri mental p ar adi gm that i llustr ates the lear ni ng of a syner gy i s  
the adap tation of e ye -hand c oor dination in thr owi ng a ball or a dar t  at a 
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428 THACH, GOODKIN & KEATING 

targe t w hile wearing wed ge pr ism sp ec tac les (Figure 5a; B ai zer & 
Glickste in 1974 , Kane & Thach 1 98 9, Thach e t  a1 1 99 I .  We ine r  e t  aI 1 983 ).  
In thr owing at a tar get, the eyes fi xate the target and serve as the r eferenc e 
aim f or the arm in t hrow ing. The coordination be twee n e ye p osit ion and 
syne rgy of the arm t hrow is a skill: It has to be de ve lope d and kept up 
w it h  p ract ice. If wed ge p ri sm sp ect acles are p lace d over the eyes with the 
base at the ri ght, then the op tic p ath wi ll be bent to the ri ght, and the eye 
will have t o  look t o  t he left t o  see t he t ar get .  The ar m, calibrat ed t o  t he 
li ne of si ght, w ill throw t o  the left of t arget (F igure 5 b) .  Wit h  p ract ice ,  t he 
calibrat ion c hanges, and the arm throws wi th eac h tr y c loser to and finally 
on-t arget. P roof t hat gaze dire ction and e ye p osit ion in f act comp rise t he 
refer enc e  ai m for the arm throw trajec tor y c omes when the p risms ar e 
sudd enly r emoved and the ar m throws. The eyes ar e now on -tar get, but 
the eye-ar m c ali br ation for the pr evi ously left-bent gaze p ersists; the ar m 
thr ows to the ri ght of target an amount equal to the ori gi nal left err or 
(Fi gure 5 a).  Wit h  p rac tice, t he e ye p osit ion and t he arm throw traje ctory 
are re calibrate d back t o  t he original sett ing: The t hrow s  move close r  back 
to and fi nall y  on-tar get. A good analogy i s  the relati on between si ghti ng 

Figure 5a Throwing darts while wearing wedge prism spectacles (base to the right). The 
subject is looking directly at the target toward which she is pointing the dart, but because 
the prism bends the optic path 1 5  degrees to the right, her gaze is deviated 1 5  degrees to her 
left in order to see the target (she is looking at you). The portion of her face behind the lenses 
appears to the viewer to be displaced to her left, also because of the prism's bending of the 
optic path. The direction of throw is normally in the direction of gaze. The gaze direction 
has, however, been calibrated to the throw direction, and the aim of throw is true (at you). 
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COORDINA nON AND LEARNING 4 29 

ZO ZZ 4 11 1  

Throw 

•• .. . .. ... 54 

Figure 5b Normal control subject. A plot of the horizontal locations, relative to the target 

center, of each successive dart hit. Before introduction of the prism, the darts hit close to the 

center of the target. Introduction of the prism shifts the hits to the left (down), and with 

practice they normally return toward the center of the target as the . recalibration of gaze 

direction-throw direction is made. After removal of the prism, the hits are normally shifted 
to the right (up), a result that shows that the throw direction is still calibrated 1 5  degrees off 

the gaze direction (in actuality, the error is never quite the whole 1 5  degrees). With practice, 
the gaze-throw directions readjust back to the original value. 
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430 THACH, GOOD KIN & KEATING 

and shooting a gun: T he linkage between the sight and the bor e  is calibr ated 
by adjustment and kep t  tr ue thr ough pr actice. 

B aiz er fir st showed in macaques that the adjustment mechanism was 
abolished by cer ebellar lesion (Baizer & Glickstein 19 74 ). Weiner et al 
( 1983 ) confir med the r esult in p atients w ith cer ebellar d isease and found 
that ad ap tation w as not imp air ed in d isease of cor ticosp inal or basal 
ganglia systems. We have seen that two p atients with magnetic r esonance 
imaging-d ocumented infer ior olive hyp er tr op y (a d egener ative d isease of 
the infer ior olive) could not ad ap t, d esp ite otherw ise nor mal per for mance 
(Figur e  5c; Thach et al 1991 , cf. also Gauthier et al 1979). T his suggests 
that the ad ap tation mechanism could be d issociated at least in d egr ee fr om 
those of coord ination and p er for mance. We have also seen that lesions of 
the mossy fiber s of the midd le cer ebellar p ed uncle imp air motor lear ning. 
This is not to say that the cor tex, the infer ior olive, and the mossy fiber s 
ar e equivalent or equip otential in their contr ol of lear ning, but only that 
they ar e all necessar y.  

Ver cher & Gauthier (1988 )  also obser ved imp air ed coord ination of eye 
and hand after d entate lesion; movement of both member s became ind e­
p end ently saccad ic. Wher eas they mod eled the d eficit as a lack of feed back 
infor mation between ind ep end ent gener ator s for eye and hand movement 
(Gauthier et al l988 , Gauthier & Mussa-Ivald i  1988 ), w e  w ould emp hasize 
the lack of a common feed for ward contr ol system. 

A similar task has been d evelop ed for stud ying the corr elation of P ur ­
kinje cell d ischar ge with, and the effect of cor tical inactivation on, ad ap ­
tation (K eating & Thach 1990 ). A monkey was tr ained on the Jump task 
(F igur e  2a), w hich d ur ing the lear ning p hase r equir es coord ination of the 
eyes in obser ving a moving tar get and the hand in tr acking it. An ad ap ­
tation is r equir ed w hen, w ithout war ning, the gain of the hand coup ling 
to the cur sor is changed (e.g. incr eased ). Thus, w hen the tar get jump s  to 
the same familiar p osition and the monkey moves the wr ist to its same, 
familiar p osition sufficiently to have pr eviously br ought the cur sor on 
tar get, he find s  that the cur sor over shoots. He has to r e- scale his wr ist 
movement and make it smaller by an amount inver sely pr op or tionate to 
the gain incr ease so that the cur sor land s  on tar get. With pr actice, the 
monkey lear ns to move to the new tar get p osition. I f, as above, the hand 
p oints to wher e the eye p oints, a calibr ation of the coup ling of the two is 
need ed for this kind of p er for mance. When the gain of the hand le is 
changed, the hand no longer p oints in the line of sight: The eye-hand 
coord ination must be r ecalibr ated for the cur sor to land w her e the eye is 
looking. As in the wed ge pr ism task, the cer ebellum may contr ol the 
r ecalibr ati on. 

F or a number of P ur kinje cells so far stud ied d ur ing the Jump endp oint 
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COORDINATION AND LEARNING 43 1 

Throw 

Figure 5c Patient with inferior olive hypertrophy, a degenerative disease of the inferior 
olive. After introduction of the prism, there is no recalibration of the gaze-throw directions, 
and the throws remain to the left of target center (down). After removal of the prisms, the 
hits land where they did before the introduction of the prisms, thus indicating no adaptation 
to the prisms in this suhject. 
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432 THACH, GOODKIN & KEATING 

ad apt ati on ,  t he behavi or al ad apt ati on app ears t o  be r el at ed t o  a tr ansi ent , 
c ovar yin g c han ge in c ompl ex and simpl e spi ke r at es ,  and a p ersist ent 
behavior al c han ge t o  a p ers ist en t  c han ge in t he s impl e sp ike r at e. This is 
a p att ern c ons ist ent wi th t he Marr ( 19 69 )-Al bus ( 19 7 1 )  t heor y, and on e 
t hat has been s een exp eri ment all y t wic e pr evi ousl y (Gil bert & Thac h  1 977, 
Wat an abe 1984). 

"Learnin g c ur ves " t hat gr ap hic all y d epict t he ad apt ati on ar e well 
mod el ed by a si mpl e exp on en tial d ec ay funct ion. The l earn in g c an easil y  
be distin guis hed fr om t he p erfor manc e in the foll owin g way. T he r at e  of 
c han ge of sl op e  of the l earnin g c ur ve (a ti me c onst ant ) is taken t o  reflec t 
t he l earn in g  c ap acit y at that p artic ul ar ti me. The sc att er of d at a  p oints 
(eac h r epr es entin g t he act ual tri al -by-tr ial p ositi on of t he wrist as it jumps 
t o  tar get ) is meas ur ed as t he var ianc e ar ound the mean l earnin g c ur ve, 
and is t aken t o  r eflec t the p erfor manc e c ap acit y at t hat p art ic ul ar ti me. In 
pr evious abl ation st ud ies ,  a l ac k  of d ist inct ion bet ween an impair men t of 
learnin g  vers us an i mp air men t  of p erfor manc e has been a c onfoundin g 
f act or. 

The pr ed ic ti on was t hat di ffer ent exp eri men tal manip ulations would 
affect the on e or t he ot her (l earn in g  and p erf or manc e) ind ep end en tl y. This 
has bccn c on fir med by rcpc ated injecti ons of musc imol int o t he ccrc bell ar 
c ort ex .  Cortic al in act ivati on pr ol on gs t he ad apt ati on ti me by as muc h  
as five- or six -fold with l ow c onc entr at ions of musci mol ( 1  /lmol ). The 
ad apt ati on can be i mp air ed in t he abs enc e of an y d et ect ed c han ge in 
p erfor manc e. At hi gher c onc entr ati ons (5 /lmol ), the ad apt at ion is abol ­
is hed for s ever al d ays. The eff ec t is l oc aliz ed t o  a p oint in t he l at er al z on e  
of t he hemisp her e  (whic h we pr es ume t o  pr oject t o  d ent at e). Inject ions at 
s ites mor e  med ial , an teri or, and p ost er ior d o  n ot give the d efic it. 

Why Is the Cerebellar Cortex Particularly Appropriate 
for Task-specific Learned Motor Synergies? 
The s ite f or st or age of t he mor e  un ique syn er gies s hould be far away fr om 
outp ut and inp ut s it es s o  that t he memor y  for on e s yn er gy d oes n ot sp ill 
over and in fluenc e an other s yn ergy. The c erebell ar c ortex is s uc h  a si te. 

The str uct ur e  must be optimiz ed for st or age of mult ipl e  s ep ar at e  s yn er ­
gi es. Even wit h multipl e c onn ecti ons , as in t he hidd en l ayers of a c onn ecti on 
mac hin e, t he memor y  and c ombin at ori al c ap acit y incr eas es wit h t he n um­
ber of t he hidd en un its . The c er ebell ar c ort ex c ont ains t he c ell t yp e  t hat 
far outn umbers all ot her c ell t yp es within t he n er vous s yst em -t he gr an ul e 
c ell , whic h gives r is e  t o  t he p ar all el fi ber .  

The asp ect of behavi or t hat is l earn ed or ad apt ed mus t  s omehow be 
r epr es ent ed within the mec han is m. S inc e t he P ur kinje c el l  pr ojects t opic all y 
ont o a s mall p orti on of a d eep n ucl eus ,  and si mil arl y ont o  adjac ent c el ls 
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COORDINATION AND LEARNING 433 

wit hout c omp lete over lap ,  t hen a P ur ki nje c ell "r epr esent s" it s tar get i n  
the nuc lei . The nuc lei i n  t ur n  ar e somatotopic ally c od ed f or bod y  p ar t  and ,  
d ep endi ng on t he i np uts t o  and outp ut t ar gets of t he nuc leus, a c er tai n  
"mod e" of c ontr ol of the bod y. 

P ur ki nje c ells, as r epr esent ati ves of the movement elements t o  be c on­
tr olled , ar e linked t oget her i n  lar ge, long c ombi nati ons, whic h t hen bec ome 
mu sc le and movement p at ter n syner gi es. 

Bec ause the p ar allel fi ber- P ur ki nje c ell synap ses ar e adjust able (Gi lbert 
& Thac h  1977 , It o et a1 1982 , Robi nson 197 6), the syner gi es c an be cr eated 
and eli mi nated . Si nc e  they ar e r emot e  fr om i np ut and outp ut ,  cr eati on or 
eli mi nati on of one syner gy d oes not affect another syner gy. Ther e i s  her ei n 
t he dir ect analogy t o  a look-up table wi th it s many addr esses, t he addr esses 
bei ng f ully pr ogr ammable, as t he memor y  f or p re-c omp uted c ommand s  
i n  r obotic c ontr ol. 

Many learnable movement s ar e p ossi ble; t he li mit s  ar e set by the p att er ns 
of c onnecti on of p ar allel fiber s, P ur ki nje c ells, nuc lear c ells, d ownstr eam 
p att er n  gener ator s (motor c ort ex, r ed nuc leus, r etic ular and vesti bular 
nuc lei ), and i nter - and motoneur ons. Movement s  ar e tri gger ed in many 
di ffer ent c ontext s-t he li mi ts ar e agai n  set by t he r ange of c onditi ons 
r epr esented i n  t he mossy fiber s t o  any gi ven granule c ell. 

Some Old Puzzles Illuminated: Silent Areas, Focal Versus 
Diffuse Lesions 

If the c er ebellar c ort ex i s  vi ewed as the stor age si te t hat both gener ates old 
and lear ns new movements, some old obser vati ons ar e exp lained . One i s  
the p ar ad ox that t he c ort ex app ear s so i nsensi ti ve t o  f oc al lesi ons and yet 
so vulner able t o  wid espr ead d egener ati ve di seases. A foc al lesi on may 
wip e out one memor y-movement syner gy and i ts tri gger but leave other 
memori es and t hus t he means of acc omp li shi ng t he same end s by si mi lar 
movements. The loss or even p arti al d amage di ffusely of t he whole c or tex 
(as i n  c or tic al d egener ati ve di seases of alc oholic thi ami ne d efici enc y, 
p ar aneop lastic d egener ation, oli vop ontoc er ebellar atr op hy, etc.), however , 
c an be d evast ati ng i n  it s eff ect s. 

Also exp lai ned i s  t he r emar kable absenc e of d efici ts after lat er al hemi ­
sp her e  lesi on i n  some p ati ent s, and t he equally r emar kable selecti vi ty of 
d eficit s i n  ot her s. Holmes (1922) c ommented on two musici ans: the one, 
aft er r emoval of a left lat er al hemi sp her e t umor ,  c ould not p lay left hand 
notes on the p iano in pr op er sequenc e. The other , after a c er ebellar gunshot 
wound ,  c ould not p lay t he flute. We have also seen a man wit h a p ost eri or 
i nferi or c er ebellar ar ter y terri tor y  i nfarc t of the und er sid e  of the later al 
c er ebellum on t he ri ght who was nor mal (i n t he ar m and hand )  t o  c li nic al 
test . Yet he c omp lai ned of a sever e  d eficit . He had fr om yout h  tr ai ned 
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434 THACH, GOODKIN & KEATING 

hi mself at the sharp d eali ng and shuffli ng of c ard s, at c ard tric ks, and at 
other slei ghts of hand usi ng c oi ns and p oker c hip s. After the lesi on, he 
c ould no longer d eal the c ard s evenly sp ac ed , trac k c ard ord er d uri ng 
shuffli ng so as to p ull f rom the midd le or bottom of the d ec k, p ut three 
c oi ns on elbow or bac k  of hand and then fli p and c atc h them i n  mid ai r, 
or p alm a roll of p oker c hip s and si nglehand ed ly and seri ally remove the 
one i n  the midd le and p lac e i t  on ei ther end of the roll. He regard ed the 
d efici ts as di sc rete and quali tati ve rather than quanti tati ve. It was as 
though he had lost a number of hi ghly trai ned synergi es of the hand and 
arm, whereas others were uni mp ai red. 

THE EXECUTIVE AND THE MODULATOR 
MODELS, CORTICAL AND NUCLEAR LEARNING: 

Either/Or, Both, All? 

Often, the two sid es of a long-standi ng di sp ute that has been waged on 
the premi se that only one sid e  c an be c orrec t are eventually seen both to 
be c orrec t: The di sp ute has resulted f rom how the questi on was posed or 
studi ed. We beli eve that thi s  may be another suc h  si tuati on. The questi on 
i s  whether the exec uti ve mec hani sm that i ni ti ates and c ontrols movement 
i s  i n  the c erebellum (and esp eci ally i n  the c ortex) or i n  the target struc tures 
to whic h the c erebellum p rojec ts. The answer i s  li kely to be "both." 

It i s  known that the motor c ortex i s  one of these target struc tures, and 
that i ts rep ertoi re i s  i n  the d omai n  of i ndi vid uated movements rather than 
larger synergi es (Lawrenc e & K uyp ers 1968 ,  Sc hi eber 1988 ). We have 
revi ewed the ti mi ng studi es of c erebellum-motor c ortex uni t  rec ordi ng and 
ablati on. These have shown that the c erebellum lead s  and help s i ni ti ate 
some movements through the motor c ortex. The mec hani sm c ould be 
as si mple as an assembly of the i ndi vid uated ,  pauci -, or si ngle-joi ntcd 
movements i nto c omp ound ,  multijoi nted movements. What about ot her 
c erebellar targets? 

Wi thi n the brai nstem, mec hani sms c ontrol the synergi es resp onsi ble f or 
the ori enti ng of eyes, head , and nec k  to vi sual, ac oustic, and somatosensory 
sti muli. Ther e  are also mec hani sms that c ontrol tonic nec k reflexes, c ontac t  
p laci ng, ri ghti ng, sup porti ng, and the labyri nthi ne c ontrol of stanc e  and 
loc omoti on. The spi nal c ord c ontai ns basic mec hani sms f or musc le synerg­
i es that medi ate resi stanc e  to di splac ement, flexor wi thd rawal wi th c on­
tralateral extc nsi on, and quad ruped al loc omoti on. 

Si nc e  only the f asti gi us p rojec ts di rec tly to motoneurons (ef. Asanuma 
et al 198 3d ), the bulk of the c erebellar outflow must use the synergi es 
wi thi n  thc thalamoc ortic al and the brai nstem nuc lei on whic h i t  f alls. Thi s 
use i s  li kely to li e between the alternati ves of "mod ulatory gai n c ontrol 
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COORDINATION AND LEARNING 435 

only" and "e xec uti ve c oor di nati vc c ontr ol only." How mi ght the "i n 
be twee n" c ond ition be c oncep tuali zed and s tate d? 

Ito s howed that the tonic ally ac ti ve P ur kinje ce lls are i nhi bi tor y (Ecc les 
e t  al 19 67 ). A me tap hor w as cre ated that is use ful in thi nki ng of how 
the cere be llar c or te x  c an pr ojec t onto and c ontr ol d owns tre am motor 
mec hanis ms that have the ir ow n res ide nt pr ogr ams : Cere be llar c or tic al 
outflow "sc ulp ts" varie d and i ndi vi dualis tic p atter ns fr om monoli thic 
s tere otypes thr ough d is inhi bition and inhibition (Ecc les et al 19 67 ). The 
esse nce of the me tap hor is that the le ar ned s yner gy may be ac hie ve d  not 
by bui ldi ng i t  up , m usc le by m usc le and piece by piece , as in c lay, but 
r ather by c hippi ng off, piece by piece , the unw ante d  p ar ts of s ome 
undi ffere nti ate d, multijoi nte d  move me nt as i n  s tone .  Thus , a moss y fiber ­
tri ggered be am of par alle l fibers ac tivates bas ke t-ce ll i nhi bi ti on of off­
be am flanki ng P ur ki nje ce lls ,  w hic h re le ases the nuc le ar ce lls be low fr om 
tonic P ur ki nje ce ll i nhibi tion. This c ould re le ase a pri mitive gr as p, tonic 
nec k, c ontac t-p laci ng, or labyri nthi ne re fle x. The s ame moss y fiber -tri g­
gered be am of p ar alle l  fibers w ould gi ve a le ar ne d and vari able amount of 
ac ti vati on to on-be am P urki nje ce lls ,  w hic h would thr ough thus c ontr olle d  
i nhi bition sc ulp t  the re le ased , undi ffere ntiated s yner gy and gi ve i t  the 
ad ap ti ve di ffere nti ated specifics . 

Where the n  w ould i ni ti ati on of move me nt occ ur ?  The ques t has bee n  
for s ome si ngle si te ,  where se ns or y  i nfor mati on tri ggers a motor resp onse 
i n  the pr ocess we c all sensorimotor integration. The cere be llum has bee n  
c onsi dere d a good c andi date , bec ause s o  muc h  of i ts i np ut is s o  c le ar ly 
se ns or y, w here as mos t  i fnot all i ts outp ut is motor. Ti mi ng s tudies s upp or t  
this view , i n  that motor c or te x  ac ti vity has c ons is te ntly appe ared to lag 
and depe nd on pri or cere be llar ac ti vi ty. If the ce re be llar c or te x  d oes i ndeed 
c ontai n  speci al app ar atus de dic ated both to bui ldi ng c omp le x move me nts 
fr om si mp ler c omp one nts and to c ar vi ng out di ffere nti ated move me nts 
fr om undi ffere nti ate d  move me nts , the i ni ti ati on of a c omp le x (or differ ­
e nti ated )  move me nt w ould have to occ ur at the le ve l of this mec hanis m. 
In ei ther si tuati on, the moss y fi ber would pr ovi de the tri gger . The p ar alle l  
fi ber and i ts be am of vari ably ac ti vated P ur kinje ce lls and flanks of 
i nhi bi ted P ur ki nje ce lls would pr ovide the resp onse. The p ar alle l  fiber 
w ould have the pi votal r ole i n  c ombi ni ng or c ar vi ng the "pieces of 
move me nt" (Marr 19 69 ). 

Cle ar ly, not all move me nt is initiated by the cere be llum. The se gme ntal 
s tre tc h  re fle x, the ves ti bulo- oc ular re fle x, and the bli nk re fle x  c an all occ ur 
w ithout any cere be llar i nput. These ac ti vities are als o c ap able of p las tic 
adap tati on wi thout the cere be llum (Bloe de l & Ke lly 1988 , Lis ber ger 1988 , 
Wolp aw & Carp 1990). Ye t i n  the c ase of multip le c onte xt-depe nde nt 
le ar ne d resp onses of the one re fle x, as i n  the VOR under water , i n  air, wi th 
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43 6 THACH, GOODKIN & KEATING 

and without trifocal spectacles (cf. Gauthier & Robinson 1975, Shelhamer 
& Robinson 1991), it seems likely that the cerebellar cortex participates 
and is necessary. It also seems likely that the initiation is distributed -that 
the primary vestibular afferent triggers responses both from the vestibular 
nuclei and from the cerebellar cortex at about the same time. In this 
situation, the vestibular nuclear response is "fundamental," and the cere­
bellar cortical response is "differential"-one of the several or many speci­
ally adapted responses. The fundamental response in the vestibular nuclei 
may precede (in time) the differential response in the cortex, as Lisberger 
has suggested (1988 ) .  Yet it would be the cortical component, which is 
based on the adaptation that is specific to a certain behavioral context, 
that provides both the individuality and the utility of the response. This is 
considerably more specific and important than "the fine control of the 
VOR." In the cortex there would be not just the one tuning but many, each 
and all necessary to make the fundamental VOR perform differentially and 
adequately across task requirements in the foveate animal. One wonders 
whethcr the cerebellum may prove also to extend the range of capability 
of the stretch reflex-under different conditions providing a variety of 
appropriate responses in relative stiffness, damping, length servo-assist­
ance-when the system is adequately studied under varying conditions 
and requirements. 

Clearly, coordination is not unique to the cerebellum. Each motor 
component that is downstream from the cerebellum obviously is built with 
its own type of coordination. As Denny-Brown stated, the cerebellum for 
the most part must work through them, but that fact does not exclude a 
role for the type of coordination we have proposed here, not does it 
condemn the cerebellum to the trivial role of a simple gain control of these 
structures. Indeed, for coordinated complex movements, we propose that 
the cerebellum is the executive; that it learns, initiates, continues, and stops 
complex movements through its actions on the downstream structures. As 
for the multiple learned-context-dependent performances of the one reflex, 
we agree that the initiation may be distributed, but propose that the 
specificity of the response is in the cerebellar cortex. 

Just as clearly, motor learning is not unique to the cerebellar cortex, nor 
should it be. But, if cerebellar cortex does indeed contain special apparatus 
dedicated to combining simpler elements of movement into larger complex 
synergies, then the learning as well as the initiation of such a movement 
would have to occur at the level of the mcchanism that provides for the 
combination. What is unique about cerebellar learning is the flexibility, 
ease, and speed of assigning the trigger-response (task specificity) and of 
building the tailor-made complex movement response. The triggering input 
may be changed from one sensory modality to another. The task per-
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COORDINATION AND LEARNING 4 37 

f or manc e may be pr ogr ammed and adjusted wi thout affec ti ng other task 
p erf or manc es. Thi s  i s  not so of spi nal c ord , vesti bular , or other low -level 
mec hani sms. 

Fi nally, w e  agr ee wi th Lli nas (1981) that w hat had been lac ki ng i n  the 
Marr -Albus motor lear ni ng theor y  i s  how i t  ti es i n  wi th the r est of c er e­
bellar f unc ti on. We hop e  thi s r evi ew help s to answ er that objec ti on. 

SUMMARY 

Based on a r evi ew of c er ebellar anatomy, neur al di sc har ge i n  r elati on to 
behavi or ,  and f oc al ablati on syndr omes, w e  pr op ose a mod el of c er ebellar 
f unc ti on that w e  believe i s  both c ompr ehensi ve as to the avai lable i nf or ­
mati on (at these levels) and uni que i n  sever al r esp ec ts. The uni que f eatur es 
ar e the i nc lusi on of new i nf or mati on on (a) c er ebellar outp ut-i ts r ep li ­
c ati ve r epr esentati on of bod y  map s  i n  eac h  of the d eep nuc lei , eac h c odi ng 
a di ffer ent typ e and c ontext of movement, and eac h app eari ng to c ontr ol 
movement of multip le bod y  p ar ts mor e  than of si ngle bod y  p ar ts; and (b) 
the new ly assessed long length of the p ar allel fiber. The p ar allel fiber , by 
vir tue of i ts c onnec ti on thr ough P ur ki nje c ells to the d eep nuc lei , app ear s 
op ti mally d esi gned to c ombi ne the ac ti ons at sever al joi nts and to li nk the 
mod es of adjac ent nuc lei i nto mor e  c omp lex c oordi nated ac ts. We r evi ew 
the old questi on of w hether the c er ebellum i s  r esp onsi ble f or the c o­
ordi nati on of bod y  p ar ts as opp osed to the tuni ng of d ow nstr eam exec uti ve 
c enter s, and c onc lud e that i t  i s  both, thr ough mec hani sms that have been 
d escri bed i n  the c er ebellar c or tex. We ar gue that suc h a mec hani sm w ould 
r equir e an ad ap ti ve c ap aci ty, and supp or t the evid enc e  and i nterpr etati on 
that i t  has one. We p oi nt out that many p ar ts of the motor system may be 
i nvolved i n  di ffer ent typ es of motor lear ni ng f or di ffer ent p urp oses, and 
that the pr esenc e  of the many d oes not exc lud e an exi stenc e of the one i n  
the c er ebellar c or tex. The ad ap ti ve r ole of the c er ebellar c or tex w ould 
app ear to be sp eci ali zed f or c ombi ni ng si mp ler elements of movement i nto 
mor e  c omp lex syner gi es, and also i n  enabli ng si mp le, ster eotyp ed r eflex 
app ar atus to r esp ond di ffer ently, sp eci fic ally, and appr opri ately und er 
differ ent task c ondi ti ons. Sp eed of lear ni ng and magni tud e of memor y  f or 
both novel syner gi es and task -sp eci fic p erf or manc e  modific ati ons ar e other 
attri butes of the c er ebellar c or tex. 

Literature Cited 

Adrian, E. D. 1943. Afferent areas in the 
cerebellum connected with the limbs. 
Brain 66: 289-3 1 5  

Albus, J .  S .  197 1 .  A theory ofcerebellar func­
tion. Math. Biosci. 10: 25-61 

Allen, G. I., Gilbert, P. F. C., Marini, R., 
Schultz, W., Yin, T. C. T. 1977. Inte­
gration of cerebral and peripheral inputs 
by interpositus neurons in monkey. Exp. 
Brain Res. 27: 8 \-99 

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



438 THACH, GOODKIN & KEATING 

Allen, G. I . ,  Gilbert, P. F. C., Yin, T. C. T. 
1978. Convergence of cerebral inputs onto 
dentate neurons in monkey. Exp. Brain 
Res. 32: 15 1-70 

Allen, G. I. ,  Tsukahara, N. 1974. Cerebro­
cerebellar communication systems. Phy­
siol. Rev. 54: 957 1006 

Amassian, V. E., Reisne, R., Wertenbaker, 
C. 1 974. Neural pathways subserving plas­
ticity of contact placing. J. Physiol. 242: 
67-69 

Amassian, V. E., Ross, R., Wertenbaker, C, 
Weiner, R. 1972b. Cerebello-thalamo­
cortical inter-relations in contact placing 
and other movements in cats. In Cortico­
thalamic Projections and Sensorimotor 
Activities, ed. T. L. Frigyesi, E. Rinvik, 
M. D. Yahr, pp. 395-444. New York: 
Raven 

Amassian, V. E., Rudell, A. 1978. When does 
the cerebellum become important in coor­
dinating placing movements? J. Physiol. 
276: 35-36 

Amassian, V. E., Weiner, H., Rosenblum, 
M. 1972a. Neural systems subserving the 
tactile placing reaction: A model for the 
study of higher level control of movement. 
Brain Res. 40: 1 7 1-78 

Andersson, G., Armstrong, D. M. 1 987. 
Complex spikes in Purkinje cells in the 
lateral vermis (b zone) of the cat cere­
bellum during locomotion. J. Physiol. 385: 
107-34 

Antziferova, L. I . ,  Arshavsky, Yu, I . ,  Orlov­
sky, G. N., Pavlova, G. A. 1 980. Activity 
of neurons of cerebellar nuclei during fic­
titious scratch reflex in the cat. I. Fastigial 
nucleus. Brain Res. 200: 239-48 

Arshavsky, Y. I . ,  Berkinblit, M. B. ,  Fuxson, 
O. L.,  Gel'fand, I. M. ,  Orlovsky, G. N. 
1 972a. Recordings of neurones of the dor­
sal spinocerebellar tract during evoked 
locomotion. Brain Res. 43: 272-75 

Arshavsky, Y. I . ,  Berkinblit, M. B., Fuxson, 
O. L., Gel'fand, I. M. ,  Orlovsky, G. N. 
1972b. Origin of modulation in neurones 
of the ventral spinocerebellar tract during 
locomotion. Brain Res. 43: 276-79 

Arshavsky, Y. I., Orlovsky, G. N., Pavlova, 
G. A.,  Perret, C 1 980. Activity of neurons 
of cerebellar nuclei during fictitious 
scratch reflex in the cat. II.  The inter­
positus and lateral nuclei. Brain Res. 200: 
249-58 

Asanuma, c., Thach, W. T., Jones, E. G. 
1 983a. Cytoarchitectonic delineation of 
the ventral lateral thalamic region in the 
monkey. Brain Res. Rev. 5: 2 19-35 

Asanuma, C., Thach, W. T., Jones, E. G. 
1 983b. Distribution of cerebellar ter­
minations and their relation to other 
afferent terminations in the ventral lateral 
thalamic region of the monkey. Brain Res. 

Rev. 5: 237-65 
Asanuma, c., Thach, W. T., Jones, E. G. 

1983c. Anatomical evidence for segre­
gated focal groupings of efferent cells 
and their terminal ramifications in the 
cerebellothalamic pathway of the monkey. 
Brain Res. Rev. 5: 267-99 

Asanuma, C., Thach, W. T., Jones, E. G. 
1983d. Brainstem and spinal projections 
of thl; del;p cen;bellar nudl;i in thl; 
monkey, with observations on the brain­
stem projections of the dorsal column 
nuclei. Brain Res. Rev. 5: 299-322 

Babinski, J. 1 899. De l'asynergie cere­
belleuse. Rev. Neurol. 7: 806-16 

Babinski, J. 1 906. Asynergie et inertie cere­
belleuses. Rev. Neurol. 14: 685-86 

Baizer, J.  S., Glickstein, M. 1974. Role of 
cerebellum in prism adaptation. J. Physiol. 
236: 34p-35p 

Bava, A.,  Grimm, R. J. 1978. Activity of 
fastigial neurons during wrist movements 
in primates. Neurosci. Lett. Suppl. I :  14 1  

Bava, A.,  Grimm, R .  J . ,  Rushmer, D. S .  
1983. Fastigial unit activity during vol­
untary movement in primates. Brain Res. 
288: 37 1-74 

Beppu, R., Nagaoka, M. ,  Tanaka, R. 1987. 
Analysis of cerebellar motor disorders by 
visually-guided elbow tracking move­
ments: 2. Contributions of the visual cues 
on slow ramp pursuit. Brain l iD: 1-18 

Beppu, H. ,  Suda, M.,  Tanaka, R. 1 984. 
Analysis of cerebellar motor disorders by 
visually-guided elbow tracking move­
ments. Brain 1 07: 787-809 

Bloedel, J. R., Courville, J. 198 1 .  Cerebellar 
afferent systems. In Handbook oj Physi­
ology, The Nervous System, Sect. I ,  Vol. 
2, ed. V. B. Brooks, pp. 877-946 

Bloedel, J. R., Kelly, T. M. 1988. A proposed 
role for cerebellar sagittal zones in cere­
bellar cortical interactions. In Neuro­
biology oj the Cerebellar Systems: A Cen­
tenary oj Ramon y Caja/'s Description oj 
the Cerebellar Circuits, p. 30 (Abstr.) 

Botterell, E. H.,  Fulton, J. F. 1938a. Func­
tional localization in the cerebellum of pri­
mates. II.  Lesions of midline structures 
(vermis) and deep nuclei. J. Compo Neurol. 
69: 47-62 

Botterell, E. R., Fulton, J. F. 1938b. Func­
tional localization in the cerebellum of pri­
mates. III. Lesions of hemispheres (neo­
cerebellum). J. Compo Neurol. 69: 63-87 

Braitenberg, V. 1967. Is the cerebellar cortex 
a biological clock in the millisecond range? 
Prog. Brain Res. 25: 334 46 

Braitenberg, V., Atwood, R. P. 1958. Mor­
phological observations on the ccrebcllar 
cortex. J. Compo Neural. 109: 1-33 

Brand, S., Dahl, A.-L., Mugnaini, E. 1976. 
The length of parallel fibers in the cat cere-

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



COORDINATION AND LEARNING 4 39 

bellar cortex. An experimental light and 
electron microscope study. Exp. Brain 
Res. 26: 39-58 

Brodal, P. 1978. The corticopontine pro­
jection in the rhesus monkey. Origin and 
principles of organisation. Brain 101 :  251-
83 

Brodal, P. 1 98 1 .  Neurologic Anatomy in 
Relation to Clinical Medicine. Oxford/ 
New York: Oxford Univ. Press 

Brooks, V. B. ,  Kozlovskaya, I. B., Atkin, A., 
Horvath, F. E. ,  Uno, M.  1 973. Effects of 
cooling dentate nucleus on tracking-task 
performance in monkeys. J. Neurophysiol. 
36: 974-95 

Brooks, V. B. ,  Thach, W. T. 1 98 1 .  Cerebellar 
control of posture and movement. In 
Handbook of Physiology, The Nervous Sys­
tem, Sect. I ,  Vol. 2, ed. V. B. Brooks, pp. 
877-46. Bethesda: Am. Physiol. Soc. 

Brown, J. R. 1949. Localizing cerebellar syn­
dromes. J. Am. Med. Assoc. 141 : 5 1 8-2 1 

Burton, J. E.,  Onoda, N. 1 977. Interpositus 
neurons discharge in relation to a vol­
untary movement. Brain Res. 12 1 :  1 67-72 

Burton, J. E., Onoda, N. 197R. Dependence 
of the activity of interpositus and red 
nucleus neurons on sensory input data 
generated by movement. Brain Res. 1 52: 
41-63 

Chambers, W. W., Sprague, J. M.  1955a. 
Functional localization in the cerebellum. 
I. Organization in longitudinal corto­
nuclear zones and their contribution to the 
control of posture, both extrapyramidal 
and pyramidal. J. Compo Neurol. 103: 105-
29 

Chambers, W. W., Sprague, J. M. 1 955b. 
Functional localization in the cerebellum. 
II. Somatic organization in cortex and 
nuclei. Arch. Neurol. Psychiat. 74: 653-80 

Cooke, J. D., Thomas, J. S. 1976. Forearm 
oscillations during cooling of the dentate 
nucleus in the monkey. Can. J. Physioi. 
Pharmacol. 54: 430-36 

Denny-Brown, D. E. 1967. The fundamental 
organization of motor behavior. In Neuro­
physiological Basis of Normal and Abnor­
mal Motor Activities, ed. M. D. Yahr, D. 
P. Purpura, pp. 414-44. New York: Raven 

Dow, R. S. 1987. Cerebellum, pathology: 
Symptoms and signs. In Encyclopedia of 
Neuroscience, ed. G. Adelman, I :  203-6. 
Boston: Birkhauser Boston, Inc. 

Eccles, J.  C. 1967. Circuits in the cerebellar 
control of movement. Proc. Natl. A cad. 
Sci. USA 58: 336-43 

Eccles, J. C., Ito, M., Szentagothai, J. 1967. 
The Cerebellum as a Neuronal Machine. 
New York: Springer-Verlag 

Elble, R. J., Schieber, M. H., Thach, W. 
T. 1984. Activity of spindle afferents and 
neurons of motor cortex and cerebellar 

nuclei during action tremor. Brain Res. 
323: 330--34 

Evarts, E. V., Thach, W. T. 1969. Motor 
mechanisms of the CNS: Cerebro­
cerebellar inter-relations. Annu. Rev. Phy­
siol. 31 :  451 98 

Flourens, P. 1 824. Recherches experi­
mentales sur les proprietes et Ies fonctions 
du systeme nerveux, dans Ies animaux ver­
tebres. Crevot, Paris 

Fortier, P. A.,  Kalaska, J. F., Smith, A. M. 
1989. Cerebellar neuronal activity related 
to whole-arm reaching movements in the 
monkey. J. Neurophysiol. 62: 198-2 1 1  

Frysinger, R .  c., Bourbonnais, D., Kalaska, 
J. F., Smith, A. M. 1984. Cerebellar corti­
cal activity during antagonist cocon­
traction and reciprocal inhibition of fore­
arm muscles. J. Neurophysiol. 5 1 :  32-49 

Gauthier, G. M.,  Hofferer, J.-M., Hoyt, W. 
F., Stark, L. 1979. Visual-motor adap­
tation: Quantitative demonstration in 
patients with posterior fossa involvement. 
Arch. Neurol. 36: 1 55-60 

Gauthier, G. M ., Mussa-Ivaldi, F. 1988. 
Oculo-manual tracking of visual targets in 
monkey: Role of the arm afferent infor­
mation in the control of arm and eye 
movements. Exp. Brain Res. 73: 138-54 

Gauthier, G. M.,  Robinson, D. A. 1975. 
Adaptation of the human vestibulo-ocular 
reflex to magnifying lenses. Brain Res. 92: 
33 1 35 

Gauthier, G. M., Vercher, J.-L., Mussa­
Ivaldi, F., Marchetti, E. 1988. Oculo­
manual tracking of visual targets: Control 
learning, coordination control, and co­
ordination model. Exp. Brain Res. 73: 
1 27-37 

Gilbert, P. F. c., Thach, W. T. 1977. Pur­
kinje cell activity during motor learning. 
Brain Res. 1 28:  309-28 

Gilman, S. 1969. The mechanism of cere­
bellar hypotonia. Brain 92: 621-38 

Gilman, S., Carr, D., Hollenberg, J. 1 976. 
Kinematic effects of deafferentation and 
cerebellar ablation. Brain 99: 3 1 1-30 

Glaser, G. H., Higgins, D. C. 1966. Motor 
stability, stretch responses, and the cere­
bellum. In Muscular Afferents and Motor 
Control. Proc. Nobel Symp., Vol. I ,  ed. R. 
Granit, pp. 1 21-38. Stockholm: Almquist 
& Wiksell 

Goldberger, M. E., Growden, 1. H. 1 973. 
Pattern of recovery following cerebellar 
deep nuclear lesions in monkeys. Exp. 
Neurol. 39: 307-22 

Granit, R., Holmgren, B. ,  Merton, P. A. 
1955. The two routes for excitation of 
muscle and their subservience to the cere­
bellum. 1. Physiol. 1 30: 21 3-24 

Grimm, R. J., Rushmer, D. S. 1974. The 
activity of dentate neurons during an arm 

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



440 THACH, GOODKIN & KEATING 

movement sequence. Brain Res. 7 1 :  309-
26 

Hallctt, M. B., Shahani, B. T., Young, R. 
R. 1975. EMG analysis of patients with 
cerebellar deficits. J. Neural. Neurosurg. 
Psychiatr. 38: 1 1 54-62 

Harvey, R. J., Porter, R., Rawson, J. A. 
1979. Discharges of intracerebellar nuclei 
in monkeys. J. Physiol. London 297: 559-
80 

Henatsch, H.  D. 1967. Instability of the pro­
prioceptive length servo: Its possible role 
in tremor phenomena. In Neurophysio­
logical Basis of Normal and Abnormal 
Motor Activities, ed. M. D. Yahr, D. P. 
Purpura, pp. 75-89. New York: Raven 

Holmes, G. 1917 .  The symptoms of acute , 
cerebellar injuries due to gunshot injuries. 
Brain 40: 461-535 

Holmes, G. 1922. Clinical symptoms of cere­
bellar disease and their interpretation. The 
Croonian lectures II. Lancet 1 :  1 177-82 

Holmes, G. 1939. The cerebellum of man. 
The Hughlings Jackson memorial lecture. 
Brain 62: 1-30 

Ito, M.,  Sakurai, M" Tongroach, P. 1 982. 
Climbing induced depression of both 
mossy fiber responsiveness and glutamate 
sensitivity of cerebellar Purkinje cells. J. 
Physiol. London 324: 1 1 3-34 

Jackson, J. H. 1 870. A study of convulsions. 
In Selected Writings of John Hughlings 
Jackson (1 932), ed. J. Taylor, I :  8-36. New 
York: Basic Books 

Jansen, J., Brodal, A. 1940. Experimental 
studies on the intrinsic fibers of the cere­
bellum, II. The cortico-nuclear projection. 
J. Camp, Neural, 73: 267-321  

Joseph, J, W" Shambes, G. M. ,  Gibson, J, 
M.,  Welker, W. 1978. Tactile projections 
to granule cells in caudal vermis of the 
rat's cerebellum. Brain Behav. Evol. 1 5: 
141-49 

Kalil, K. 1982. Projections of the cerebellar 
and dorsal column nuclei upon the thala­
mus of the Rhesus monkey. J. Camp. 
Neural, 1 95:  25-50 

Kane, S. A., Goodkin, H. P., Keating, J. 
G., Thach, W. T. 1 989. Incoordination 
in attempted reaching and pinching after 
inactivation of cerebellar dentate nucleus. 
Abstr. Soc. Neurosci. I S: 52 

Kane, S. A., Mink, J. W., Thach, W. T. 
1988. Fastigial, interposed, and dentate 
cerebellar nuclei: Somatotopic organ­
ization and the movements differentially 
controlled by each. Soc. Neurosci. Abstr. 
14: 954 

Kane, S. A., Thach, W. T. 1 989. Palatal 
myoclonus and inferior olive function: 
Are they related? Exp. Brain Res. Ser. 1 7: 
427-60 

Keating, J. G., Thach, W. T. 1 990. Cere-

bellar motor learning: Quantitation of 
movement adaptation and performance in 
rhesus monkeys and humans implicates 
cortex as the site of adaptation. Abstr. Soc. 
Neurosci. 1 6: 762 

Lamarre, Y., Spidalieri, G., Chapman, C. E. 
1983. A comparison of neuronal discharge 
recorded in the sensori-motor cortex, 
parietal cortex, and dentate nucleus of 
the monkey during arm movements trig­
gered by light, sound or somesthetic 
stimuli. Exp. Brain Res. Suppl. 7: 1 40-56 

Lawrence, D. G., Kuypers, H. G. J. M. 1 968. 
The functional organization of the motor 
system in the monkey. I.  The effects of 
bilateral pyramidal lesions. Brain 9 1 :  1-14 

Leaton, R. N., Supple, W. F.  Jf. 1 986. Cere­
bellar vermis: Essential for long-term 
habituation of the acoustic startle re­
sponse. Science 232: 5 1 3-1 5 

Lisberger, S. G. 1988. The neural basis for 
learning of simple motor skills. Science 
242: 728-35 

Llinas, R. 1 98 1 .  Electrophysiology of cere­
bellar networks. In Handbook of Physi­
ology, Sect. I ,  Vol. 2, Pt. 2, ed. V. B .  
Brooks, pp. 83 1-76. Bethesda: Am. Phy­
siol. Soc. 

Luciani, L. 19 15. The hindbrain. In Human 
Physiology, transl. F. A. Welby, Ch. 8, p. 
467. London: Macmillan 

MacKay, W. A. 1988a. Unit activity in the 
cerebellar nuclei related to arm reaching 
movements. Brain Res. 442: 240-54 

MacKay, W. A. 1988b. Cerebellar nuclear 
activity in relation to simple movements. 
Exp. Brain Res. 7 1 :  47-58 

MacKay, W. A. ,  Murphy, 1. T. 1 979. Cere­
bellar modulation of reflex gain. Prog. 
Neurobiol. 1 3 :  361-4 1 7  

Mai, N . ,  Belsinger, P . ,  Avarello, M. ,  Diener, 
H.-C., Dichgans, J. 1 988. Control of iso­
metric finger force in patients with cere­
bcllar disease. Brain I l l : 973-98 

Marr, D. 1969. A theory of cerebellar cortex. 
J. Physiol. 202: 437-70 

Matthews, P. B. C. 1 98 1 .  Muscle spindles, 
their messages and their fusimotor supply. 
In Handbook of Physiology, Sect. I :  The 
Nervous System, Volume 2, Motor 
Control, Pt. 1 ,  ed. J. M. Brookhart, V. B .  
Mountcastle, V. B. Brooks, pp. 1 89-228. 
Bethesda, MD: Am. Physiol. Soc. 

McCormick, D. A., Clark, G. A., Lavond, 
D. G., Thompson, R. F. 1 982. Initial local- ' 
ization of the memory trace for a basic 
form of learning. Proc. Natl. Acad. Sci. 
USA 79: 273 1-35 

McCormick, D. A., Lavond, D. G., Clark, 
G. A., Kettner, R. E., Rising, C. E., 
Thompson, R. F. 198 1 .  The engram 
found? Role of the cerebellum in classical 
conditioning of nictitating membrane and 

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



COORDINA nON AND LEARNING 441 

eyelid responses. Bull. Psychonomic Soc. 
18 :  103-5 

McCormick, D. A., Thompson, R. F. 1 984. 
Cerebellum: Essential involvement in the 
classically conditioned eyelid response. 
Science 223: 296-99 

Meyer-Lohman, J., Conrad, B., Matsunami, 
K., Brooks, V. B. 1975. Effects of dentate 
cooling on precentral unit activity fol­
lowing torque pulse injections into elbow 
movements. Brain Res. 94: 237-5 1 

Meyer-Lohman, J., Hore, J., Brooks, V. B.  
1977. Cerebellar participation in gen­
eration of prompt arm movements. J. 
Neurop/zysiol. 40: 1038-50 

Mink, J. W., Thach, W. T. 1991a. Basal gan­
glia motor control. 2. Late pallidal timing 
relative to movement onset and incon­
sistent pallidal coding of movement pa­
rameters. J. Neurop/zysiol. In press 

Mink, J. W., Thach, W. T. 1 991b.  Basal gan­
glia motor control. 3. Pallidal ablation: 
Normal reaction time, muscle cocon­
traction, and slow movement. J. Neuro­
physiol. In press 

Mortimer, J. A. 1973. Temporal sequence of 
cerebellar Purkinje and nuclear activity in 
relation to the acoustic startle response. 
Brain Res. 50: 457--62 

Mugnaini, E. 1983. The length of cerebellar 
parallel fibers in chicken and rhesus 
monkey. J. Compo Neurol. 220: 7-1 5  

Nashner, L .  M., Grimm, R .  G. 1 978. Analy­
sis of multiloop dyscontrols in standing 
cerebellar patients. Prog. Clin. Neuro­
physiol. 5: 300--19  

Nelson, M.  E. ,  Bower, J. M.  1 990. Brain 
maps and parallel computers. Trends 
Neurosci. 13 :  403-8 

Orioli, P. 1., Strick, P. L. 1989. Cerebellar 
connections with the motor cortex and the 
arcuate premotor area: An analysis em­
ploying retrograde transneuronal trans­
port of WGA-HRP. J. Compo Neurol. 
288: 6 12-26 

Ramon y Cajal, S. 19 1 1 .  Histologie du 
Systeme Nerveux. Paris: Maloine 

Rispal-Padel, L., Cicirata, F., Pons, J. C. 
1 982. Cerebellar nuclear topography of 
simple and synergistic movements in the 
alert baboon. Exp. Brain Res. 47: 365-80 

Rispal-Padel, L., Cicirata, F. ,  Pons, J.-C. 
1983. Neocerebellar synergies. Exp. Brain 
Res. Suppl. 7: 2 1 3-23 

Robinson, D. A. 1 976. Adaptive gain control 
of the vestibulocular reflex by the cerebel­
lum. J. Neurophysiol. 39: 954-69 

Rondot, P., Bathien, N., Toma, S. 1979. 
Physiopathalogy of cerebellar movement. 
In Cerebro-cerebellar Interactions, ed. J. 
Massion, K. Sasaki, pp. 203-30. Amster­
dam: Elsevier 

Sasaki, K. S., Kawaguchi, S., Oka, H., Saki, 

M.,  Mi">:uno, N. 1 976. Electrophysio­
logical studies on the cerebellocerebral 
projections in monkeys. Exp. Brain Res. 
24: 495-507 

Schell, G. R.,  Strick, P. L. 1 983. The origin 
of thalamic inputs to the arcuate premo tor 
and supplementary motor areas. J. Neuro­
sci. 4: 539-60 

Schieber, M. H. 1988. Motor fields of motor 
and premo tor cortex neurons in the rhesus 
monkey during independent finger move­
ments. Abstr. Soc. Neurosci. 14: 821 

Schieber, M. H., Thach, W. T. 1 985. Trained 
slow tracking. II. Bidirectional discharge 
patterns of cerebellar nuclear, motor 
cortex, and spindle afferent neurons. J. 
Neurophysiol. 55: 1 228-70 

Shambes, G. M. ,  Gibson, J. M., Welker, W. 
1978. Fractured somatotopy in granule 
cell tactile areas of rat cerebellar hemi­
spheres revealed by micromapping. Brain 
Behav. Evol. 15 :  94-140 

Shelhamer, M. J., Robinson, D. A. 1 99 1 .  
Context-specific gain switching i n  the ves­
tibuloocular reflex. ARVO Abslr. 1 99 1  

Smith, A .  M . ,  Bourbonnais, D .  1 98 1 .  
Neuronal activity i n  cerebellar cortex 
related to control of prehensile force. J. 
Neurophysiol. 45: 286-303 

Snider, R. S., Eldred, E. 1952. Cerebro-cere­
bellar relationships in the monkey. J. 
Neurophysiol. 15 :  27-40 

Snider, R. S. ,  Stowell, A. 1944. Rcceiving 
areas of the tactile, auditory, and visual 
systems in the cerebellum. J. Neurophysiol. 
7: 33 1-57 

Soechting, J. F.,  Burton, J. E., Onoda, N.  
1 978. Relationships between sensory in­
put, motor output and unit activity in 
interpositus and red nuclei during inten­
tional movement. Brain Res. 1 52: 65--79 

Stanton, G. B. 1980. Topographical organ­
ization of ascending cerebellar projections 
from the dentate and interposed nuclei in 
macaca mulatta: An anterograde degener­
ation study. J. Compo Neurol. 1 90: 699-
73 1 

Sprague, J. M.,  Chambers, W. W. 1 953. 
Regulation of posture in intact and decere­
brate cat. I. Cerebellum, reticular forma­
tion, and vestibular nuclei. J. Neuro­
physiol. 1 6: 45 1 63 

Spidalieri, H. J., Busby, L., Lamarre, Y. 
1983. Fast ballistic arm movements trig­
gered by visual, auditory, and somesthetic 
stimuli in the monkey. II. Effects of uni­
lateral dentate lesion on discharge of pre­
central cortical neurons and reaction. J. 
Neurophysiol. 50: 1 359-79 

Strick, P. L. 1 976. Anatomical analysis of 
ventrolateral thalamic input to the pri­
mate motor cortex. J. Neurop/zysiol. 39: 
1020--3 1  

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



442 THACH, GOODKIN & KEATING 

Strick, P. L. 1983. The influence of motor 
preparation on the response of cerebellar 
neurons to limb displacements. J. Neuro­
sci. 3: 2007-20 

Thach, W. T. 1968. Discharge of Purkinje 
and cerebellar nuclear neurons during 
rapidly alternating arm movements in the 
monkey. J. Neurophysiol. 3 1 :  785-97 

Thach, W. T. 1970a. Discharge of cerebellar 
neurons related to two maintained pos­
tures and two prompt movements. 1. 
Nuclear cell output. J. Neurophysiol. 33: 
527-36 

Thach, W. T. 1970b. Discharge of cerebellar 
neurons related to two maintained pos­
tures and two prompt movements. II. Pur­
kinje cell output and input. J. Neuro­
physiol. 33: 537-47 

Thach, W. T. 1 975. Timing of activity in 
the cerebellar dentate nucleus and cerebral 
motor cortcx during prompt volitional 
movement. Brain Res. 1 69: 1 68-72 

Thach, W. T. 1978. Correlation of neural 
discharge with pattern and force of mus­
cular activity, joint position, and direction 
of intended next movement in motor cor­
tex and cerebellum. J. Neurophysiol. 4 1 : 
654-76 

Thach, W. T., Goodkin, H. P., Keating, J.  
G. 199 1 .  Inferior olivc discasc in man pre­
vents learning of novel eye-hand synergies. 
Abstr. Soc. Neurosci. 1 7: 1 380 

Thach, W. T., Kane, S. A., Mink, J. W., 
Goodkin, H.  P. 1992. Cerebellar output: 
Multiple maps and motor modes in move­
ment coordination. In Ramon y Cajal Cen­
tenary, ed. R. Llinas, C Sotelo. In press 

Thach, W. T., Kane, S. A.,  Mink, J. W., 
Goodkin, H. P. 1990b. Cerebellar nuclear 
signs: Motor modalities, somatotopy, and 
incoordination. Am. Acad. Neurol., 
Motor Control: Annual Course # 248: 
1 09-35 

Thach, W. T., Perry, J. G., Shieber, M. 
H. 1982. Cerebellar output: Body maps 
and muscles spindles. In The Cer­
ebellum-New Vistas, ed. S. L. Palay, V. 
Chan-Palay, pp. 440-54. New York: 
Springer-Verlag 

Thach, W. T., Schieber, M .  H. ,  Mink, J. W., 
Kane, S. A., Horne, M.  K. 1986. Cer­
ebellar relation to muscle spindles in hand 

tracking. Prog. Brain Res. 64: 2 1 7-24 
Trouche, E., Beaubaton, D. 1980. Initiation 

of a goal-directed movement in the 
monkey. Exp. Brain Res. 40: 3 1 1-21 

Uno, M., Kozlovskaya, I .  B., Brooks, V. B. 
1973. Effects of cooling interposed nuclei 
on tFacking-task performance in monkeys. 
J. Neurophysiol. 36: 996-1003 

Van Kan, P. L. E. ,  Houk, J. C, Gibson, 
A. R. 1986. Body representation in the 
nucleus interpositus of the monkey. 
Neurosci. Lett. Suppl. 26: s231 

Verchcr, J.-L., Gauthier, G. M. 1 988. Cere­
bellar involvement in the coordination 
control of the oculo-manual tracking sys­
tems: Effects of cerebellar dentate nucleus 
lesion. Exp. Brain Res. 73: 1 55-66 

Victor, M . ,  Adams, R. D., Mancall, E. L. 
1959. A restricted form of cerebellar corti­
cal degeneration occurring in alcoholic 
patients. Arch. Neurol. I :  579-688 

Vilis, T., Hore, J. 1 977. Effects of changes 
in mechanical state of limb on cerebellar 
intention tremor. J. Neurophysiol. 43: 279-
9 1  

Vilis, T., Hore, 1. 1 980. Central neuronal 
mechanisms contributing to cerebellar 
tremor produced by limb perturbations. J. 
Neurophysiol. 43: 279-91 

Watanabe, E. 1984. Neuronal events cor­
related with long-term adaptation to the 
horizontal vestibulo-ocular reflex in the 
primate flocculus. Brain Res. 297: 169-74 

Weiner, M.  1. ,  Hallett, M. ,  Funkenstein, H.  
H. 1 983. Adaptation to lateral dis­
placement of vision in patients with lesions 
of the central nervous system. Neurology 
33: 766-72 

Welts, R., Kalaska, 1. F.,  Smith, A. M. 1 985. 
Cerebellar nuclear cell activity during 
antagonist cocontraction and reciprocal 
inhibition of forearm muscles. J. Neuro­
physiol. 54: 23 1-44 

Wolpaw, J. R., Carp, J. S. 1990. Memory 
traces in spinal cord. Trends Neurosci. 13 :  
1 37-42 

Yeo, C. H. ,  Hardiman, M. J., Glickstein, 
M. 1984. Discrete lesions of the cerebellar 
cortex abolish classically conditioned nic­
titating membrane response of the rabbit. 
Behav. Brain Res. 13 :  261-66 

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

19
92

.1
5:

40
3-

44
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
02

/2
7/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Neuroscience Online
	Most Downloaded Neuroscience Reviews
	Most Cited Neuroscience Reviews
	Annual Review of Neuroscience Errata
	View Current Editorial Committee


	ar: 
	logo: 



