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Le but de cette thése est avant tout de vérifier les effets de 1'atteinte du cervelet

lors de différents types d'apprentissages chez le rat et la souris. Le cervelet n'est pas
traLlitionnellemcnt vu comme une structure nerveuse impliquée dans l'apprentissage, a
l'exception peut-étre de quelques adaptations motrices trés simples. Néanmoins, le nombre
grandissant d'études cliniques faisant état d'un ralentissement de 'apprentissage moteur ou
de troubles se situant au-dela de la sphére motrice chez le patient cérébelleux fait en sorte
que la problématique n'est d'ores et déja plus anecdotique. Des études expérimentales,
employant des sujets dont les Iésions sont semblables quant a 1'étiologie, 1'étendue et 1'dge
d'apparition sont nécessaires. Pour ce faire, des souris mutantes transgéniques, dont
certains types de neurones cérébelleux dégénérent avant 'atteinte de 1'dge adulte, ont été
utilisées. ainsi que des rats dont les aires cérébelleuses médianes (vermis et noyaux

fastigiaux ou noyaux fastigiaux seulement) ou latérales (hémisphéres et noyaux latéraux ou

novaux latéraux seulement) ont été 1ésées.

Les tiches expérimentales employées sont de diverses natures, évaluant
notamment l'apprentissage associatif instrumental et la capacité de produire des séquences.
Mais deux grands types tiches ont particuliérement attiré 'attention : celles mesurant la
capacité d'acquisition d'une conduite motrice complexe et celles mesurant la capacité
d'orientation spatiale. Le but ultime de ces études €tait donc, d'une part, de mettre en
¢vidence le role cérébelleux dans l'apprentissage moteur lorsque ce dernier implique une
conduite nouvelle et complexe et, d'autre part, la vérification des effets non-moteurs des

Iésions du cervelet, notamment au plan de l'orientation spatiale.

Les différentes Iésions n'ont eu généralement que peu ou pas d'effets sur
I'établissement d'un conditionnement opérant et sur la production de séquences. De plus,
aucune de ces Iésions n'a entrainé la perte de capacité d'un apprentissage moteur nouveau,

contrairement a ce qui est observé lors de l'adaptation motrice. Cependant, les dernieres
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phases de l'acquisition motrice sont notablement touchées. Enfin, l'orientation spatiale est

également affectée.

a

Ces résultats confirment le réle du cervelet au-dela du cadre de la coordination
motrice. Ce fait est discuté d'un point de vue anatomo-fonctionnel, de par les liens
neuronaux massifs et mutuels qu'entretiennent entre eux le cerveau et le cervelet. L'atteinte
de ce dernier n'empéche pas tout apprentissage, mais peut le ralentir, étant donné

I'importante présence cérébelleuse au sein de plusieurs boucles cortico-sous-corticales.
Les résultats de cette thése appuient I'idée d'un réle cérébelleux ne se limitant pas
a la coordination motrice. Cette conclusion est étayée par les résultats obtenus ailleurs,

dans une tentative d'intégration explicative.

Mots clés : rongeurs: cervelet: Iésions; apprentissage moteur; orientation spatiale.
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Le cervelet est une structure de I'encéphale dont I'anatomie est trés bien connue, car
somme toute assez simple. Paradoxalement, les fonctions pour lesquelles il est sollicité sont
encore trés mal définies. On connait, certes depuis longtemps, le role prépondérant qu'il
tient dans la coordination motrice (Rolando, 1809; Flourens, 1824), mais un apport
considérable lui est théoriquement reconnu depuis les années soixante-dix dans I'intégration
de certains apprentissages, de type moteur en particulier (Marr, 1969; Albus, 1971). Des
études devenues classiques ont partiellement confirmé ces théories, en démontrant
I'incapacité post-opératoire de certains animaux 2 effectuer différentes taches motrices trés
simples qu'ils maftrisaient avant la Iésion cérébelleuse. Depuis, on considére que le cervelet
est directement impliqué dans l'apprentissage moteur (Ghez, 1991). Cependant, la mise en
évidence de son rdle lors I'acquisition motrice ne peut se faire qu'en utilisant des tiches
sensorimotrices auxquelles le sujet n'a jamais été exposé (Llinas & Welsh, 1993) et cette

démonstration n'a encore jamais été effectuée.

De plus, il semble plausible que le role du cervelet ne soit pas limité 2 la seule sphere
motrice. La possibilité qu'il soit impliqué dans les processus cognitifs complexes émerge
progressivement (Leiner et al., 1986: Lalonde & Botez, 1990). En effet, un nombre
croisssant d'études cliniques indique notamment la présence de troubles de l'organisation
visuo-spatiale chez les patients atteints de Iésions cérébelleuses (Botez et al., 1985, 1989:
Appolonio et al.,1993; Botez-Marquard & Botez, 1993; Kish et al.,1994). Cette nouvelle
symptomatologie cérébelleuse est appuyée par la découverte de liens anatomiques entre le
cervelet et les lobes corticaux postéricurs et antérieurs chez I'humain (Botez et al., 1991), le
singe, le chat (Sasaki, 1979) ainsi que le rat (Schneiderman Fish et al., 1979: Shinoda et al.,
1992). Ces résultats sont a l'origine d'un concept nouveau, la neuropsychologie du
cervelet, ou I'on explique les troubles cognitifs résultant de son atteinte par les afférences et
efférences qui le lient a ces aires corticales (Schmahmann, 1991; Botez, 1992). Cependant,

les études expérimentales concernant ce concept sont rares et plusieurs questions demeurent
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quant a la présence de troubles non-moteurs, leur étendue, leur nature et leur gravité. Les
quelques études expérimentales effectuées dans ce but démontrent clairement que les
animaux atteints de dégénérescence cérébelleuse présentent des déficits d'apprentissage de
type spatial et non-spatial (Lalonde & Botez, 1990). Néanmoins, l'effet de 1ésions

circonscrites au cervelet demeure inconnu.

L'objectif de cette thése est d'évaluer la contribution du cervelet 2 I'élaboration de
certains processus d'apprentissages complexes chez le rat, incluant I'acquisition motrice et

l'orientation spatiale.

1-Anatomie et physiologie cérébelleuses

Le cervelet ne représente qu'environ 10% du volume total du cerveau, mais contient
plus de la moiti€ de ses neurones (Ghez, 1991). Malgré cela, sa cytoarchitecture est simple
et bien connue (Ramon y Cajal, 1909, 1911). Les cellules nerveuses cérébelleuses sont
disposées de fagon trés réguliére en colonnes, donnant lieu 4 une répétition sectorielle du
méme type de module neuronal, de la partie médiane vers les zones latérales. Cependant,
ces différentes régions de I'axe médio-latéral ont chacunes des liens neuronaux privilégiés
avec différentes aires extra-cérébelleuses, ce qui suggére que toutes les régions du cervelet
traitent I'information de fagon semblable, mais que la nature de cette information peut

différer d'un module 4 I'autre (Ghez. 1991).

Le cervelet ne posséde que deux voies neuronales afférentes majeures et toutes deux
projettent aux cellules de Purkinje. Une voie est formée de la chaine fibres moussues-
cellules granulées-fibres paralléles. et l'autre, monosynaptique, des fibres grimpantes
uniquement. Les fibres moussues ont divers points d'origine situés aux niveaux du tronc
cérébral (noyaux pontiques et vestibulaires) et de la moelle épiniere, alors que les fibres

grimpantes proviennent exclusivement des noyaux de 'olive inférieure. Les deux voies
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véhiculent de l'information en provenance du cortex cérébral ainsi que de l'information
proprioceptive en provenance de la périphérie. Une seule fibre de la voie moussue-
grimpante-paralléle fait synapse avec quelques 200 000 cellules de Purkinje, alors qu'une
fibre grimpante n'entre en contact qu'avec une seule ou quelques cellules de Purkinje. Cette
derniere synapse est ainsi I'une des plus puissantes du systéme nerveux. Les cellules de
Purkinje projettent quant a elles aux noyaux cérébelleux, qui représentent le point de départ
des principales voies efférentes cérébelleuses. Ces noyaux sont au nombre de trois paires
chez le rongeur, nommés selon leur position médio-latérale: les noyaux fastigiaux (partie

médiane, ou vermienne), les noyaux interposés (partie intermédiaire, ou parasaggitale) et les

noyaux dentel€s (partie latérale, ou hémisphérique).

Depuis plus d'un siecle, on assigne au cervelet un rdle de comparateur dans la
conduite motrice (Holmes, 1917, 1939; Ghez, 1991). Grice i ses liens neuronaux mutuels,
d'une part avec les aires corticales motrices et d'autre part avec la moelle épiniere et certains
noyaux du tronc cérébral, le cervelet est vu comme une structure pouvant comparer l'ordre
moteur donné aux effecteurs et le résultat comportemental, tel qu'il a été réellement produit.
En comparant I'intention et la performance, il ajusterait au besoin les messages véhiculés par
les principaux systemes moteurs descendants, afin que les effecteurs produisent un
mouvement ou une conduite souple et fluide (Eccles, 1967). Ainsi son atteinte entraine-t-
elle les troubles bien connus d'incoordination motrice, de perte d'équilibre et de tonus

musculaire (Rolando, 1809; Flourens, 1824).

L'organisation neuronale extrémement ordonnée et relativement simple du cervelet,
la conjonction répétée de ses deux voies afférentes, l'arrangement régulier et unifié des
cellules de Purkinje et le fait que ses différentes parties contrdlent individuellement différents
groupes de muscles, ont poussé quelques théoriciens 2 supposer pour la premiére fois un

role cérébelleux dans l'apprentissage, en particulier l'apprentissage de type moteur
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(Brindley, 1964; Eccles et al., 1967). Longtemps considéré comme n'étant essentiel qu'a la
coordination motrice, le cervelet a néanmoins fait I'objet de théories expliquant son role dans
l'a;‘;prentissage moteur (Marr, 1969; Albus, 1971; Gilbert, 1974; Eccles, 1977; Ito, 1984).
Selon ces théories, aujourd'hui largement acceptées, le cervelet est un site essentiel,
nécessaire et suffisant, non seulement 3 tout apprentissage moteur, mais aussi a
I'¢tablissement des traces mnésiques neuronales (modifications synaptiques provoquées par
I'expérience) formées lors de son acquisition. Par exemple, selon I'hypothése du modele
mathématique d'Albus (1971), les fibres grimpantes ont pour fonction d'induire une
diminution de l'efficacité de certaines fibres moussues i activer les cellules de Purkinje
pendant qu'un apprentissage moteur s'effectue. En effet, lors de l'exécution de tout
mouvement bien maitrisé, l'activité des fibres moussue est stéréotypée et bien rodée en
fonction du dit mouvement. Cependant, lors de l'apprentissage d'un nouveau mouvement,
les motoneurones sont activés de fagon plus ou moins erronée, du fait de la nouveauté du
geste (Gilbert & Thach, 1977). Clest 4 ce moment qu'interviendraient les fibres grimpantes
qui. lors de I'exécution erronée d'une sous-composante du patron moteur, réduiraient
I'efficacité du groupe de fibres moussues activées par cette sous-composante mal effectuée.
Cette diminution d'efficacité des fibres moussues serait installée a long terme, d'ol sont
nom de dépression a long terme (DLT lto. 1972)). Lorsque les cellules de Purkinje
déchargent correctement, les fibres grimpantes seraient silencieuses. Ainsi, le cortex
cérébelleux est-il comparé 4 un "détecteur de patron neuronal”. Pour reprendre un exemple
donné par Marr (1969) et Albus (1971). si une cellule de Purkinje peut reconnaitre une
combinaison de cing  fibres moussues. activées au méme moment et faisant partie d'un
groupe de 25. le nombre total de combinaisons possibles dépasse les 50 000. Les fibres
grimpantes serviraient dans ce contexte i déterminer laquelle de ces combinaisons est la
meilleure pour le geste & effectuer. La DLT serait quant a elle a la base d'une trace neuronale
concernant le contexte particulier lorsque des mouvements spécifiques sont requis (Ito,

1993; Krupa et al., 1993).



2- Cervelet et apprentissage moteur

Selon Adam, (rapporté par Hallet et al., 1996), il y a apprentissage moteur dans
l'u;le des deux conditions suivantes : soit lors de I'adaptation motrice ou lors de l'acquisition
motrice. L'acquisition d'une nouvelle habileté motrice implique 'amélioration de la qualité
d'une performance motrice volontaire et nouvelle en fonction de la pratique. L'adaptation
motrice, quant & elle, n'implique pas de nouvelle acquisition, mais plutdt un retour au niveau
optimal de la performance d'une conduite motrice déja apprise, 2 la suite d'un changement

d'un des parametres. Elle n'implique pas nécessairement un effort volontaire de la part du

sujet (Hallet, 1996; Hallet et al., 1996).

Les €tudes effectuées chez l'animal et 'humain indiquant un réle du cervelet dans
I'apprentissage moteur concernent surtout 1'adaptation motrice : 1) adaptation du réflexe
vestibulo-oculaire (RVO) en réponse 4 la transformation artificielle du champ visuel; 2)
adaptation d'un mouvement i la suite du changement d'un paramétre 1ié i une tache apprise
et 3) conditionnement classique de la paupiére (CCP). Les mécanismes inhérents a
l'acquisition d'une nouvelle conduite motrice multi-articulaire, exigée pour effectuer de
simples gestes tels qu'attacher son soulier, sont beaucoup plus complexes et moins étudiés.

Le réle du cervelet lors de ce type d'apprentissage moteur n'est pas €tabli.

Le fait que I'adaptation du RVO soit compromise par la Iésion cérébelleuse semble
néanmoins confirmer les modeles théoriques et mathématiques ci-haut mentionnés
(Robinson. 1976). 1l s'agit du réflexe grice auquel un mouvement de la téte, effectué dans
une direction donnée, entraine le mouvement compensatoire €quivalent des yeux dans la
direction opposée lorsque l'on fixe visuellement une cible, afin de maintenir I'image sur la
fovéa. Le labyrinthe vestibulaire est sensible aux mouvements de la téte et est relié
directement au vermis ainsi qu'aux flocculi cérébelleux. De fait, le flocculus recoit des

signaux vestibulaires par l'entremise des fibres moussues et des signaux visuels par
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I'entremise des fibres grimpantes. L'activité des fibres grimpantes modifierait le résultat de
l'a\ctivité des fibres moussues de provenance vestibulaire, jusqu'a I'obtention d'une conduite
motrice des yeux compensant parfaitement le mouvement de la téte. L'adaptation de ce
réflexe, requise a la suite de l'altération du champ visuel brovoqué par le port de lunettes
prismatiques, est aussi empéchée par la lésion des flocculi (Ito, 1984). Ce type de
démonstration cadre donc trés bien avec les modeles mathématiques proposés pour expliquer

le role du cervelet dans I'apprentissage moteur.

En accord direct avec ces modeles, Gilbert et Thach (1977) ont observé que les
cellules grimpantes sont activées exclusivement lors du changement d'un paramétre
caractérisant une tiche motrice apprise. Ainsi, lorsqu'un singe maintient constante, suite 3
I'apprentissage, la résistance exercée par les muscles de son bras pour stabiliser un levier en
fonction d'une charge qui est également constante, les fibres moussues déchargent de fagon
stéréotypée et prévisible. Cependant, le fait de modifier la charge entraine immédiatement
une forte activation des fibres grimpantes, qui désactiveront le groupe de fibres paralléles
actives lors du précédent apprentissage. De nouveaux groupes de fibres paralléles
s'activeront en réponse a la nouvelle charge, qui sera éventuellement maintenue
correctement. A ce moment, les fibres grimpantes ne s'activent plus, la nouvelle
combinaison de fibres paralleles s'active de fagon stéréotypée, le groupe de muscles
effecteurs est de nouveau bien contrdlé : la tiche est réapprise. La DLT serait, selon le

modele, 2 la base de I'apprentissage moteur, et ne se rencontrerait qu'au niveau cérébelleux.

Les études appuyant le role du cervelet dans I'apprentissage moteur et confirmant les
théories expliquant cet apport sont celles de Thompson et collaborateurs (voir Thompson,
1986; 1990). Ceux-ci ont mis en évidence le fait que la lésion précise de la partie antérieure
du noyau interposé empéche I'établissement du conditionnement Pavlovien de fermeture de

la paupiére chez le lapin (McCormick et al., 1981, 1982; McCormick & Thompson, 1984).
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Lorsqu'une bouffée d'air est dirigée directement sur la cornée de l'animal, celui-ci a le
réflexe de fermer sa paupiere en réponse au stimulus aversif. 1l faut noter que ce réflexe est
présent en l'absence du cervelet car ce dernier ne fait pas partie du circuit neuronal sous-
Jacent & ce réflexe. Il est possible de conditionner un animal & produire le réflexe en
I'absence du stimulus inconditionnel (SI), aprés son pairage répété avec un stimulus
conditionnel (SC), tel qu'un son. Cette réponse conditionnelle (RC) est totalement abolie
pour l'oeil ipsilatéral au noyau l€sé€, alors que la réponse au SI ne l'est pas. Cette RC, en
revanche, est toujours présente pour l'oeil controlatéral, mais disparait & son tour 2 la suite
de la Iésion de l'autre noyau interposé. II est donc établi que l'abolition et 'absence de
conditionnement ne sont pas simplement dues a un trouble moteur. De plus, il est possible
d'obtenir le conditionnement du méme réflexe par des stimulations conjointes et directes des
fibres moussues et des fibres grimpantes (Steinmetz et al., 1989; Krupa et al., 1993). On a
conclu que le substrat anatomique du conditionnement classique de la paupiere (CCP) est
formé des deux voies afférentes cérébelleuses, les fibres moussues véhiculant l'information
relative au SC (car les noyaux pontiques d'origine ont des afférences provenant des aires
auditives) et les fibres grimpantes véhiculant celle du SI (car les noyaux de l'olive inférieure
d'ou elles proviennent ont des afférences somatosensorielles trigéminales péri-orbitales). Ce
type d'étude est cité en tant que preuve supplémentaire du bien-fondé des théories
mentionnées plus haut pour trois raisons. Premiérement, I'apprentissage est obtenu a la
suite d'une baisse de l'efficacité des fibres paralleles a exciter les cellules de Purkinje.
Deuxiemement, cette baisse d'efficacité des fibres paralleles est le résultat de l'activité des
fibres grimpantes et troisiemement. le phénomeéne de DLT y est impliqué et nécessaire.
Ainsi, le SC véhiculé par les fibres moussues n'entraine, au départ, pas de réponses
motrices: I'activité des fibres paralleles donnant lieu A l'excitation des cellules de Purkinje.
Pendant le pairage entre le SC et le SI, les fibres grimpantes entrainent une baisse de la
réponse des cellules de Purkinje lors de l'activation des fibres paralleles et a la suite des

pairages répétés, les cellules de Purkinje ne répondent plus aux fibres moussues, n'inhibent
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donc plus les noyaux cérébelleux, qui induiront dorénavant la fermeture de la paupiére. Le

conditionnement classique d'un réflexe impliquant le retrait d'une patte est aussi abolit par la

1ésion cérébelleuse (Bloedel et al., 1993).

Chez les patients cérébelleux, des troubles similaires sont observés. Il est bien sir
impossible d'obtenir des groupes de patients dont les lésions ont une étiologie, une étendue
et une durée identiques a celles des animaux et de toute fagon les analogies entre deux
groupes de sujets si différents sont souvent mal-aisées. Mais la nature de certains troubles
comportementaux entre ces groupes est néanmoins d'une similarité frappante. Ainsi
I'adaptation du RVO au déplacement latéral du champ visuel est également déficiente chez les
patients cérébelleux (Gauthier et al., 1979; Weiner et al., 1983; Thach et al., 1992).
L'adaptation d'un mouvement rapide de I'avant-bras en réponse a un changement de
parametre est aussi perturbée (Deuschl et al., 1993) et le conditionnement classique de la
fermeture de la paupiére est totalement aboli chez ces patients (Solomon et al., 1989; Daum
et al,, 1993). Ces études permettent donc les mémes conclusions que les études animales, a
savoir: I'intégrité du cervelet est nécessaire, d'une part, 2 l'adaptation d'un mouvement
simple ou d'un réflexe et, d'autre part. i I'établissement du conditionnement classique d'un
réflexe impliquant les muscles striés. Bien que les études cliniques soient trop peu
nombreuses, il semble que les régions cérébelleuses parasagitales et latérales (corticales et

nucléiques), soient celles dont 'atteinte est critique (Thompson, 1990).

Ces résultats ont été prédits par les modeéles mathématiques concernant le rdle du
cervelet dans I'apprentissage moteur (Marr, 1969; Albus, 1971). Ces modeéles attribuent un
role essentiel au cervelet puisqu'il serait le site de formation de la trace neuronale inhérente a
I'apprentissage, du fait de la conjonction unique de ses afférences neuronales. Ces études
sont a la base de l'assertion contemporaine voulant que le cervelet est une structure

essentielle, sinon unique, a 'élaboration de tout apprentissage moteur (Glickstein & Yeo,
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1990). Cependant, certaines limites sont A souligner. En premier lieu, l'apprentissage
pavlovien n'est pas, a notre avis, un exemple d'apprentissage moteur, contrairement aux
aflgirmations des auteurs de ces €tudes (voir Krupa et al., 1993). Bien que ces réflexes se
manifestent par une réponse motrice, celle-ci n'est pas apprise, il s'agit plutdt d'un
apprentissage associatif nécessitant une réponse de type réflexe. Le cervelet est donc trés
certainement impliqué dans ce type d'apprentissage, mais ce dernier ne doit pas étre
confondu avec un apprentissage moteur. De plus, aucune de ces recherches ne s'est
intéressée au réle cérébelleux lors d'un apprentissage moteur complexe, impliquant
Facquisition d'une nouvelle conduite motrice et nécessitant la coordination de plusieurs
articulations. Ce type d'acquisition fait pourtant partie, a n'en point douter, de la classe
motrice des apprentissages et ainsi devrait, selon les théories reconnues, étre empéché ou au
moins entrave par la Iésion cérébelleuse. La généralisation de ces théories ne peut donc étre
obtenue qu'a l'aide de tiches d'apprentissage moteur nouveaux. Il existe une différence
notable entre d'une part, la capacité de réajuster la vitesse d'un mouvement de poursuite de
la main en fonction de celle, modifiée, d'un curseur; et d'autre part, la capacité de
coordonner un ensemble de mouvements complexes afin de réaliser une conduite telle que la
natation par exemple. Ce dernier apprentissage est également moteur, mais dépend-il autant
de I'intégrité cérébelleuse ? Une réponse affirmative permettrait de confirmer les théories
concernant les différents roles moteurs du cervelet, en plus de déterminer 1'étendue de leur
généralisation. En ce sens, le titre d'un article récent de Bloedel et ses collaborateurs (1991

est tres évocateur : "Substrates for motor learning: does the cerebellum do it all?". C'est en

ayant cette question a l'esprit que certaines études présentées ici ont été mises sur pied.

A ce jour, les travaux portant sur la nécessité de l'intégrité cérébelleuse lors de
I'acquisition d'habiletés nouvelles, complexes et volontaires, dépassant le cadre du réflexe,
sont dailleurs extrémement rares. En fait, on a recensé seulement deux études animales et

deux autres chez I'humain s'intéressant aux effets des lésions du cervelet sur I'apprentissage
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moteur complexe entre 1917 et 1991 (Welsh & Harvey, 1992). Les prochaines sections
décrivent ces études.
2.1 Cervelet et apprentissage moteur complexe chez 1'animal

A notre connaissance, le premier rapport expérimental impliquant a la fois l'atteinte
cérébelleuse et l'évaluation des capacités résiduelles, non pas de coordination motrice ou
d'un apprentissage moteur simple, mais bien de l'acquisition d'une conduite nouvelle, est
celui de Watson et McElligot (1984). Ils entrainent des rats A contourner des obstacles placés
de fagon réguliere dans I'allée d'un labyrinthe. Une fois I'entrainement terminé, ils injectent
une neurotoxine anti-noradrénergique dans la voie coeruleo-cérébélleuse d'un groupe de
rats. Les groupes expérimentaux et placebos sont ensuite entrainés i traverser le méme type
de labyrinthe. mais les obstacles sont cette fois disposés de fagon irréguliere. Etant donné
que le temps moyen pris par le premier groupe pour franchir le labyrinthe est plus long que
celui du groupe placebo, ils concluent que la perte noradrénergique a induit un trouble
d'apprentissage moteur complexe. Cependant, si des troubles de coordination motrice ont
€t€ induits, il edit fallu prendre en considération certaines variables autres que celle du temps
requis pour faire la traversée, tel que le nombre d'erreurs effectuées. De plus, afin de
vérifier si le cervelet est véritablement essentiel a la formation d'une trace mnésique, il eiit
fallu re-tester ces animaux dans la version initiale du labyrinthe (ils devraient, dans ce cas,
etre moins performants). Ce rapport est un des rares a inclure une tiche d'apprentissage

moteur complexe.

Auvray et al.. (1989) ont quant & eux étudié l'effet de la cérébellectomie sur la
capacité du maintien de I'équilibre sur une poutre rotative chez le rat, a différents moments
du développement. 1l s'agit ici d'un apprentissage moteur complexe. L'aspiration du
cervelet a I'dge post-natal de 10 jours entraine une incapacité totale d'apprentissage. Si

l'entrainement est effectué a I'dge post-natal de 18 jours, les rats peuvent apprendre la tiche,
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mais a un rythme plus lent en comparativement aux rats testés a I'dge post-natal de 20 jours,
qqi eux sont moins performants que les rats contrles. Cependant, les ratons contrdles sont
eux-mémes incapables de maitriser cette tiche avant I'dge de 18 jours, ce qui empéche toute
interprétation quant a l'incapacité des rats testés a I'age de 10 jours. De plus, cela indique
que le circuit nécessaire a cet apprentissage n'est probablement pas totalement mature avant

I'age de 18 jours et que les Iésions ont été faites trop tot compte tenu de l'ontogénése du rat.

Une étude animale récente (Ojakanjas & Ebner, 1992) s'est pour la premiére fois
penchée sur la question de la DLT et d'un réel apprentissage moteur complexe. Afin de
tester les théories mentionnées plus haut et donc I'hypothése que l'activation des fibres
grimpantes est responsable de la modulation des cellules de Purkinje lors d'un apprentissage
moteur non conditionné et non réflexe, Ojakanjas et Ebner (1992) ont entrainé des singes 2
suivre une cible mobile sur écran i 'aide d'une mannette de jeu reliée a un curseur vidéo.
Lorsque I'animal arrive a diriger le curseur de fagon 2 bien suivre la cible, la relation vecteur-
vitesse entre la mannette et le curseur est changée; introduisant ainsi la nécessité d'une
adaptation motrice. Les enregistrements €lectrophysiologiques effectués ont permis de
déceler des modifications du taux de décharge des cellules de Purkinje durant l'adaptation
motrice, mais ces changements ne sont pas reliés a I'activité des fibres grimpantes. Ces
résultats confirment le réle des cellules du cervelet lors d'un apprentissage moteur, mais
vont a l'encontre des théories de la trace mnésique qui postulent que cette derniére est
essentielle a I'apparition de tout apprentissage moteur, puisque l'activité des deux afférences
neuronales est indépendante. Plus précisément, les deux systemes afférents sont activés
durant l'apprentissage moteur, mais de fagon indépendante et non causale. L'activité
cellulaire cérébelleuse est reliée 2 cet apprentissage, mais elle n'est pas I'objet d'une trace

mnésique formée par lui au sein du cervelet.
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2.2 Cervelet et apprentissage moteur complexe chez I'humain

Cliniquement, l'apprentissage moteur complexe n'a pas souvent été pris en
co.nsidération. Par contre, le type d'évaluation utilisées est beaucoup plus varié: taches
visuomotrices (dessin ou lecture en miroir), tiches de temps de réaction sériels, tiches
d'apprentissage explicite de séquences et tdches d'acquisition d'une nouvelle conduite. Une
€tude clinique porte sur la copie en miroir (Sanes et al., 1990). Ils comparent la
performance d'un groupe de patients ayant des lésions limitées au cervelet & un groupe
contrdle qui doivent copier directement ou en miroir des formes nouvelles le plus rapidement
possible. tout en demeurant fidéle au modele. Les patients démontrent un temps
d'apprentissage augmenté et limité lors de la tAche de la copie directe, ainsi que d'importants
troubles d'adaptation motrice lors de la copie en miroir, ce qui semble permettre la
conclusion d'un lien entre le cervelet et l'apprentissage moteur. Il est cependant possible
que ces patients possédaient un rendement quasi optimal d&s le début de I'apprentissage et
qu'ils aient €t€ dans I'impossibilité de démontrer une meilleure capacité d'apprentissage.
Une comparaison inter-groupe directe n'est donc pas toujours préférable i une comparaison
de la pente des courbes d'apprentissage. Mesurer le temps requis pour réaliser une tiche

n'‘est pas non plus toujours idéal avec des patients cérébelleux (il n'est pas ici question des

temps de réaction, mais seulement des temps d'exécution des mouvements).

Topka et al. (1991) rupportent que les patients atteints de dégénérescence
cérébelleuse peuvent apprendre une nouvelle habileté motrice impliquant un mouvement
multi-articulaire. Leur conclusion se base sur le fait que ces patients ont augmenté la
précision du mouvement appris (relier des points sur une tablette €lectronique) tout en
gardant constante la vitesse d'exécution du mouvement. Clest dire que le gain en précision
ne s'est pas simplement fait au dépend d'une perte de la vitesse d'exécution, ce qui
correspond  la définition d'une réelle acquisition motrice. Par ailleurs, le gain en précision

des patients €rait le méme que celui des sujets contrdles. Les deux seules études cliniques
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traitant du lien entre le cervelet et I'apprentissage moteur comlexe n'arrivent donc pas aux
mémes résultats, mais les taches et la population clinique différent. D'autres études ont

employé des apprentissages moteurs séquentiels et elles sont plus nombreuses.

Un autre type de tdche impliquant une acquisition motrice est l'apprentissage d'une
séquence particuliere. Inhoff et al., (1989) rapportent des déficits lors de I'exécution de
séquences simples, oil I'on demande a des patients atteints de Iésions limitées du cervelet de
peser sur une a trois clés selon différentes séquences. On mesure les temps de réaction
requis pour amorcer la séquence et le temps nécessaire entre la production de chaque élément
de celle-ci, lorsqu'elle est apprise. Parce que le groupe de patients n'a pas eu d'élévation du
temps de réaction en fonction de l'augmentation du nombre d'éléments par séquence, on
conclut que le cervelet sert A la transformation d'une séquence programmeée de réponses en
action et qu'il pré-établit la séquence 2 produire avant le début du premier mouvement. Ce
type de tache n'implique cependant pas d'apprentissage puisque les séquences sont apprises
avant I'évaluation. Pascual-Leone et al. (1993) ont par la suite testé des patients ayant des
lésions bilatérales et limitées du cervelet lors d'une tiche de temps de réaction sériels (Nissen
& Bullemer, 1987). Cette tiche implique l'apprentissage implicite d'une séquence de
mouvements trés simples (peser sur différentes clés dans un ordre pré-établi et inconnu du
sujet). Les patients ont d'importants déficits d'apprentissage a cette tiche. On conlut qu'un
des roles du cervelet est d'indexer et d'ordonner les événements dans le temps. Cependant,
bien que cette tache soit une excellente mesure de la capacité a développer une composante
d'habileté motrice (une séquence, procédure implicite), elle n'implique pas l'apprentissage
d'une conduite motrice nouvelle et complexe (le fait de peser sur une touche n'est pas un
apprentissage moteur en soi). Les études expérimentales d'imagerie cérébrale utilisent le
méme type de tiche, mais elles font. parfois, appel i I'évaluation d'un apprentissage moteur

complexe, impliquant une nouvelle conduite.
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2.2.1 Etudes d'imagerie cérébrale

Les €tudes portant sur les changements régionaux du flux sanguin lors de
I'a£3prentissage de mouvements volontaires pendant I'examen neurologique utilisant la
tomodensitométrie a émission de positons (PET) ont démontré une activation cérébelleuse
associ€e a l'acquisition de différentes habiletés motrices et visuomotrices. Seitz et al., (1990,
1992) rapportent que 'apprentissage d'une séquence d'opposition entre les différents doigts
d'une main et le pouce entraine I'activation du cervelet au début et 4 la fin de l'apprentissage.
Ce type de tiche implique une conduite motrice nouvelle mais extrémement simple.
L'élément important réside encore une fois dans la séquence. De plus, I'apprentissage de
cette séquence se traduit par une meilleure performance au fur et 3 mesure des essais et donc
un plus grand nombre de mouvements 2 la fin qu'au début de I'apprentissage. Cette
dugmentation de la vitesse et de la fréquence d'exécution des séquences motrices digitales est
susceptible d'étre le reflet de I'activation cérébelleuse 2 la fin de I'apprentissage. C'est
d'ailleurs ce qu'ont vérifiés Friston et al. (1992). En utilisant la méme tiche, mais en
controlant la fréquence d'exécution des mouvements, ils ont démontré que le cervelet est
activé au début de la tiche mais pas 2 la fin. Ce résultat est interprété comme une
confirmation supplémentaire de la théorie d'Albus (1971), car la DLT est reflétée par la
baisse d'activation cérébelleuse lorsque la séquence est apprise. Encore une fois, il s'agit ici
bien plus de l'apprentissage d'une séquence de mouvements que de l'apprentissage d'une
nouvelle conduite motrice complexe. Lors d'un apprentissage moteur n'impliquant pas de
séquences, mais 'acquisition d'une nouvelle habileté motrice, le cervelet n'est pas activé
(Grafton et al., 1992). Grafton et al. (1992) ont en effet démontré que l'apprentissage
moteur impliqué dans la tiche de poursuite manuelle d'une cible mobile a I'aide d'un crayon
métallique entraine l'activation de sites corticaux; mais l'activation cérébelleuse n'est lice
qua I'exécution motrice. Utilisant un paradigme différent, Lang et al. (1988) rapportent que
des sujets ayant appris 4 suivre une cible mobile sur un écran i l'aide d'une mannette de jeu

reliée & un curseur, sont I'objet d'une forte activation cérébelleuse lorsque le déplacement de
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la mannette et du curseur est inversé. L'activation cérébelleuse a ainsi lieu lors de

I'adaptation motrice.

Ces ¢tudes, peu nombreuses, concluent toutes & un apport du cervelet lors d'un
apprentissage visuo-moteur impliquant I'acquisition d'une séquence. Les rares études sur
I'acquisition d'une conduite motrice, en opposition a une adaptation, ne sont pas concluantes
quant a la nécessité du cervelet pour son établissement; ce dernier point s'applique autant
chez I'animal que chez I'humain. Le premier objectif de cette thése est donc de déterminer
l'effet de différentes lésions cérébelleuses lors de l'apprentissage de conduites motrices

complexes et nouvelles.

3- Roles cérébelleux au dela de la sphére motrice.

3.1 Etudes cliniques

Indépendamment de sa contribution directe ou indirecte a I'apprentissage moteur, un
nombre croissant d'études soutiennent que le cervelet est une structure nerveuse impliquée
dans certains processus cognitifs chez 'humain (Ferhenbach et al., 1984; Leiner et al.,
1986, 1989, 1993; Botez et al., 1985. 1988, 1989; Brake-Tolkmitt et al., 1989: Wallesh &
Horn, 1990; El-Awar et al,, 1991; Hirono et al., 1991; Akshoomoff et al., 1992;
Akshoomoff & Courschesne, 1992; Botez & Botez, 1992: Fiez et al., 1992; Grafman et al.,
1992; Appolonio et al, 1993, voir Schmahmann, 199] pour une revue de la
documentation). On rapporte ainsi les cas de patients atteints de lésions cérébelleuses ayant
des déficits d'attention sélective (Akshoomoff & Courschesne, 1992), d'apprentissage
associatif (Bracke-Tolkmitt et al., 1989), d'alternance différée (El-Awar et al., 1991) et de
planification (Grafman et al., 1992). Le type de déficit cognitif le plus souvent rencontré
chez ces patients est un trouble de I'organisation visuo-spatiale (Ferhenbach et al., 1984;
Botez et al., 1985, 1988; 1989; Bracke-Tolkmitt, 1989; Wallesh & Horn, 1990). Quelques

théories ont été formulées pour expliquer ce phénomene (Leiner et al., 1986; Schmahmann,
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1991). Selon ces théories, contrairement 2 celles formulées dans le cadre de l'apprentissage
moteur (voir plus haut), tout apprentissage cognitif faisant intervenir le cervelet n'implique
pas I'établissement d'une trace mnésique en son sein. L'influence cérébelleuse sur ce type
d'apprentissage y est plutdt soup¢onnée du fait des liens neuronaux di-synaptiques, massifs
et mutuels qu'il a avec les aires associatives frontales et pariétales chez les mammiferes,
incluant I'humain, le primate non-humain et le rat (Sasaki et al., 1979: Schmahmann &
Pandya, 1987, 1989, 1990; Wannier et al., 1992; Shinoda et al., 1992). Botez et al., (1985,
1989) ont ainsi donné le nom de syndromes pseudo-pariétal et pseudo-frontal au tableau
clinique des patients cérébelleux. Cependant, ce tableau ne dépeint jamais des troubles aussi
graves que ceux observés chez des patients cérébro-lésés. Le préfixe pseudo indique donc
ici que les troubles sont similaires & ceux rencontrés chez les patients souffrant de lésions

frontales et/ou pariétales, mais aussi le fait qu'ils sont de moindre importance.

Fehrenbach et al. (1984), les premiers, ont rapporté des déficits chez les patients
atteints d'ataxie de Friedreich lors de tests d'habiletés spatiales et visuo-constructives
(assemblage d'objets et rotation mentale tri-dimentionelle). Le quotient intellectuel (QI) de
ces patients ainsi que leurs résultats aux tests des matrices progressives de Raven et des
cartes de Wisconsin étaient comparables i ceux des sujets contrdles. Les tests ont été
effectués sans limite de temps afin d'éliminer toute interférence liée 2 leurs troubles moteurs.
La variable vitesse d'exécution a aussi été contrdlée, ainsi que l'acuité visuelle, les
caractéristiques de potentiels évoqués visuels et la capacité de lire des petits caractéres
d'imprimerie. Cependant, I'atrophie corticale a prédominance fronto-pariétale qui est parfois
observée chez les patients olivo-ponto-cérébelleux peut €tre a 'origine de ces déficits. Les
auteurs émettent néanmoins I'hypothése que le cervelet pourrait participer a certaines
fonctions mentales, en I'occurrence celles requises lors d'opérations spatiales. Botez et al.
(1985) ont étudié le cas d'une jeune patiente épileptique atteinte d'ataxie cérébelleuse

réversible, induite par I'administration chronique de phénytoine. Cette patiente a été suivie
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pendant trois ans. Au début elle a présenté des troubles moteurs importants, une atrophie
cérébelleuse pure telle que démontrée par la scanographie ainsi que des troubles cognitifs,
touchant notamment I'organisation visuo-spatiale pour les tiches concrétes. A la suite d'un
traitement vitaminique, non seulement les symptomes cérébelleux ont disparu, mais aussi les
troubles de nature spatiale. Cette étude montre que le cervelet est une structure de
I'encéphale probablement impliquée dans certaines tiches cognitives. Cependant, 1'étude ne
concerne qu'un sujet et son atteinte cérébelleuse est déterminée par une carence en thiamine,
ce qui peut expliquer certains troubles (Mair et al., 1985). De plus, le sujet a une histoire de
crises épileptiques et un foyer épileptogéne temporal droit, ce qui entraine des troubles de
mémoire (Milner, 1971). Aussi, les fluctuations de l'activité épileptique peuvent étre a
l'origine de I'amélioration observée aux tests neuropsychologiques (cette patiente avait un QI
inférieur 4 la moyenne). Les patients épileptiques atteints d'atrophie cérébelleuse éprouvent
beaucoup de difficulté, comparativement 2 d'autres épileptiques sans atteinte cérébelleuse
lors des sous-tests d'assemblage d'objet, de substitution et de dessins avec blocs, qui
requierent une bonne coordination visuo-motrice (Botez et al., 1989). L'assemblage
d'objets et le test de dessins avec blocs exigent la synthése de parties séparées dans l'espace
immédiat (Lezak, 1983). Cependant, ces sous-tests peuvent nécessiter une bonne vitesse
d'exécution, ce qui est justement problématique pour ces patients. Botez et al. (1988) ont
aussi administré la méme batterie de tests a des patients non-€pileptiques atteints de 1'ataxie
de Friedreich ou d'atrophie olivo-ponto-cérébelleuse. Ceux-ci ont obtenus des scores
inférieurs aux tiches visuo-constructives mesurant I'organisation et la programmation visuo-
spatiale (Lezak, 1983), lors de la copie immédiate de la figure de Rey et du test de dessins
avec blocs. De plus, dans le but d'éliminer le facteur vitesse d'exécution, une étude récente
a fait appel au sous-test du dessin avec blocs dans sa version non-chronométrée (Botez &
Botez, 1992). Les patients atteints d'atrophie olivo-ponto-cérébelleuse obtiennent toujours
des scores plus faibles que les sujets normaux i cette épreuve, ainsi que des performances

diminuées au test d'organisation visuelle de Hooper et & la copie de la figure complexe de
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Rey. Les patients atteints de I'ataxie de Friedreich démontrent aussi des troubles a ce dernier
test. Les auteurs concluent que des Iésions cérébelleuses bilatérales chroniques peuvent

3

induire des déficits visuo-spatiaux.

Bracke-Tolkmitt et al. (1989) ont publié les cas de cinq patients atteints d'atrophie
cerébelleuse ayant des déficits visuo-spatiaux tel que démontré par la copie immédiate et
différée des figures de Benton et du faible QI spatial. Par contre, ces patients ont aussi des
QI verbaux et globaux plus faibles que les sujets contrdles, ce qui rend difficile toute
interprétation. De plus, 'emploi de tests-t rend faible la fiabilité statistique du fait du petit
nombre de sujets. Etant donné que les lésions ne sont pas limitées au cervelet, ce qui était
aussi le cas pour les études du groupe de Botez, des critiques ont soulevé la possibilité que
les troubles soient dus a l'atteinte de régions non-cérébelleuses (Daum et al., 1993).
Wallesh et Horn (1990) ont donc testé 12 patients atteints de 1ésions néocérébelleuses
chroniques induites par neurochirurgie lors de l'ablation de tumeurs. La scanographie
nindique pas la présence d'une atteinte sus-tentorielle. Le groupe de patients a un QI verbal
faible mais similaire & celui des sujets contrdles. Lorsque le groupe de patients est divisé en
deux selon l'endroit de la Iésion. ceux dont I'hémisphére gauche est atteint sont
significativement plus déficients aux tests d'assemblage mental d'objet et de rotation mentale
tri-dimentionelle. Le probleme majeur est que ces patients ont été victimes de pression
intracranienne du fait de leur tumeur. La pression intra-crinienne peut elle-méme induire des
troubles d'ordre cognitifs permanents (Cummings & Benson, 1983 cités par Wallesh &
Horn, 1990), ce qui limite encore une fois la portée de I'étude. Hirono et al. (1991) ont
ensuite rapporté les cas de 30 patients atteints de dégénérescence spinocérébelleuse ayant des
troubles cognitifs, notamment aux matrices progressives de Raven, qui requierant la capacité
d'¢établir des relations numériques. de design et des relations spatiales (Lezak, 1983).
Cependant. les Iésions n'étaient pas limitées au cervelet, les différentes mesures de QI étaient

toutes inférieures chez les patients en comparativement aux sujets controles et des indices de
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dépressions étaient observés. L'humeur dépressive (ou troubles émotifs) a d'ailleurs déja
été soupgonnée d'étre a la base des déficits d'ordre cognitif rencontrés chez les patients

porteur d'une lésion cérébelleuse (Berent et al., 1989).

Jusqu'a présent, les résultats obtenus chez 'humain divergent (Daum et al., 1993).
Cette divergence est en partie causée par différentes variables plus ou moins contrdlées selon
les €tudes, tel le quotient intellectuel, I'étendue, 1'origine, la durée et la nature de la Iésion,
I'dge au moment du trauma, le nombre de sujets, les possibilités de troubles émotifs chez

certains sujets et le type de tests employé.

3.2 Cervelet et apprentissage non-moteur chez 1'animal

Le nombre d'études animales traitant de l'effet de 1ésions cérébelleuses lors de
I'acquisition de conduites en labyrinthe est extrémement limité. Une série d'études effectuée
par Lalonde et ses collaborateurs (voir Lalonde & Botez, 1990 pour une revue de la
littérature) a démontré que les souris mutantes cérébelleuses présentent des déficits
d'orientation spatiale telle que mesurée par le labyrinthe en T. Une souche de ces souris, la
lurcher, est victime d'une dégénérescence massive des cellules de Purkinje, granulaires,
olivaires et présentent conséquemment des troubles d'orientation spatiale dans le labyrinthe
radial a huit bras (Goldowitz & Koch. 1986). Un type semblable de souris (la Purkinje Cell
Degeneration ) parcourt une plus grande distance que des souris contréles dans la tiche
aquatique de Morris (Goodlett et al.. 1992). Cette tiche s'effectue dans un bassin d'eau
rendue opaque par l'ajout de lait en poudre. L'animal, dont la position de départ varie
d'essai en essai, doit trouver une plate-forme submergée et invisible, sur la seule base des
relations spatiales existant entre les indices visuels entourant le bassin (Morris, 1981). Etant
donné que les animaux atteints de Iésions cérébelleuses se meuvent mieux en milieu
aquatique que terrestre (Dow & Moruzzi, 1958: Pellegrino & Altman, 1979), cette tiche est

toute indiquée pour I'évaluation des capacités d'orientation spatiale chez ces animaux. La
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mesure dépendante est habituellement le temps moyen requis pour trouver la plate-forme.
Le fait que ces souris mutantes éprouvent des difficultés s'accorde plutot bien avec les
études cliniques, quoique la nature des tests dans les deux cas différe de maniére importante.
Cependant, seul ces souris ont €t€ testées jusqu'a présent dans la tiche aquatique de Morris.
De plus, elles sont atteintes de dégénérescence cellulaire touchant plusieurs types de
neurones et plusieurs régions cérébelleuses et non-cérébelleuses et leurs lésions sont de type
chronique. Des lésions limitées au cervelet doivent donc étre faites afin de prouver son

apport dans ce type de tiche.

Deux €tudes ont utilisé des rats avec lésions limitées du cervelet afin de tester leur
capacité a s'orienter dans I'espace. La premiére implique non seulement la cérébellectomie
totale, mais aussi une version non aquatique du méme test d'orientation spatiale (Dahhaoui et
al., 1992). 1I est plus que souhaitable d'utiliser la version aquatique car les animaux
ataxiques ont des habiletés natatoires comparables  celles des animaux contrdles. Cette
€tude n'a pas fait I'objet de tests statistiques. La seconde étude rapporte les déficits de rats
hémicérébellectomisés a la tiche aquatique décrite ci-haut (Molinari et al., 1991). Ce type
d'étude est prometteur mais I'emploi de Iésions plus petites est souhaitable A cause des
troubles moteurs importants que produit I'hémicérébellectomie et qui peuvent quand méme
se traduire par des déficits natatoires. De plus, la latéralisation d'une lésion peut induire une
tendance a I'exploration préférenticlle dans un champ visuel ou dans un espace extra-

personnel.

Comme c'est le cas chez I'humain, ces déficits d'orientation spatiale n'ont pas
souvent €t€ interprétés en tant que preuves d'une fonction cérébelleuse directe (quoique voir
Liener et al., 1993; Ito, 1993), mais plutdt sur la base anatomique des liens mutuels existant
entre le cervelet et le cortex associatif pariétal, le cortex associatif frontal, ou encore

I'hippocampe (Lalonde & Botez, 1990). En effet, ces trois régions sont intimement liées au
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cervelet (Sasaki, 1979; Schmahmann, 1991) et la 1ésion de chacune d'elles entraine des
trgubles a la tiche aquatique de Morris (Morris et al., 1982; Kolb, 1983; DiMattia & Kesner,
1988; Kesner et al., 1989). 1l serait donc trés intéressant de vérifier, par l'entremise du
méme test, I'effet de Iésions limitées aux hémisphéres cérébelleux en opposition a d'autres

Iésions impliquant le vermis et le cas échéant, les noyaux cérébelleux.

En outre, des déficits de nature non-motrice, non-spatiale et non-réflexe, tels que des
troubles d'apprentissages associatifs instrumentaux, de discrimination visuelle et
d'organisation séquentielle du comportement ont aussi parfois été rapportés  la suite de
Iésions cérébelleuses, autant chez I'humain (Schmahmann, 1991) que chez I'animal
(Lalonde & Botez, 1990). L'évaluation comportementale d'animaux avec lésions limitées au
cervelet devrait donc comporter quelques taches supplémentaires, en marge des principaux

tests d'apprentissage moteur et d'orientation spatiale énumérés plus haut.

4- Objectifs et hypothéses des travaux effectués dans le cadre de cette thése

Les travaux présentés ici ont été entrepris dans l'espoir d'atteindre plusieurs buts.
En premier lieu, nous voulons évaluer les effets de différentes lésions cérébelleuses sur
I'acquisition d'une conduite motrice. Il existe des modeles théoriques mathématiques
€laborés qui non-seulement inférent un réle prépondérant du cervelet lors de I'apprentissage
moteur, mais qui en plus expliquent ce réle. Ces modéles et les études sur lesquelles ils se
basent ainsi que les études subséquentes qui les confirment sont cités en tant que preuve de
l'intervention obligée du cervelet lors d'un apprentissage moteur. Cependant, ces études et
ces théories ne traitent que de I'adaptation motrice, une fois I'acquisition obtenue. Ainsi, un
changement de paramétres nécessite une adaptation motrice et fort probablement I'activation
du cervelet. Mais l'apprentissage moteur concerne aussi I'acquisition motrice;

I'apprentissage d'une conduite nouvelle, i laquelle le sujet n'a jamais fait face. Les études #1
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a 5 visent a évaluer les effets de diverses Iésions cérébelleuses sur I'apprentissage d'une
conduite motrice nouvelle et multi-articulaire.

Etant donné que: 1) de nombreuses études rapportent 'absence de capacités
d'adaptation motrice a la suite de 1ésions cérébelleuses, autant chez 'humain que chez
l'animal; 2) le cervelet regoit des inputs & la fois du cortex et de la périphérie, rendant
possible la comparaison entre I'ordre moteur et 'exécution motrice et éventuellement la
production des ajustements requis; 3) il n'existe que deux principales voies d'entrées
neuronales et une seule voie de sortie; et 4) I'adaptation motrice entraine une modification
hétérosynaptique a long terme au sein de ces voies, la premiére hypothése de cette thése est
que l'atteinte bilatérale du cervelet entrainera une incapacité ou  tout le moins des difficultés
majeures de la part des animaux Iésés lors de l'acquisition d'une conduite motrice multi-

articulaire.

Le second but général de cette thése est la mesure de la capacité des rats 2 s'orienter
dans l'espace a la suite de Iésions circonscrites du cervelet. Etant donné la récente
prolifération des €tudes cliniques rapportant des troubles de nature cognitive chez des
patients cérébelleux. bien que ces patients ont des Iésions & caractéristiques tres diverses et
d'étendue dépassant souvent les structures cérébelleuses, les études #2. 4 et 5 ont pour but
de vérifier les effets de Iésions du vermis, des hémisphéres cérébelleux. des noyaux
fastigiaux ou des noyaux dentelés sur I'orientation spatiale. En outre, vu la diversité des
troubles non-moteurs rapportés par différentes études, l'article #4 décrit les effets de Iésions
bilatérales de noyaux fastigiaux sur différents types de comportements qui ne sont pas reliés
a l'orientation spatiale, afin de mieux cemer I'étendue des effets des Iésions cérébelleuses.

Enfin, un essai de synthése de ces effets chez I'animal est présenté dans 'article #6.
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Ce qui permet d'avancer la seconde hypothése générale de cette thése; a savoir que
l'atteinte cérébelleuse. chez le rat, entrainera des déficits d'orientation spatiale lors de la tiche

de la piscine de Morris et du test d'alternance spontanée différée.
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Abstract

Lurcher mutant mice lose cerebellar granule cells and Purkinje cells. The mutants were compared to normal mice in a2 beam-
walking task. Normal mice were placed on a slippery bnidge while lurchers, because of their severe ataxia, were placed on 2 bn@gc
with the same diameter, but enveloped with surgical tape to improve traction. The performance of both groups improved with
repeated trials. In an acuwity box, lurcher murants were as acuve as normal mice, showed normal intrasession babiruaton, and
emerged from a toy object as easily as normal muce. These resuits indicate that the cerebellar damage in lurchers does not prgvgnt
the acqusiuon of a motor skill task requinng balance in an immobile apparatus. Ataxia was not accompanied by hypoactivity,

Inhibiion or disturbances in intrasession habiruagon

Keywords: Lurcher mutant Cerebellum: Motor learming, Habituanon: Inhibigon

It 1s recognized that the cerebellum parucipates in the
performance of the conditioned eye-blink respomse
(3,5.9-12]. Diffennng points of view have been expressed
as to the role of the cerebellum in this task. Deficits in
the acquisiuon and retention of the response after lesions
or pharmacological inacuvaton of the interpositus and
dentate may be interpreted as impairment in the learming
process [ 3—3,9-127. A second interpretation s that such
lesions impair the response characterisucs dunng the
task such as slowing of the appearance or weakening of
the strength of the conditioned response without neces-
sanly impeding the learning process itself [9]. This
associative learming task may be subsumed under the
general category of sensonmotor learning [3,9].

An alternatuve manner with which sensonmotor learn-
ing may be studied is by means of equilibnum tests. In
a tlted platform test, lurcher mutant mice, charactenized
by degeneration of the olivocerebellar system [1,2],
although impaired in companson to gormal mice n
terms of overall performance, were able t0 increase
latencies unul falling [6]. This result indicates that
cerebellar degeneranon does not eliminate the senson-
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motor learning required to maintain equilibrium on a
mobile apparatus. [n the present study, a second equilib-
num test was presented to the same mutants for the
purpose of determining whether the same result holds
true in an immobile apparatus.

The mice were placed on a round bridge and with
repeated trials learned to improve body balance by
staying on the beam longer and by increasing the number
of segments crossed. Normal mice and lurcher mutants
were placed on a bridge identical in terms of diameter
and length. However, because normal mice are so much
better than the mutants, they were placed on a slippery
bridge, whereas in the fatter group the bridge was taped
in order to facilitate traction. This procedure was suc-
cessful in demonstrating learning in both groups. The
results of normal mice on the taped beam were not
presented because, as determined by pre-experimenta-
uon, their high imitial values preciuded the possibility of
learning. Conversely, the results of lurcher mutants on
the unraped beam were not presented because their
severe ataxia prevented any possibility of learning.

A second purpose of the present study was to deter-
mine intrasession and intersession habituation of motor
acuwvity 1o lurcher mutants. In a T-maze. lurcher mutants
were as acuve as gormal muce [7]. We wanted to
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determine whether the normal acuvity levels i these
ataxic mice are accompanied by changes in the temporal
pattern of exploration.

In expiorauon tests, 10 (5 females, 5 males) lurcher
mutant mice and 7 (4 females, 3 males) normal littermate
controls (B6CBACA/A™ strain) were born and bred at
Hétel-Dieu Hospital, derived from Jackson Laboratory
(Bar Harbor, ME) mice, kept in a temperature- and
humidity-controlled room with a 12:12-h light—dark
cycle (light off at 18.30 h), and tested in an adjacent
experimental room at 1-2 months of age. Food and
water were available at all umes in group cages of 3-3
animals. In the beam-walking test, a separate group of
10 lurchers (5 females, 5 males} were compared to 10
normal muce (6 females, 4 males) controlled for age
(2 months old).

Habituation was evaluated in a gray fiberglass box
(30 x 27 cm, height of walls 13.5cm) whose floor was
divided by means of adhesive tape into 6 segments. On
day 1, the mice were placed in the box and the number
of segments traversed during the first 3 min and during
the last 3 mun of the session was tabulated After every
trial, the apparatus was cleaned with water and wiped
with a towel In order to minimize odor cues. The same
procedure was repeated for 10 conmsecutive days. Five
days later, the muce were given am emergence test in
order to evaluate their willingness to enter the same
fiberglass box from a small enclosed area. The mice were
placed in an orange plastc shoe (12 x 6 cm, height 7 cm)
from which they could emerge from one of 3 holes
(3 x 2.5 cm) placed at the sides or eise from the opening
(3.5 cm) at the top of the shoe. Latencies to emerge with
two or four paw criteria were determined, with the box
and shoe bewng wiped clean as before with towels at the
end of every tnal. This test lasted only | day with a cut-
off score of 3 mun. All muce left the shoe within | min
of tesung.

In the beam-walking test, the mice were placed on a
round bndge (length 110 cm, diameter 2.5 cm, height
from a towel-covered floor 100 cm) made of aluminum.
The beam was left uncovered for normal mice and taped
(with surgcal tape) for lurcher murtants, The beam was
separated 1nto 11 segments by means of felt pen mark-
ings. Each mouse was placed at one end of the beam.
facing the opposite end, and was allowed to move on
the 10 segments where they could reach an escape
platform or unal 60 s (the cut-off period) had elapsed.
The beam was occasionally wiped clean and dned. The

Table |
Emergence latencies (means + 5.D.) of lurcher mutant muce and sormal
mice from a small to a larger chamber

Groups 2-paw cnitenon +paw cTitenon
Normal muce 37=68 6.1=72
Lurcher mutants 30=82 92+94

number of segments traversed and latencies untl falling
were measured for 7 consecutive days. On day 3. con-
ducted | week later, a retenuon test was given with the
same contingencies as noted above.

A logarithmic transformation of all time-dependent
data was done in order to homogenize cell vanances
and permit the use of analysis of vaniance (ANOVA). A
log x+1 transformation was done on the number of
segments traversed in the balance beam test because of
the appearance of null values. A 2x 10 ANOVA (2
groups, 10 days) with repeated measures on the second
factor was used for intersession habituation and a 2 x 7
ANOVA with repeated measures for the beam task.

In intersession habituation, there was a significant day
effect (Fy,6;=211, P<0.05) and a significant inter-
action (Fy,6,=203, P<0.05), but not. a significant
group effect (F, ;4 =0.05, P <0.8). As seen in Fig. 1, only
normal mice had lower acuvity leveis during the final
days of testing as opposed to the initial days of testing.
The same pattern did not occur in lurcher mutants
because of lower initial actvity levels. In intrasession
habituaton, both groups were less acuve during the
second part as opposed to the first part of the sessions
(means + S.D.: normal mice, first part 25.8 +7.4, last part
20.7+£5.4, paired 14=275, P<0.05; lurcher, first part
242+6.5, last part 21.1+ 5.5, paired tg =220, P <0.05).

In the emergence test (Table 1), according to either
two or four paw criteria, there were no group differences
In terms of latencies untl emerging from the shoe
(P>0.05, unpaired t-test following log transformation
of data).

In the beam-walking test, for latencies until falling, a
2x7 ANOVA revealed significant group (Fg 5 = 63.84,
P <0.001), day (Fg 08 =11.1, P<0.001), and interacuon
(Fei08 =323, P<0.001) effects. As seen in Table 2,
normal muce stayed longer on the beam than lurcher
mutants. The normal group improved steadily
(Fe.sa=11.16, P<0.001), whereas the lurcher group
wumproved (Fy 5, =4.89, P <0.001), but reached a piateau
after 3 days. A similar analysis (2x7 ANOVA) was
performed in terms of number of segments traversed.
As seen in Table3, there were significant group

-- Le-mowor acaviry

SEGMENTS
3

DAYS

Fig. |. Number of segments traversed (means—=S.E.M.) [or lurcher
mutant mice aod normal mice 10 the actvity chamber.
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Tabie 2

Mean (5.D) latencies unul falling for furcaer mutant muce and normal mice 1o 2 beam-walking task dunng acquisiuon idays [-7) and rezznuon

{day 8) performed 1 week later

Groups - Days

l 2 3 4 5 6 7 8
Normai mice 400+275 923 +60.9 138.6+70.0 146.0+45.1 182.1+572 1858 +624 188.6 =364 210.7=39.0
Lurcher mutants 85+6.7 9.5+83 28.0=214 28.1+29.9 155+199 184+36.2 285+54.2 254 =253

Tabie 3

Mean=S.D. number of segments traversed for jurcher mutant mice and normal mice in a beam-walking task dunng acqusiton (days 1-7) and

retennoo (day 8) performed | week later

Groups Days

1 2 3 § 6 7 8
Normal mice 32453 155+118 2804206 309+163 44+233 456+221 572+16.8 62.1+182
Lurcher mutants 0.0+0.0 0.5+£0.7 16+21 1.0+£28 0.7+16 1.7+54 40+126 04+10

(Fi18=63.84, P<0001), day (F,0s=11.1, P<0.001),
and 1nreracuon (F 08 = 3.23, P <0.001) effects. The same
result 15 observed as for falling latencies: normal mice
crossing more segments than lurchers and reaching a
higher asymptotic level. Normal mice crossed more
segments with ume (Fg,=1562, P<0.001), as did
lurchers at borderline significance (Fe, 54=224, P=
0.0529). There were no differences for either group
between periormances on day 8 (performed 1 week later)
and day 7 (paired t-test, P>0.1) for falling latencies and
segments crossed. Although a drop in mean values
occurred 1o lurchers for segments traversed. this did not
achieve significance because it was mostly due to the
result of a single ammal.

The main purpose of the present study was to deter-
mine whether lurcher mutants differ from normal mice
i learning to maintain body balance on a narrow round
bndge. It was found that both normal mice and lurcher
mutants acquired the beam-wallang task. noted by the
increase 1n falling latencies and segments traversed. For
both measures, lurcher mutants reached an early plateau,
while the acquisition of normal mice unproved gradually
and reached a higher final level. These results comple-
ment a previous study in which lurcher mutants and
normal muce acquired a tilted platform task (6]. Thus,
cerebellar damage does not prevent animals from acquur-
Ing a motor skill.

This pattern of results is different from that described
o eye-blink condirioning, where lesions of the 1nterposi-
tus nucleus prevent learming [10,11]. In the beam-
walking task, lurcher mutants, in spite of massive degen-
eration of cerebellar granule and Purkinje cells [1],
were able to umprove. However, they could not reach
the same asymptotic leve] of performance as that of
normal mice. This limiting factor may either be due to
an impairment in the sensonmotor learning necessary

to reach a higher level of performance or to the severity
of the ataxic symptoms, permitting learning up to a
certan point but no further. Further evaluations with
different kinds of tests will determine to what extent this
result is geperalizable. The results of the retention test
indicate no loss in memory following a 7 day interval
for either group, as would be expected, at least in normal
muce, for a procedural-like task.

In a previous study, lurcher mutants had similar
acavity levels as normal mice in a T-maze [7]. The
same result was found in the present study with the
acavity chamber (Fig. 1). Thus, in spite of ataxia, these
mutants are not hypoactive. On some occasions, especi-
ally while rearing against the walls, the mutants fell
sideways and crossed a line segment involuntarily. Both
groups showed intrasession habituaton. In the previous
study [7], contrary to normal mice, there was no
1trasession habituation during 3 days of testing in the
stem poruon of the T-maze on the part of the lurchers.
In the present study, the exposure period to the acuwviry
chamber was longer (10 days), and this may have caused
lurchers to habituate. However, contrary to normal mice,
they showed no intersession habituation (Fig. 1), because
of low levels of activity in the early part of testing. They
were slower to initiate movement in the activity chamber,
perhaps due to excessive inhibition on being exposed to
a novel area. But they had no excessive umudity in
emerging from a small area (a toy shoe) to the familiar
chamber. And so, aside from a small decrease eariy on
being exposed to a novel chamber, lurcher mutants had
acuvity patterns over time that were similar 10 those of
normal mice. Disinhibitory tendencies have been
described for this mutant for hole-poking [8], but such
tendencies were not displayed here. Therefore, cerebellar-
induced disinhibitory tendencies appear to be 1test-
specific, being manifest for hole-poking [8], for lever-
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pressing [4], and for intrasession habituation of motor
acavity [7], but m the latter case not with longer
exposure 1o test sumuli (present study).

This research was funded by NSERC Canada and the
FRSQ-Canadian Association of Friedreich's Ataxia col-
laborative program. C.C.J. was awarded a doctoral
scholarship from NSERC and S.T. a Master's level
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\bstract

Rats were lesioned wmn the midline cerebeilum. compnsing the vermis and fastgial nucleus, or the- lateral cerebeilum, comprnsing the
erebellar hemuspheres and dentate nucleus, and evaluated 1n a senies of motor and non-motor learning tests. Rats with midline lesions had
ifficulty 1 maintaining therr equilibnum on a bndge and were siower before turning upward and traversed less squares on an inclined
nd. They were not unpaued for muscie swength when suspended from 2 honzontal wire. Rats with lateral lesions had milder deficits on
le bndge and were not affected in the other two tests. In the Moms water maze test, rars with lateral lesions were deficient in spanal
nentauon. whereas rats with midline lesions were deficient 1n visuomotor coordinadon. Lateral lesions had no effects on visual
iscrumunagon learrung. These results illustrate the differenaal influence of midline as opposed to lateral cerebellar regions on both motor
1d aon-moter bebaviors. Fasagal nucieus lesions decreased the ume spenc in equilibrium and latencies before falling on the bridge and
ie distance mavelled aiong the inclined gnd bur had no effect on muscle smength when suspended from the horizontal string. Quadrant
1nes and escape latencies were higher in rats with fasugial lesions duning the hidden pladform condition of the Morris water maze but
2t duning the visible pladform conditon. It 1s concluded that fasagpai-lesioned rats are impaired in equilibrium and spatal orientanon but

1th repeated mals leam to improve thewr performances.

rvworas: Cereveilum: Spanal orientanon; Motor coordinanon: Visual discruminanon learming: Fasagal oucieus: Sensonmotor learmung

Introduction

The cerepellum 1s involved in sensorimotor condiuon-
g and motor conrrol {2,28.44—48]. Lesions of the antenor
lerpositus or the dentate impaired and even abolished
8.46] the micutanng membrane conditioned reflex in
dbuts. The same defect occurred after inoracramal admin-
ranon of the GABA, receptor agonist. muscimol. 1to
t interpositus [22). Lesions of circumscribed regons of
* cerebellar cortex (26,47) and of the mnfenor olive (48]
Tupted this Paviovian reflex as well. On the basis of
:se results, the cerebellum is concetved as the storage
* of condidorung [28.40~42) or at least as a crucial area
)dulaung learrung [46.47]. Bloedel (2.3] and Weish and
rvey [44.45] dispute these views, proposing instead that

cerebellum siows down motor imtauon and umpairs

Corresponding  author. Fax: -1 (514) 843-2715. S.mail:
ndr@ere.umontreal.ca

the motor funcuons subserving Paviovian condidomng.
Although some of their objectons have been answered
{41), some methodological issues remain o be resolved.
Lesion studies are supplemented with electrical sumulaton
studies implicanng the cerebellum in the classically condi-
oned eyeblink response [36,38]. Classical conditoning
deficits are also found in patients with cerebellar disease
(9.

A second condidoning paradigm sensiuve to cerebellar
lesions 1s adaptanon of the vestibulo-ocular reflex [19].
Lesions (20] or subdural application of hemoglobin [30] in
the flocculus impaired adaptanon of the vesdbulo-ocular
reflex 1n rabbits. Other conditioning paradigms sensigve to
cerebellar lesions are long-term habituation of the acousuc
starde response [27] and heart rate condidoning (37). Le-
sions of the rudline cerebellum. but not of the lateral
cerebellum. retarded long-term habiruation of the acoustic
startle response and conditioned bradycardic responses.
Long-term habiruauon of the acoustc startle response 1s
also tmparred by lesions of the midbrain reucular forma-

5-3993 796 /515.00 Copynght T 1996 Eisevier Science B.V Al nghts reserved.

S0N06-8993(96100333.2
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ton (21], part of the fasngial efferent system (8], implying
a funcnonal relatonship berween these two regions in this
paradigm. Electrical sumuianon of the fasugial nucleus
raised blood pressure leveis [11], provoked grooming [1],
and caused emouve reactions (1], effects that are perhaps
due to fasugial modulaton of brain stem (8], hypothalamic
(17], and limbic (18] regions. The fasugial modulagon of
blood pressure is associated with a reflex cardiovascular
response to postural adjustments [11].

Midline cerebellar lesions impair posture and equilib-
rum (12], but it remains to be determined to what extent
sensorimotor learmng occurs after such lesions. Despite
the presence of ataxia, an improvement of motor coordina-
ton has been reported in a cerebellar mutant mouse [24).
One purpose of the present study is to find out whether an
improvement occurs after midline and lateral cerebellar
lesions. In addition, there is a distuption of navigational
abilities in cerebellar murant mice [14.25] and a disruption
of spanal organization in patients with cerebellar disease
[4~6]. In view of fastgial interrelations with visual path-
ways such as the supenior colliculus (7,8,19] and the
frontal eye fieid (7.23] and with vestbular nuciei [43), we
wished to determine whether spatal orientadon or sensori-
motor integranon is deficient after midline cerebeflar and
fasugial nucieus lesions. In experiment |, midline lesions
were compared to lateral lesions. In expeniment 2. the
effects of fasugial oucleus lesions were evaluared.

2. Materials and methods
2.1. Expenimens |

2.1.1. Amimals

Twenty-two three-month-old DA /HAN {pigmented)
rats, born and bred at the Umiversity of Rouen (12 b
light-12 h dari. 22°C, food and water at all nmes). were
randomly divided into three groups: buateral lesions of
mudline (vermus and fasugius with an intact floccuionodu-
lar lobe. n=6), or of lateral (hemusphere and dentate,
n = 6) regions of the cerebellum and sham operated con-
wols (n = 10).

2.1.2. Surgical procedures

The ammals were anesthenzed with pentobarbital
sodium (35 mg/kg, ip.) and secured w a stereotaxic
apparatus. The head was shaved with a2 depuatory cream,
the skin of the skull was incised, the neck muscles were
cut. and the occipial bone was drilled and removed. After
cutung the dura, medline or lateral cerebeilar regions was
aspurated and the caviry filled with Gelfoam. The skin was
then sutured and the rats were placed under a 100 wan
lamp unul awakenung. The first behavioral test began three
weeks after the operanon. Sham-operated rats were submut-
ted to the same protocol except that the brain was left
intact.

2.1.3. Hisrological controls

After compiedon of the behavioral expeniments. the
operated rats were overdosed with pentobarbital sodium
and perfused inwacardially with formalin-giutaraldehyde.
The brains were then removed and placed in 10% formalin
for several weeks. All the brains were examined under the
operaung microscope in order to estimate the extent of the
lesions. Frozen sectons 25 um thick stained with Cresyl
violet were examuined under the light microscope.

2.1.4.-Apparatus and procedures

Four main types of behavioral tests were conducted
during 24 days of behavioral testing: psychomotor perfor-
mance (days 1-6), spatial learning in a water maze (days
7-14), spontaneous alternation (days 15-23), and simulta-
neous visual discrimination learning (days 15-24).

2.1.5. Psychomoror tests

2.1.5.1. Bridge test. A square wooden beam (length = 100
cm, width=2 cm, thickness = 1.5 cm), separated into
10-cm segments, was suspended between two platforms 60
cm above a foam cushion. There was a piece of cardboard
(18 X 24 cm) at each end of the bridge to prevent any
escape. The rat was placed in the middle of the bridge and
the number of segments traversed, the time spent with all
four paws on the beam (equilibrium time), and the latency
before falling were measured (cut-off point = 60 s) for 6
days (2 trials per day, intermial interval = 10~12 min).

2.1.5.2. Grid test. A wire mesh screen (height = 120 cm,
width = 120 cm: 16 squares/cm, wooden frame), placed
at a height of 60 cm from the blanket-covered floor, was
used as a second test of motor coordinaton. Each side of
the screen was separated into 10-cm squares. The rat was
placed in the middle part of the screen (inclined at 40°
from the horizontal), facing downward. and the latency
before the rat turned to face upward, the time spent on the
gnd (cut-off point = 120 s), and the number of segments
Taversed were tabulated. Each rar was evaluated for 2
mals per day during 6 days of testung with an intertial
interval of approximatety 50 min.

2.1.5.3. Wire suspension. The front paws of the rats were
placed on a borizontal wire (2 mm in diameter) 80 cm
above the blanket-covered floor. The latency before the
rais fell from the wire was recorded (maximum time
allowed = 60 s) for two trials per day during 6 days of
tesung with an intermial interval of approximately 10 min.

2.1.6. Spontaneous alternanion

A T-maze, made of painted wood (stem = 100 cm X 15
cm. amms = 40 cm X 15 em. height of walls = 19 cmn), was
used for a two-trial spontaneous alternation test. The first
tnal was forced since only one of the arms was open, the
other arm being blocked by a barrier. In the second tnal,
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the rat could either choose the same arm or alternate. The
arm chosen 10 be blocked was changed from one day to
the next: the right side on day . the ieft side on day 2.
then the right again on day 3. etc. There was no intertrial
intervai {(except for the brief time necessary to wash the
maze after every wial) on days |. 4 and 7. an intertrial
interval of 3 min on days 2. 5 and 8, and an intertrial
interval of 10 min on days 3. 6 and 9. The rats spent the
intertrial intervais of 3 and 10 min in a holding cage. The
T-maze was always placed in the same area of the experi-

mental room.

2.1.7. Warer maze sparial learning

The apparatus was a circuiar pool (diameter = 90 cm,
height = 45 cm) filled with water (approximately 27°C) 10
a depth of 24 cm and pieces of styrofoam hiding an escape
platform (diameter = 8 cm) placed 3 cm below the water
surface (place learning. invisible condition) or with the
escape platform placed above water level without the
styrofoam (cued learning. visible piatform condition). Many
extramaze visual cues surrounding the maze were avail-
able. the expenmenter being present in the same locaton
for each tnal.

The rats were placed in the water close to and facing
the mudpoint section of the wall at one of four equally
spaced locauons: North (N), East (E), South (S). and West
(W). The pool was separated into 4 quadrants: NW, NE,
SE and SW. The rats were ailowed 1o swim freely unul
they found the platform, on top of which they could climb.
If a rat failed to locate the platform within 60 S, it was
deposited on the platform, where it remained for 3 s. Each
rat received 6 wials per day and at each mal, the starung
position was changed (starting on the N side. followed by
E. S and W sides in that order). The intermal mnterval was
5 min between tnials 1-3 and 4-6 and |0 min berween
mals 3 and 4. For the first 3 days of maze tesang, the
submerged platform was placed in the NW quadrant and
then in the SE quadrant for the following 2 days. After
these 5 tesung days, there was a peniod of 7 days without
any tesung. On day 6, the rats were retested with the
pladform locared as on day 5. On day 7 (one day later), the
platform was lifted above water Jevel and placed in the
SW quadrant.

2.1.8. Visual discriminarion rest

The rats were placed in a basin with the same dimen-
sions and water level and pieces of styrofoam were spread
out on the surface. The rats started at all ames from the §
position. Two transparent platforms painted in black (di-
ameter = 10 cm) were placed in the pool at™3 cm below
water level: one covered with wire-mesh. enabling the rats
10 escape. and the other uncovered. The bottom of the pool
Wwas painted black 10 camouflage even better the platforms.
These platforms were placed in either the NW or NE
quadrants, the left-nght positions being changed according
0 Fellows™ [13] sequences 1 and 3. There were 8 tnals per

day with an intertrial interval of approximately 20 min.
The discriminanda were cards (height = 26 cm, width = 19
¢m) made of cardboard held by nails fixed on the wall of
the pool directly behind and over the platforms and touch-
ing water level. The positive stimulus (S + ) was a white
card with black horizontal stripes and the negative stimu-
lus (S — ) was a black card. The test was run until the rars
reached criterion as defined by 14/16 correct responses
(87%). The number of trials to criterion was measured
together with quadrant entries and escape latencies. When-
ever an error occurred. the platform was tipped over by the
experimenter's hand in order to prevent the rat from
climbing aboard.

3. Experiment 2
3.1. Matenials and methods

3.1.1. Animals
Fifteen three-month-old Wistar rats, born and bred at

the University of Nancy |, were housed in a reversed 12 h
light—dark cycle (on at 20:00, 22°C, food and water avail-
able at all times), and were randomly divided into two
groups: bilateral lesions of the fastigial nucleus (n = )
and sham-operated controls (n = 10).

3.1.2. Surgical procedures

The rats were anesthesized with Equitesin (150 mg /kg)
and secured in a stereotaxic apparatus. The head was
shaved with depilatory cream, the skin of the skuil was
incised, and burr holes were drilled. Lesions of the fasi-
gial nucleus resulted from passing a direct anodal current
(32 1A, duration: 6 min) through a stainless steel elec-
wode 0.15 mm in diameter. insuiated throughout its length
except 0.5 mm at the tp. The skull was aligned with
bregma and lambda and the electrode was positoned at the
following coordinates: 9.8 mm posterior to bregma, 1.l
mm lateral to the midline, and 9 mm venral from the to0p
of the skuil. Sham-operated rats were anesthesized, their
skin was incised, and the electrode was lowered, but no
current was passed. After surgery, the skin was surured.
The rats were then placed in an isolated cage with bedding
made of wooden shavings and kept warm unul recovery,
arter which time they were retumned to their home cage.
All animals appeared healthy and throughout tesung their
body weight increased normally.

3.1.3. Histological controls

After completion of the behavioral tests, the lesioned
rats were overdosed with pentobarbital and perfused intrac-
ardially with formalin-gluta.raldehydc. The brains were
then removed and placed in 0% formalin for several
weeks. Frozen sections 25 wm thick stained with cresyl
violer were examined under the light microscope.
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3.1.4. Appararus and procedures

Two main types of behavioral funcuons were assessed
dunng 13 days of tesung: motor coordination and muscle
swength (days“1-7) and navigadon in the Morrs water
maze (days 8-13). The apparatus and procedures were
similar to those of experiment 1.

A similar wooden bridge was used (days 1-3) except
that the thickness of the beam was 1.0 cm instead of 1.5
cm and the test lasted 3 days instead of 6. On days 4-3, a
sumilar wire mesh grid was used except that the height was
120 ¢m instead of 95 cm, the width 70 cm instead of 120
cm and the square size was 1 cm’ instead of 16
squares /cm. On days 6-7, a horizontal wire of identical
dimensions was used and the same procedure was adopted.

On days 8-13, a sumilar circular pool was used except
that the diameter was 180 cm instead of 90 cm. the height
of the walls was 40 cm instead of 45 cm. a diluted milk
solunon hid the platform instead of styrofoam and the
diameter of the escape platform was 18 cm instead of 8
cm. The procedure was identcal except that no retenton
test was given one week later, only the visible task (with
the milk removed) being performed after a penod of 7
days without tesung. No evaluadon was made for sponta-
neous alternanon and visual discimination in this experi-
ment because of the lack of an effect in experiment 1.

3.1.5. Starisncal analvses

With homogeneous vanances, ANOVAs were per-
formed on the raw data. With heterogeneous variances,
found with ume-dependent measures, the same analyses
were performed on the log-ransformed data.

I. Results
1. Expenmen: |

\1.1. Histology

Rats with mudline cerebellar lesions are represented 1n
ig. 1A and B and rats with lateral cerebellar lesions 1o
ig. 1C and D. The flocculonodular lobe was left intact but
ras disconnected due to the white mater lesions.

1.2. Psychomotor tests

1.2.1. Bndge. There was a significant group effect (Fipe
=130.3, P <0.001) for equilibnum ume, since the le-
oned groups (Fig. 2A) spent less ume wath all four paws
1 the beam than the control group. The day effect and the
teracuon were also significant (P < 0.01). On day I,
>th lesioned groups were infenor to controis ( P < 0.05.
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Fig. 2. Mean (S.E.) values of equilibnum ame (A), distance aavelled (B),
and latencies before falling (C) of rats with mudline. lateral or sham
lesions on the bridge.

Dunnen’s r-test), whereas from day 2 onwards. only the
mudline group was infenor (P < 0.05). Simple main ef-
fects revealed that the equilibrium latencies of the lateral
group increased across days ( Fy o = 9.14, P < 0.01). That
was not the case with the mudline group (Fj,, = 0.88,

3. L. Transverse secuons of rat brams stained with Cresyl vioter snowing cerebeliar reqions (darkened arsas) removed by suctoon. Numbers on the left
licate the anteropostenor coordinates of Pellegrno et al. [32). (A) rat with qumimal mudline iesion: (B) rat with maximal mudline lesion: (C) rat with

mmal lateral lesion: (D) rat with maximal lateral lesion.
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Fig. 5. Mean (S.E.) values of latencies before rurmung (A) and distance
Tavelled (B) of rars with mudhine, Jateral or sham lesions on the gnd.

£ > 0.05). The conwol group had maximal valyes through-
out the tesung penod. There were no group, day and
interacnon effects (P> 0.05) for the number of segments
traversed (Fig. 2B). The number of segments traversed was
lower for the operated groups, but the large vanance of the
conol group mitigated agamnst a sigmificant difference. In
terms of ume spent on the bridge (Fig. 2C), group, day,
and interacuon effects wers significant (P <0.001, <
0.001 and <0.05 respecuvely). In companson to the
conwol group, the midline group had lower latencies be-
fore falling on days 1. 2, 3. and 4 (P < 0.05. Dunnert’s
1-test), whereas the lateral group had lower latencies only
on day 1 (P < 0.05). Simple main effects reveajed that the
mudline group (Fy4 =6.76. P <0.01) and the lateral
group (F, o =828, P < 0.01) unproved over days,
whereas the control group had maximal values throughout
the tesung penod.

4.1.2.2. Grd. Sigruficant group, day, and interacuon ef-
fects (P < 0.05) were observed for latencies before turming
on the gnd. The mudline group 0ok more ume before
turnuing upward than the other two groups (Fig. 3A).
Nevertheless, the:r performance improved over days ( Fy o

= 2.94. P <0.05). No group differences (P > 0.05) were

found for distance travelled (Fig. 3B) or for the ame sper
on the apparatus (maximal values for ail three groups.

4.1.2.3. Coar-hanger. There was a significant day effec
(Fs95=5.0. P <0.01) in the absence of group and inter.
acuon effects, as all three groups learned to cling better 1c
the horizontal bar with time (Fig. 4).

4.1.3. Warer maze learning

A 2 (groups) X 3 (days) ANOVA with repeated mea-
sures on the second factor was conducted duning the
acquisiion of the hidden piatform version of the water
maze (Fig. 5A and 5B). As described below, the midline
group had deficits in the visible plaform condition. There-
fore, only the lateral group was compared to the control
group duning invisible piatform testing. For quadrant en-
mies, significant group (F),; = 135, P <0.01) and day
(Fy26 = 60.7) effects were observed in the absence of 2
significant interaction (F,,s =12, P> 0.05). A similar
panern was discerned for escape latencies. Rats with Jat-
eral lesions crossed more quadrants and had higher escape
latencies than sham-operated controls.

On days 4-5, when the position of the invisible plat-
form was changed, the group effect disappeared ( F L™
0.4, P>0.05 for quadrants, F,,,=0.5, P>0.05 for
escape laiencies) but not the day effect. as both groups
improved their performance on the following day (P <
0.001). During the retention test (day 6 of training), the
lateral group waversed more quadrants (F, ,; = 13.1, P <
0.01) but did not have higher escape latencies than the
conwol group (F,,; =4.5, P>0.05). For quadrants
(means and S.D.): lateral group: 4.5 (1.4). control group:
2.6 (0.6): for latencies: lateral group: 10.6 (4.0). concrol
group: 6.7 (2.7).

Duning wisible plaform tesung, significant group effects
were detected for quadrant enmes (£, ,, = 4.5, P < 0.05)
and escape latencies (F,,, = 15.6, P < 0.001). Only the
mudline group differed from the conerol group on both
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Fig. 4. Mean (S.E.) vaiues of latencies upul falling of rats wuth mudline.
lateral or sham lesions on the coat-hanger.
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ig. 5. Meap (S.E.) vaiues of quadrant enmes (A) and escape latencies
B) of rats with lateral or sham lesions dunng water maze spaual learmung
n aays | -3 (iowvisible piaformn 1n NW quadrant) and days 4—3 (ipvisible
ladorm 1z SE quadrant).

1easures as determined by the Dunnent’s r-test ( P < 0.05):
uadrant entmes: 4.7 (2.1) for the mudline. 2.4 (0.3) for the
weral. and 3.0 (1.1) for the control group: latencies: 39.2
23.9) for the mudline, 4.3 (0.8) for the lateral. and 5.5
[.9) for the control group.

1.4. Spontaneous aiternanon

All three groups alternated signuificantly above chance at
| retenuon ntervals according to the r-test (P < 0.05)
“able 1).

bie |

ontwaneous aiternanon rate af taree retengon intervals and mean (S.D )
mber of tals 10 critenon on the visual discniminaton learmng task of
s with mudhine. lateral or sham lesions

Midline Lateral Congol
Jnlaneous aiternaoon
un 831% ° 83% * 93% *
un % ° 88% ° 93% *
mun 1% * 7% * 90% °
ual discnrmunauon learung
s to critenion not tested 342 36.1

(5.1 99

< 0.03 (r-test).

4.1.5. Discrimination learning

Due to the severe visuomotor deficits of the mudline
group, only the lateral and controi groups could be tested
duning sumuitaneous visual discnminanon learming in the
water maze paradigm. As shown in Table 1, there was no
difference berween these two groups in terms of tmais
needed to reach the critenion (P > 0.05).

4.2. Experiment 2

4.2.1. Histology

Lesions of the fastugial nucleus are depicted in Fig. 6
according 10 the stereotaxic coordinates of Pellegrnno et al.
(32].

4.2.2. Psychomotor tests

4.2.2.1. Bridge. For latencies before falling on the square
bridge, there were significant group (F, ,, =11.68, P <
0.01) and day (F,,5=6.67, P <0.01) effects but no
interaction (F,,=0.02, P> 0.05). The fastigial group
fell sooner from the beam than the copwol group, but the
learning curves of each group appeared to be parallel (Fig.

Fig. 6. Coronal secnons of rat brains with elecrolyne fasugial nucleus
lesions: black areas: mimmal lesions; dotted areas: maxumal lesions.
Numbers diusrate antenor postenior coordinates according (o the stereo-
taxic coordinates of Peflegnno et al. [32].
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7A). For equilibrium time (Fig. 7B), there were significant
group (F,,;=1878, P <0.001) and day (Fas =6.8.
P < 0.01) effects in the absence of an interacuon (Faag=
0.3. £>0.05). The fastigial group had more difficulry in
maintaining equilibrium on the beam than the contol
group. But each group showed some evidence of improv-
ing with practice, although the performance of the fastgial
group appeared to reach an early plateau. No effects
(P>0.05) were discerned for distance travelled on the

LATENCIES (S)
-
Y
|

1MME (S)
8
-/ TN
\\
S

SEGMUNTS
5
"

DAYS
Fig. 7. Mean (S.E.) values of laiencies before faling (A). equilibnum
ume (B). ana distance rraveiied (C) of rars with fasugial or snam lesions
on the bndge.
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Fig. 8. Mean (S.E.} vaiues of latencies before turning (A) and distance
wavelled (B) of rats with fasugial or sham lesions on the inclined grid.

bridge (Fig. 7C). Although the fasugial group had a lower
number of segments traversed, the high intragroup van-
ance of the conwol group mingated against a significan:

difference.

4.2.2.2. Gnd. Noue of the rats fell from the inclined grid.
For latencies before mrming (Fig. 8A), there was a signifi-
cant day effect (F, ;= 13.0, 2<0.01), but no group
(F\ 13 =045, P> 0.05) or interacton (F, 46 = 0.003, P>
0.05) effects, as both groups were quicker before turning
upward on day 2 than on day 1. Only the group effect
(Fi 13 =587, P<0.05) was significant for distance mrav-
elled on the grid, as the fasugial group was inferior to the

conerol group (Fig. 8B).

4.2.2.3. Coar-hanger. No effects were found for latencies
before falling on the suspended string (means and S.E.,
day l: conwols: 35.6 (5.3), fastigials: 48.8 (4.4); day 2:
conrrols: 44.2 (4.6), fasugials: 50.6 (6.3).

4.2.3. Water maze learning

Dunng acquisidon of place learming in the Momis milk
fank test, there were significant effects on the quadrant
entry measure (Fig. 9A) for groups (F, ;=547 P <0.05)
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Fig. 9. Mean (SE) values of quadrant entes (A) and escape latencies
(B) of rats with fasogal or sham lesions dunng water maze spanal
learrung on days i-3 (invisible pladform 11 NW quadrant) and days ¢35
(invisible pladorm 1o SE quagrant).

and days (F, . = 28.1, P < 0.001), but not for the interac-
uon (F, ., = 3.28. P> 0.05). Although the fasugial group
had higher quadrants, separate one-way ANOVAs revealed
that both groups improved with repeated mials, P < 0.0].
Simuilar results were obtained for escape latencies (Fig.
9B). except that the interacnon was significant (Fage =
3.42, P < 0.05). The conzol group outperformed the fasu-
gial group oo days 2 and 3 (simple mawn effect F tests,
P <0.01) but oot on day | (P > 0.05).

When the posiuon of the pladform was changed on day
4, both groups had higher quadrant enmies and escape
latencies, which decreased for both groups on the follow-
ing day. Significant group and day effects (2 < 0.05) were
found with no interacuon for both measures on days 4-3,
1s the fasngpal group was stll infenor but showed evi-
lence of learning across days. There were no group differ-
‘nces during the wisible pladform conditon (P > 0.05):
juadrants: conwols: 3.6 (0.4), fasugals: 3.2 (0.4): laten-
nes: controls: 11.4 (1.2), fasugials 17.2 (3.4).

. Discussion

The cerebeilar lesions in the present study caused motor
1d non-motor deficus. Midline cerebeilar lesions de-

creased equilibnum ame and latencies before falling on
the bridge and increased the amount of ume spent before
turning upward on the wnclined gnd. Those lesions had no
effects for segments maversed on the bridge and for laten-
cies before falling on the grid and on the coat-hanger.
Lareral lesions decreased equilibium tume and latencies
before falling on the bridge only on the first day of
training. There were no effects on the grid and coat-hanger
Iests. An improvement in performance across days was
observed for both lesioned groups. The midline group
ameliorated their performance for latencies before falling
on the bridge and for latencies before wrning upward on
the grid. The lateral group improved equilibrium time and
latencies before falling on the bridge. These results indi-
cate that motor skill acquisition was not abolished in rats
with cerebellar lesions. In contrast, interposirus and dentate
lesions abolished or severely impaired eye-blink condidon-
ing [28.,42.46].

In addition to equilibrium deficits, the lesioned groups
were impaired in the water maze test Rats with midline
lesions had deficits in the visible plaform condition,
whereas rats with lateral lesions had deficits only in the
invisible plaform condition. This result indicates that the
lateral part of the cerebellum is selectvely involved in
spanal orentaton and not in the visuomotor abilities re-
quired to swim toward 2 visible plaform. We have pro-
posed that the cerebellum modulates sparal orientadon
through interactions with higher order brain regions such
as the hippocampus and neocortex [4—6,25). In two cere-
bellar mutant mice (staggerer and pcd), the same dissocia-
ton of impaired hidden platform leamning and intact visible
platform performance was found as in our laterally le-
sioned rats (14.25]. This dissociaton is not selectve for
rats with hippocampal lesions. [n contrast. midline cerebel-
lar lesions resulted in visuomotor deficits. Although these
rats were often able to reach the pladform and escape from
the water, they bad great difficulty in naviganng toward
the visible goal. The midline region receives sensory input
from the vesubular system and the superior colliculus via
bramn stem nuclei and projects back 1o these regions [8,43).
The mudline cerebellum may thereby integrate vestbular
and visual input into the motor output necessary to navi-
gate toward a visible goal. On the other hand, the latera]
cerebeilum receives visual input from the panetal cortex
and the hippocampus via the brain stem [33,34] and pro-
Jects back to the fronto-parietal cortex via the thalamus
(see refs. [4—6] for a discussion on the functional signifi-
cance of these two-way projections). The cortical-brain
stem-neocerebellar-thalamo-neocortical pathways may be
involved in spanal orientanon. Although laterally lesioned
ras were not mpaired in spatial performance in compari-
son 0 conuols on the final day of acquisiton of the
reversal task (day 5), some imparrment occurred dunng the
retenoon test. suggesuve of a role for the cerebellum in
spanal memory. However. this effect was weak, being
evident for quadrant enmmes but not for escape latencies.
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Moreover, there was no evidence of a spatial memory
deficit in spontaneous alternation tesung. Neither was an
effect observed for the lateral group dunng acquisigon of
the simultaneous visual discrimunanon learning task. Rats
with fasugial nucleus lesions fell sooner and spent less
ume with all four paws on the square bndge than sham-op-
erated conwols. The distance maveiled on the inclined grid
was shorter for the fasngial group. However, latencies
before murning or falling were not disturbed by the lesions.
These results are similar to those of rats with larger
midline lesions comprising the fastigial nucleus and the
vermis, except that the motor coordinanon deficits were
more severe. Rapid sensonmotor learming was demon-
strated by the control group and by the fasugial group on
latencies before falling and equilibrium ame on the bridge.
These results are in contrast to those showing a long-last-
ing or permanent irmpairment after some cerebellar lesions
in the nicttanng membrane paradigm {28,46] and during
adaptadon of the vestbulo-ocular reflex (20]. They agree
with those of rats with midline cerebellar lesions and
cerebellar mutant mice [24], whose latencies before falling
increased across days in certain motor coordinanon tests.
On the beam, fasugial-lesioned rats were able to improve
the motor conwol required to maintain posture without
adopung a freezing response. as their distance tavelled
across days was not decreased (Fig. 7C).

Rats with fasugial lesions had higher quadrant enmes
and escape latencies than the control group duning imdal
acquisiuon and when the pladorm was switched to a new
locanon. The groups did not differ on either measure
dunng the visible platform condinon. A dissocianon be-
tween the hidden as opposed to the visible pladorm condi-
uon was also reporied in Purkinje cell degeneranon mutant
muce [14), reproducing in cerebellar-lesioned ammals a
luppocampal-rype deficit [16.29.35]. With larger mudline
cerepellar lesions, the amymals sutfer from a seasonmotor
deficit. ataiming the visible pladorm with great difficuiry.
In view of two-way interacnons between the mudline cere-
bellurn and visual pathways in the supenor colliculus [7.8],
in the venuolareral genicuiate (15] and the frontal eve field
(7.23] on one hand and vesnbular nuciei [43] on the other.
rats with mudline cerebellar lesions are unable (o wntegrate
these percepaons for guided swimming movements with a
visible target Brain stem-cerebellar interacaons are known
to be involved 1n eye movement conwrol n monkeys
(10.39]. With fasugial lesions, some sensorumotor integra-
uon may occur at the level of the vermus, enabling the
ammal to navigate toward the wisible targer However,
when the platform 1s hidden, spaual onentanon defects are
unmasked. a possible indication that the hippocampus uses
vesubular cues integrated by the fasugial nucieus duning
spaual onentauon tests. Fasugial sumulanon alters hup-
pocampal and septai acuwvity via mulusynapuc pathways
(18.31.33], suggesung funcuonal interdependence between
these regions for emouons (1.18] and spaual onentauon.
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Abstract

A revolving food peilet (RFP) test is presented, measuning the ability of rats to eat food pellets suspended from a horizontal
bar in their home cage. This easy to make and economical device evaluates the efficiency of bilateral front paw coordination while
standing. Dunng the beginming of a ten day tesung penod, rats exposed to the RFP-chamber bad a lower intake of food and
decreased body weight than rats housed in a2 standard home cage. With continued practice, the experimental group increased their
food intake and body weight. Dunng this ume, the rats learned to control the revolving pellets by stabilizing them with their front

paws and chewing on them. This apparatus s swtable for assessing a form of sensorimotor learning, invoiving the efficiency of
front paw reaching, grasping, and holding movements, together with appropriate postural adjustments and biting movements.
Thus test was sensitive to brain lesioning, as rats with bilateral lesions of the cerebellar fastigial nucieus were impaired. © 1997

Elsevier Science B.V.

Keywords: Cerebellum; Feeding; Motor control: Posture; Sensonmotor learning

1. Introducton

Ammmal feeding behavior may inciude the measure-
ments of ingesuon patterns, metabolic processes, and
different facets of instrumental learning (Anliker and
Mayer, 1956; Fallon, 1965; Strohmayer et al., 1980: Gili
et al.,, 1989; Klemn et al., 1994; Madnd et al.. 1995).
Sensonimotor performance may be measured by the
apbility of rats to grasp and retneve food pellets through
a parrow aperture between metal bars (Whishaw et al.,
1986), in a tube (Pisa and Schranz, 1988) or m a slot
(Castro, 1972) with their front paws or m reachung with
either the mouth or front paws toward a staircase
(Montoya et al., 1991). These tests have been used to
assess sensonmotor functions after damage to the mo-
tor corex or stnatum.

* Corresponding author.

0165-0270/97/517.00 € 1997 Eisevier Science B.Y All nghts reserved.
PIIS0165-0270(96102165-6

Dunng the course of our investigations of feeding
behawior after cerebellectomy (Mahler et al., 1993), we
became interested in developing a sensorimotor task
requinng the simuitaneous use of paw and jaw move-
ments. For this purpose, food pellets were suspended
from a honzontal metal bar in the home cage of each
rat. When rats attempted to gnaw a pellet, it revolved
around the axis of the bar in such a way that the
ammals encountered great difficuity in feeding them-
selves within the allowed time limit (eight hours). How-
ever, with repeated practice, they were able to learn to
control the revoiving pellet by steadying it with well-co-
ordinated mandibular and front paw movements.
Thereby, food consumption increased by means of sen-
sornimotor learning. In the first study, we present data
on two groups of rats. The first group ate in a standard
home cage, requiring minimal effort. The second group
was exposed to the revoiving food peilet (RFP) test,
which required a higher degree of sensonimotor coordi-
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Fig. 1. Diagram of the revolving food peliet test.

nauon than that required in a standard home cage. The
amount of food eaten and the body weight of the
animals were measured during ten consecutve days.
The second experiment comprnised the use of a group
with bilateral lesions of the cerebellar fastigial nucieus,
a brain area known to be invoived in equilibrium and
posture (Dow et al, 1991), in order to assess the
sensiuvity of this test in brain-damaged animajs.

2. Materials and methods

2.1. Animals

In the first study, 30 female Wistar rats (Iffa Credo,
L’Arbresle, France), approximately 2 months of age
and weighing 180-200 g, were kept in single plastuc
cages covered with wood chips for a | week adaptaton
period with free access to food pellets (Extralabo, M
=5C) and water under a reversed 12 h light-dark cycle
(Lights on at 18:00 h).

2.2. Appararus

Cages measured 37.5 cm in length, 21.5 cm in width
and 15 cm n height. The cages were covered by stain-
less steel mertal bars with a locking device and a flat-
bottomed depression (3 ¢m in width) with two
removable dividers permutung the placement of food
pellets (Extralabo type M25C) and a water bottle.

Cages with revolving pellets (Fig. 1) contained a hori-
zontal bar (3 mm in diameter, 16 cm in length, 15 cm
over the flat bottom of the cover) piaced beyond the
metal bars, into which five food peilets (2 cm in diame-
ter, 2.5 cm in length, weighing 8 g) were inserted. These
pellets could only be reached when the smout of the
ammal was extended between the cage bars (distance
berween cage bars: 8.5 mm, height from the bottom of
the hopper: 5 mm).

2.3. Procedure

2.3.1. Experimen:t |
At the beginning of the second week, the rats were

REVOLVING PELLET
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Fig. 2. Mean (§.D.) food intake in grams of rats feeding on revolving
pellets or convenuonal petlets.
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Tabie 1
Mean (S.D.) body weight of rats feeding on revoiving peilets or

conventional peilets

Day *Convenuonal pellets Revolving pellets
l 189.8 (6.6) 189.8 (2.7
2 188.6 (6.4) 187.5 (2.7)
3 190.9 (6.5) 183.4 (3.8)°
4 192.9 (6.5) 180.3 (3.2)*
b 195.3 (6.6) 177.8 3.00*
6 197.9 (6.2) 179.1 (3.1)*
7 199.5 (62) 181.7 3.00*
8 200.6 (5.8) 184.9 (2.6)*
9 202.3 (5.1 187.1 (2.6)*

10 204.4 (5.1) 190.1 (2.3)*

Data is given 1o grams.
* P <0.05 (unpatred -test).

randomly and equally divided into two groups: a con-
trol group and an experimental group (n = 15). The rats
were food deprived for 24 h on the first day of the
experumentation and then for 16 h for the next 9 days.
The first group was given five food pellets placed in a
standard food dispenser for a period of 8 h (from 8:00
to 16:00 h) dunng the dark phase of the cycle. The
second group was exposed to the same situation except
that the pellets were available on the horizoartal steei
bar. Whenever the rats attempted to bite ope of the
pellets, it revolved around the axis of the bar, greatly
impainng their ability to eat. The amount of food
ingested (g/rat) was measured at 16:00 h by substract-
ing the final weight of the pellets from the imual
weight. The body weight of the rats was measured daily
at 20:00 h. For each measure, a 2 x |0 ANOVA (two
groups. ten days of tesung) with repeated measures on
the second factor was used, followed by the unpaired
t-test.

a0 - FOOD INTAKE
&2 N
z I T T ]- ..-0~-0 ooy
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T od L.802TVT 1 3 I e mameong
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Fig. 3. Mean (5.D.) food intake in grams of rats with bilateral
fasugal lesions or with sham lesions feeqing on revoiving pellets or
convenuonal pellets.
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Fig 4. Mean (S.D.) body weight in grams of rats with bilateral
fasugial lesions or with sham lesions feeding on revolving pellets or

convenuonal peilets.

2.3.2. Experimen: 2
A separate group of 40 female rats of the same age

was used. They were divided into four groups (n = 10):
(1) rats with bilateral lesions of the fastigial nucleus
feeding on conventional pellets; (2) rats with bilateral
fastigial lesions feeding on revolving pellets; (3) sham-
operated rats feeding on conventional pellets; and (4)
sham-operated rats feeding on revolving pellets. The
same design was adopted with the addition of the
lesioned animals. Rats were anesthesized with ketamine
(150 mg/kg, 1.p.) and secured in a stereotaxic apparatus.
The scalp was shaved and two 1.5 mm holes were made
with a dental drill in the occipital bone. A stainless steel
electrode, 0.15 mm in diameter, insulated throughout
its length except for 0.5 mm at the tip, passed an anodal
dirsct current at 32 A for 6 min and was positioned
according to the following coordinates: 9.8 mm poste-
ror to bregma, 1. mm lateral to the midline, and 9
mm ventral from bregma (Pellegrino et al., 1981).
Sham-operated rats were submitted to the same proce-
dure except that no current was passed. The wounds
were then asepused and the animals kept warm until
awakening. The postoperative interval was 2 weeks.
After the completion of behavioral testing, the rats
were overdosed with ketamine, perfused intracardially
with a 500 m! heparined 0.9% saline solution, a 500 ml
4% paraformaldehyde solution with 2 0.2 M phosphate
buffer at pH 7.4 and 4°C, and a 10% sucrose solution
with a 0.2 M phosphate buffer. The brains were then
removed and piaced in a 100 ml 30% sucrose solution
with a 0.2 M phosphate buffer for 24 h. One in two
senal frozen sections of 40 um were collected, stained
with a 2% toluidine solution, and observed under a
light microscope for venfication of lesion placements.

3. Results

In the first expenment. for food intake, there were
significant effects for the group factor (F(1.4) = 1601.3.
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Fig. 5. Caronal sectnons of rat brains with electrotync fasogial gucieus
Numbers dlustrate antenor postenor coordinates according to the stereo

P <0.001), the day factor (F(9, 36) = 28.6, P < 0.001),
and the group x day interaction (F(9, 36) = 36.3, P <
0.001). As shown in Fig. 2, the food intake of the
group chewing on revolving peilets was infenor to
that of the group chewing on convenuonal pellets
dunng the first 5 days (P < 0.05), but not dunng the
final 5 days of tesung. For body weight. there were
significant effects for the group factor (F(1, 4) =92.0.
P <0.001), the day factor (F(9,36) =32.7, P <0.001),
and the group x day interaction (£(9, 36) = 26.5. P <
0.001). The body weight of the experumental group
was lower than that of the control group on days

-1

- 3.4

lestons: black areas, mmumal lesions; dotted areas, maximal lesions,
tauc coordinates of Pellegnno et al. (1981).

3-10, but not on the first 2 days of testing (Table 1).
Thus, although the experimental group had recovered
m terms of food intake by day 6, their body weight
was stll lower than that of the coatrol group unti]
the end of testung.

On the first day of testing, rats in the experimental
group were observed to have great difficulty in con-
trolling the revolving pellet. Whenever a rat began to
gnaw at a pellet, it often revoived around the hori-
zontal bar. Nevertheless. with repeated practice, by
day 6, most rats became efficient in steadying the
pellets with their front paws and mibbiing at them.
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In the second experiment. for both food intake and
body weight, the tripie interacuon was significant
(F(9, 324) = 11.2 and F(9, 324) = 8.77, respecuvely, P <
0.001). The groups attempting to feed on revolving pellets
bad lower food intake (Fig. 3) and lower body weight
(Fig. 4) than the groups feeding on conventional pellets,
the effect being stronger at the beginning of training,
especially for the non-lesioned group. The sham-oper-
ated rats feeding on revoiving pellets improved their food
intake faster than rats with fasugial lesions. The group x
type of pellet interaction was significant for food intake
(F(1,36)=64.58, P <0.001) and body weight
(F(1, 36) = 8.22, P < 0.01), as fastigial lesions decreased
both measures only in the revoiving pellet condition.

Lesion placements are depicted in Fig. 5.

4. Discussion

The revoiving food pellet (RFP) test resembles previ-
ous food retneval tests (Castro, 1972 Pisa and Schranz,
1988; Whishaw et al., 1986). In those tests, food pellets
were retneved by extension of a single front paw. The
RFP task requires the efficient reaching, grasping, and
holding of the pellets by both front paws, together with
coordinated postural adjustments and biting movements.
Within a 5 day pentod, considerable learning occurred on
the part of normal rats. The performance of rats with
lesions of the fasugial nucleus also improved. However,
therr food intake was lower and never achieved the values
attained by sham-operated animals. By contrast, fastgial
nucleus lesions had no effect on food intake m the
conventional pellet condition.

Pisa (1988) compared normal rats to rats with striatal
lesions on vanious facets of the motor control of feeding
such as food intake, the number and durauon of bjtes
on food pellets piaced on the cage floor, and the
steadiness of forelimb grasping of the pellets. As a result
of its high level of difficuity, the RFP test may be very
sensitive to lesions in extracerebellar bramn areas associ-
ated with sensorimotor miegration such as the stmatum,
An ethical concern is that a lesioned group may be
impatred to such an extent as to preciude extended
tesung. In the present study, aithough the lesioned group
had much less food intake than controls at the beginning
of tesung, some recovery occurred with repeated sessions.
This pattern may not hold for important lesions else-
where 1n the bram,

Some motor coordination tests require whole body
postural adjustments, such as the balance beam (Pisa,
1988; Henry et al., 1995), the coat-hanger (Lalonde et a_,
1992), the tilted platform (Lalonde, 1994), and the
rotorod (Auvray et al., 1989). The symmetry of postural
adjustements while a rat is supended by the tal may also
be measured (Borlongan et al.. 1995). Conditioned reg-
exes may be analyzed in the nicttanung membrane

(McCormick and Thompson. 1984: Steinmetz et al.
1992; Yeo et al.. 1985) and jaw-response (Sheafor anc
Gormezano, 1972; Gibbs, 1992) paradigms. In the latter
test, intraorai drops of water are associated with a tone
unul the conditioned response (jaw movements to the
tone) is exhibited. Other orofacial tests include tongue
protrusion (Whishaw and Kolb, 1983; Pisa and Schranz.
1988) and claw cutting (Whishaw et al., 1983). In the
former test, food mash is spread on a ruler or spatula
aburting against the cage of the rats and the length with
which their tongue could reach the food when extended
between the grid bars or in a hole is assessed. In the latter
test, it is observed that rats naturally groom their paws.
However, in some brain-lesioned amimals, this ability is
impaired, as evaluated by the length of the claws. An
orofacial sensorimotor battery may be developed with
the use of the RFP, the pellet handling (Pisa, 1988). the
tongue protrusion (Whishaw and Kolb, 1983), and the

claw cutting (Whishaw et al., 1983) tests.
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Abstract
The role of the fastigial nucleus on various learned and nonlearned sensorimotor

performance was investigated, including postural learning on the rotorod,
associative learning in signaled active shock avoidance, and the serial
organization of behavior as evaluated in spontaneous alternation and grooming
tests. Rats with bilateral lesions of the fastigial nucleus had impairments in
equilibrium on the fast and on the slow rotorod. On the slow but not on the fast
rotorod, the lesioned rats improved with repeated trials. By contrast, no impairment
was observed in signaled shock avoidance. Although the lesioned rats alternated
at the shortest retention interval, they did not at the two longest, indicative of an
impairment of spatial memory. Fastigial nucleus lesions did not abolish any
component of the grooming response. The main effect of the lesions was to
increase the number of grooming sequences without increasing the number of
grooming bouts per sequence. These results indicate that the fastigial nucleus
modulates sensorimotor tasks requiring equilibrium, spatial memory, and the

sequential organization of behavior.

Keywords: Cerebellum: Equilibrium; Grooming: Spontaneous alternation:

Sensorimotor learning; Shock avoidance

SHORT TITLE: FASTIGIAL NUCLEUS AND PERFORMANCE



INTRODUCTION
A large body of evidence supports the existence of at least two functionally and

anatomically distinct memory systems [e.g. 57]. Declarative or explicit memory
refers to the capacity to store, recall or recognize information in a conscious
manner, while procedural or implicit memory corresponds to the ability to acquire
gradually a skill through practice [58]. These implicit acquisitions can be achieved
by means of motor-, perceptual- or cognitive-skill learning, as well as habit
learning, but their neuroanatomical basis is not well understood [see 51 for a
review]. In humans, a variety of procedural skills depend on the integrity of the
cortico-striatal pathway [e.g. 31,32,50,], but a growing number of studies suggest
an important role for the cerebellum in skill learning, either in normal subjects
[22,23,29,35,55,56] or in clinical populations [45,52].

Procedural learning can be subdivided into many subtypes, including tasks
requiring equilibrium and stimulus-response associations. More or less
pronounced deficits of postural sensorimotor learning have been reported in mice
with spontaneous lesions of the cerebellum [18,38,40,41,42), in transgenic mice
[25], in cerebellectomized rats or mice [4,17,18], in adult rats with midline or lateral
cerebellar lesions [36,44], and in rats with a selective depletion of noradrenaline
[10]. However, because cerebellar lesions often cause ataxia, it is difficult to
distinguish between learning deficits and motor response deficits. Gerlai et al. [25]
showed that in cerebellar homozygous En-2 transgenic mice there is impaired
acquisition of postural sensorimotor learning on the rotorod test. Nevertheless, the
terminal performance of these mice was similar to that of heterozygous mice,
indicating that the learning deficit was not simply due to motor inability. Preserved
terminal performance has not been observed in mice with natural mutations
[18,38,40,41,42]). However, in spite of massive degeneration of the cerebellar

corte)'(, lurcher mutant mice were able to improve with repeated trials in various
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tasks requiring equilibrium [18,38,40,41,42]. Improvements of motor coordination
on. the rotorod have also been discerned in cerebellectomized animals [4,17,18].
These results indicate that some forms of sensorimotor learning can occur in a
dysfunctional or even an absent cerebellum. In the present study, we sought to
determine whether lesions of the fastigial nucleus impair or abolish acquisition of
sensorimotor learmning on the rotorod.

Another type of procedural learning task with demonstrated implication of the
cerebellum is stimulus-response associative learning, as in eyeblink conditioning
and shock avoidance learning. It is known that the intermediate cerebellar cortex
and interpositus nucleus has an important role in eyeblink conditioning
[11,12,26,61,62]. However, an important point of contention [e.g. 11,60] is whether
the interpositus nucleus is involved in the associative process itself [26,61] or
whether it is involved in motor performance factors [12,62]. The acquisition of an
active shock avoidance task was impaired but not abolished after cerebellectomy
[19]). Selective lesions of the fastigial nucleus impaired two-way active avoidance
learning [54]. In another task, signaled active avoidance [59], the rat must press a
bar in response to a conditioned stimus (CS). Lesions of the interpositus nucleus
prevented acquisition of the barpress response under aversive but not under
appetitive conditions. In the present experiment, we adapted the signaled
avoidance task by requiring the rats to shuttle from one chamber to another in
response to an auditory CS. Since fastigial nucleus lesions have been shown to
affect shuttle avoidance, we hypothesized that such lesions would impair signaled
active avoidance.

A recent field of investigation concerns the role of the cerebellum in cognitive
processes [2,14,15,24,39,53]. It has been shown that the cerebellum is involved in
human information processing and spatial abilities [14], paired associate learning

[15], discrimination learning [24], and selective attention [2]. The role of the
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cerebellum in human cognition is task-selective and may depend on the extent of
concomitant brainstem damage [20]. The role of the cerebellum on visuospatial
functions [14] is supported by animal experimentation, as deficits of water maze
testing have been reported in Purkinje cell degeneration mutant mice [27] and in
rats with lesions of the dentate nucleus and overlying cortex or the fastigial
nucleus [36]. In the present report, we investigated the effects of fastigial nucleus
lesions on spontaneous alternation, a spatially mediated behavior not requiring
food deprivation or shock avoidance and known to be impaired in cerebellar
mutant mice [39] and in hemicerebellectomized rats [47]. Rats are exposed on the
first trial to a single arm of a T-maze. On the second trial, both arms are available,
permitting either the choice of the alternate arm or perseveration. Three retention
intervals were used in order to assess the memory component of the task.

In addition to the spatial aspect of spontaneous alternation, there is a sequential
aspect. The cerebellum has been implicated in the control of behavioral
sequences in humans [34]. In the fourth test, we assessed sequential behavior
during grooming in normal and lesioned rats with wet or dry tur. Grooming is a
species-selective behavior requiring sequences of motor chains. In rats, some of
the motor patterns are stereotyped, such as the predominant expression of the
cephalocaudal sequence in adults [49]. Grooming components can be analyzed in
the torm of syntactic chains, in which the probability that certain sequences of
movements follow each other are greatly above chance [3]. Damage to the
neostriatum or neostriatal dopamine depletion disrupted the integrity of these
syntactic grooming chains [8,9,13). The implication of the neostriatum in the
organization of motor sequences has been extended to patients with basal ganglia
disorders, such as Huntington's disease and Parkinson’s disease [1,5,30]. In
addition, some forms of motor sequences can be disrupted in patients with

cerebellar lesions [21,33,45). Perseverative bar-pressing responses have been
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observed in rats with midline cerebellar lesions [37]. Electrical stimulation of the
vermis or of the fastigial nucleus but not of the lateral cerebellum elicits grooming
[6,48], implicating the midline cerebellum in the modulation of the sequential
organization of grooming responses. Although cerebellar cortical damage affected
syntactic grooming chains, the altered measures were different from those of rats
with neostriatal damage [8]. By contrast, Berntson and Schumacher [7] reported
an absence of effect on the number of grooming sequences in rats with midline
cerebellar lesions. In the present study, we measured the number of grooming
sequences together with specific grooming components, in order to evaluate in
more detail the role of the fastigial nucleus on this behavior.

2. Material and methods

2.1 Animals

Fifteen three-month-old Wistar rats, born and bred at the University of Nancy |,
were individually housed in a reversed 12 h light-dark cycle (on at 20:00, room
temperature: 22°C, food and water available at all times) and were randomly
divided into two groups: bilateral lesions of the fastigial nucleus (n=5) and sham-
operated controls (n= 10). Lesion placements of these rats were histologically
verified as presented in our previous study [36].

2.2 Apparatus and procedure

Four behavioral tests were conducted during 29 days of behavioral testing: rotorod
(days 1-10), grooming (days 11-14), spontaneous alternation (days 15-21), and
shock avoidance (days 22-29). Three weeks intervened between the operation
and the start of behavioral testing. There was no intergroup difference in grip
strength at this time [36).

2.2.1 Rotorod

The rotating rod was constructed at the University of Nancy I, consisting of a

wooden horizontal mast (diameter: 20 cm: length: 100 cm; height of floor covered
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with cushions: 125 cm), driven by a DC motor whose rotation speed could be
controlled with a speed motor driver and variable size pulleys. Cardboard was
inserted to prevent jumping from the sides. There were 2 trials/day for 10 days.
The rats were first evaluated at 30 rpm for five days and then at 10 rpm for the
final five days.

2.2.2 Grooming

On days 11 and 13, the rats were individually placed in an observation chamber
with transparent plexiglass (40 cm X 22 cm, height of walls= 14 cm) for 5 min. The
experimenter observed the frequencies of occurrence of different grooming
(facefforelimb, back, hindiimb or abdomen licking, body shaking) and non-
grooming (walking, rearing) components. The latency before the onset of the first
grooming behavior, the average length of each grooming sequence, and the
number of grooming sequences were also compiled. On days 12 and 14, the same
procedure was applied except that the whole body of each rat was gently dipped
into a water (28°C) tank and rapidly retrieved. Observations began immediately
afterwards.

2.2.3 Spontaneous alternation

A T-maze, made of painted wood (stem= 41 ¢cm X 9 cm, arms=31 cm X 9 cm,
height of walls= 16 cm), was used for a two-trial spontaneous alternation test. On
the first trial, only one of the arms was open, the other arm being blocked by a
barrier. On the second trial, the barrier being removed, the rat could either choose
the same arm or alternate. The arm chosen to be blocked was changed from one
day to the next: i.e. the left side on day 1, the right side on day 2, then the left
again on day 3, etc. There was no intertrial interval (except for the brief time
necessary to wash the maze after every trial) on days 1, 4, and 7, an interval of 3

min on days 2 and 5, and an intertrial interval of 10 min on days 3 and 6. The rats
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spent the intertrial intervals of 3 and 10 min in a holding cage. The T-maze was
always placed in the same area of the experimental room.

2.2.4 Signaled active shock avoidance

The signaled active avoidance task was conducted in a shuttle box containing two
identical compartments. The compartments were separated by an incomplete
partition wall (27 cm X 9 cm for each chamber, height of walls: 17 cm, mid-wall
from the top: 11 cm). Both chambers contained a speaker placed in the same
corner and a grid floor connected with a current generator. The conditioned
stimulus (CS: a 85 dB buzzer lasting 8 s) was generated in the chamber where
the rat was located after a pseudorandomly varied intertrial interval, ranging
between 20 and 35 s, foyllowed by a shock of 1.5 mA lasting 5 s. The first day
served as a pre-experimental session, where animals were individually put in the
apparatus and allowed to explore freely the two chambers for 10 min. During this
period, the number of visits from one chamber to another was counted in order to
ensure that all the subjects had the same basic level of exploration capacities. The
pretone period was introduced to avoid irrelevant timing strategies. An avoidance
response was recorded whenever the rat ran from one chamber to the next during
presentation ot the CS. An escape response was recorded whenever the rat ran to
the next chamber during presentation of the shock. The duration of any trial varied
between 28 and 48 s: the intertrial interval of 20-35 s, the 8 s CS, andthe 5 s
shock presentation.

2.3 Statistical analyses

Results were analyzed by means of analysis of variance (ANOVA) with repeated
measures and unpaired t-tests. For heterogeneous variances, a logarithmic
transformation was performed in order to homogenize intercell variances. For the
repeated measures, a P value transformation (the Greenhouse-Geisser correction)

was done.
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3. Resuits

3.1 Rotorod
Latencies before falling were measured during the first five days at 30 rpm (Fig.

1A) and during five additional days at 10 rpm (Fig. 1B). There was a significant
interaction (F, 4=3.89, P<0.05) at 30 rpm, as the intergroup difference in
performance increased with repeated days of testing. While the performance of the
control group improved across days (Fg 3s=57.65, P<0.01), the performance of the
group with fastigial lesions did not (F4=0.55, P>0.05). There was also a
significant interaction (F, ,=41.1, P<0.001) at 10 rpm, but for the reverse reason
than at 30 rpm, as the intergroup difference in performance decreased with
repeated days of testing. While the performance of the fastigial group improved
across days (F44=45.40, P<0.01), the performance of the control group did not
(Feas=4.14, P>0.05)., because of an obvious ceiling effect (Fig. 1B).

3.2 Grooming

As shown in Tables | and II, the mean number of grooming sequences was higher
in rats with fastigial nucleus lesions than in sham-operated rats under wet
(t13=9.04, P<0.01) and dry (t,3=7.74, P<0.01) conditions. There was no intergroup
difference in the frequencies of occurrence of back, hindlimb, and abdomen
licking in either condition. The only intergroup difference was a higher number of
faceftorelimb grooming occurrences by the lesioned group in the dry condition (t3=
7.10, P<0.05). In addition, the latencies before onset of the first grooming
component were shorter in the lesioned group than in the control group, but only in
the wet condition (t,3=6.13, P<0.05).

3.3 Spontaneous alternation

The control group alternated above chance at all three retention intervals (0 min:
24/30 or 80%: X2=8.5, P<0.01; 3 min:24/30 or 80%: X2=8.5, P<0.01; 10 min-
22/30 or 73.3%, X2=6.5, P<0.05). By contrast, the lesioned group alternated
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above chance at the 0 min interval (12/15 or 80%: X2=5.4, P<0.05), but not at the
3 (10/15 or 66.7%: *2=1.6, P>0.05) and 10 min (8/15 or 53.3%: X2=0.6, P>0.05)

intervals.
3.4 Signaled active avoidance

The two groups did not differ on the pretest motor activity measure (P>0.05).
There was a significant day effect (F, 3=8.71, P<0.01), but no significant group
effect (F, s=0.37, P>0.05) or interaction (F, 3=0.89, P>0.05) for the number of
avoidance responses. As shown in Fig. 2, the performance of both groups
improved with repeated trials (control group: Fg 36=7.42 P<0.01; lesioned group:
F420=4.53, P<0.05).

DISCUSSION

The effects of bilateral fastigial nucleus lesions on four types of behavior were
examined. Rotorod sensorimotor learning and signaled shock avoidance may be
considered to be forms of procedural learning [44,51,58]. On the rotorod, the rats
must synchronize their movements in step to the movement of the revolving mast,
implying the regulation of well-coordinated sequences of movements. Signaled
shock avoidance is an associative learning task [59], in which the animal must
associate a neutral stimulus to the aversive stimulus, Grooming and spontaneous
alternation are unlearned behaviors, implicating the correct ordering of motor
sequences.

Equilibrium

Rats with lesions of the fastigial nucleus were impaired on both versions of the
rotorod. On the fast rotorod (30 rpm), while sham-operated controls augmented
their latencies before falling with repeated days of testing, rats with fastigial lesions
did not. On the slow rotorod (10 rpm), the reverse pattern was obtained. While
control rats were performing at maximal or near maximal values throughout the

test, lesioned rats improved across days. These results show that fastigial nucleus
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lesions impair motor coordination on the rotorod but do not prevent sensorimotor
learning. In a previous study, we found that fastigial nucleus lesions caused
deficits of equilibrium on two immobile apparatus, namely the bridge and the grid
[36]. Shorter latencies before falling on the rotorod have also been observed in
mice or rats with cerebellar lesions [4,17,18,25,38,40-42]. The results of the
present study indicate that the presence of learning in a cerebellar-lesioned animal
depends on task difficulty, as manipulated by the speed of the rotating rod. Rats
with fastigial nucleus lesions were able to learn on the slow rotorod but rot on the
fast rotorod. Even on the slow rotorod, their terminal performance did not equal
that of controls.

Such a result differs from that found in a transgenic mutant with cerebellar
abnormalities, En-2 [25]. The homozygous En-2 mutants had impaired acquisition
of rotorod learning but their terminal performance equalled that of heterozygous
En-2 mice (but was inferior to that of wild-type mice). This result indicates that their
impairment early in training, at least relative to the heterozygous group, was not
due to an inability to execute the task but to an impairment of sensorimotor
learning. In the present study, even on the slow rotorod, an inability to execute the
motor demands of the task was probably responsible for the lesion-induced
impairment early in training. Similar results have been found in other cerebellar
mutants [17,18,40-42]. Such studies illustrate the difficulty in dissociating motor
deficits from an impairment of sensorimotor learning.

One approach to this problem is to manipulate task demands in such a manner as
to render the ataxic group more comparable to that of the control group. This was
attempted by comparing the performance of lurcher mutant mice on a large
diameter slow rotorod to that of control mice on a small diameter fast rotorod,
enabling equal initial performances [40]. Although both groups improved with

practice, the terminal performance of wild-type mice was superior to that of the
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mutants. This study indicates that sensorimotor learning can occur despite
massive degeneration of the cerebellar cortex. However, it was impossible to
dissociate between motor performance factors and sensorimotor learning in this
mutant on that particular task, also true in other mutants with severe ataxia on
various mobile and immobile apparatus [18,40-42].

Signaled active avoidance

By contrast to their poor performance on the rotorod, rats with fastigial nucleus
lesions were unimpaired on the signaled active avoidance task. These results also
stand in contrast to the impairment of a signaled active avoidance task requiring a
barpress response in rats with lesions of the interpositus nucleus [59]. It would be
of interest to repeat our experiment with interpositus nucleus lesions in order to
verify the specific involvement of this nucleus in this timed behavior.

Signaled active avoidance differs from one-way active avoidance, in which the rats
are always placed in the same compartment and must run to the adjacent
compartment during presentation of the CS. In signaled active avoidance, the rats
may freely move from one compartment to the next but must run to the adjacent
compartment during presentation of the CS. The latter task differs as well from
two-way avoidance, in which the rats are placed in either compartment and must
run to the adjacent one during presentation of the CS. In shuttle avoidance and
signaled avoidance, a potential emotional conflict may develop because the rats
must return to a previously shocked area, which is not the case for one-way
avoidance.

Dahhaoui et al [19] showed an impairment in the acquisition of active avoidance
learning in cerebellectomized rats. Although not specified in the article,
subsequent communication with the authors revealed that this task comprised
shuttle avoidance. Cerebellectomy [28] and granule cell hypoplasia caused by X-

irradiation during development [43] caused deficient retention of a passive
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avoidance response in rats [28). Moreover, bilateral lesions of the fastigial nucleus
impaired shuttle active avoidance learning [54]. Aside from the difference between
signaled avoidance and shuttle avoidance as described above, the two studies
differed in terms of the shock levels used to motivate the animals, ours being
higher (1.5 mA as opposed to 0.5 mA). That shock level may interact with the
presence or absence of a deficit in cerebellar-lesioned animals is indicated by the
findings of Buchtel [16]. Rats with aspiration lesions of the medial cerebellar cortex
acquired a horizontal-vertical stripe discrimination under one of two shock levels. It
was found that the number of trials to criterion was higher in ablated rats than in
controls under high shock levels (0.8 mA) but not under low shock levels (0.2 mA).
A subject of concern in these studies is footshock sensitivity. Peters et al [46)
demonstrated that rats with either vermal or hemisphere lesions did not ditfer from
controls in emotional reactivity to footshocks above 0.2 mA. However, the vermal
group had a lower reactivity to shock levels below 0.2 mA. It remains to be
determined whether the same pattern holds for cerebellar nuclei lesions. Based on
our negative results, it seems unlikely that rats with fastigial lesions have reduced
sensitivity at 1.5 mA, but the same cannot be said at 0.5 mA.

Spontaneous alternation

Normal rats and mice investigate unexplored regions of various maze
configurations. Because of its simplicity, spontaneous alternation has often been
used to measure exploratory tendencies. When the animals are forced to enter
one maze arm, there is a high likelihood that they will explore the novel arm on the
subsequent trial. Cerebellar mutant mice are more likely to perseverate arm
choices than control mice [39]. This type of impairment has also been observed
after lesions of limbic, striatal, and frontal lobe regions [39). Because a whole body
turn in a T-maze does not constitute fine motor control, this abnormality has been

ascribed to a deficit of spatial memory or of behavioral inhibition [39]. In our
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previous study, we found an absence of a deficit in spontaneous alternation after
midline or lateral cerebellar lesions [36]. Nevertheless, a more specific lesion of
the fastigial nucleus caused a retention-interval dependent deficit, suggestive of an
impairment of spatial memory, possibly as a result of fastigio-limbic abnormalities.
It has been possible to demonstrate that the cerebellum contributes to spatial
learning in a manner quite apart from motor control [27,36,47]. The present results
agree with the hypothesis that the fastigial nucleus is involved in a cerebello-limbic
circuit responsible for retention of spatial information. However, further studies are
needed in order to determine to what extent the fastigal involvement differs from
the hippocampal involvement.

Grooming

Electrical stimulation of the vermis or of the fastigial nucleus elicits well-organized
sequences of grooming and not motor automatisms [6,48]. However, midline
cerebellar ablations did not reduce the number of grooming episodes, indicating
that although the midline region modulates grooming it cannot be considered a
criticial organization site [7]. Berridge and Whishaw [9] lesioned the cerebellar
cortex and found a disruption of chain completion but no disruption of the serial
order of the syntactic chains of grooming components, as was the case with
striatal lesions. In our study, rats with fastigial nucleus lesions were able to
execute every grooming component. There was no drop in the total grooming
score. Only one component was affected in terms of frequencies of appearance:
the number of faceAorelimb licking responses was higher in the lesioned rats
under the dry condition. This result suggests that the lesioned rats were less
successful in completing this response, possibly as a result of a deficit in
equilibrium. Under both conditions, the number of grooming sequences was higher
in lesioned rats than in controls. By contrast, there was no intergroup difference in

terms of grooming elements per sequence. Moreover, latencies before onset of the
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first grooming component were lower in the lesioned group. These resuits are
unlikely to be due to motor deficits. Instead, the data point toward some
involvement of the fastigial nucleus in the onset of grooming.

Conclusion

Fastigial modulation of various types of behavior was observed, namely in
procedural learning as assessed by the rotorod and in the sequential organization
of movements, as displayed during spontaneous alternation and grooming tests.
Further studies are needed in order to delineate the experimental parameters
limiting postural learning in lesioned animals. Moreover, it is of interest to compare
within the same study lesions of the fastigial nucleus with lesions of the tastigial
efferent system in order to specify the unique contribution of this brain region in
spatial orientation and in various sequential behaviors.
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FIGURE LEGENDS
Fig. 1 Mean (SE) latencies before falling from the rotorod at 30 rom (A) and at 10

rpm (B) by rats with bilateral lesions of the fastigial nucleus and by sham-operated

rats.

Fig. 2 Mean (SE) number of avoidance responses during signaled shock

avoidance learning by rats with bilateral lesions of the fastigial nucleus and by

sham-operated rats.



Table | Mean (SE) frequencies of grooming and paragrooming behaviors of rats

with bilateral fastigial nucleus lesions and sham-operated rats under the wet

condition

Behaviors Fastigial Sham
Grooming

Facefforelimbs 15.2 (1.0) 15.3 (2.9)
Back 9.6 (0.5) 10.1 (1.4)
Hindlimbs 6.4 (1.2) 5.7 (1.1)
Abdomen 1.8 (1.3) 2.7 (2.5)
Shaking 8.8 (0.9) 6.4 (1.2)
Latency/grooming (s) 54.2 (5.4) 97.0 (13.0)
Grooming length 7.5(0.6) 11.3 (1.5)
Number of sequences 5.8 (0.3)*" 3.6 (0.5)
Walking 64.4 (7.4) 51.4 (8.2)
Rearing 446 (5.9) 48.3 (2.9)
Digging 2.4 (0.9) 3.6 (3.4)

"*P<0.01
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TABLE Il Mean (SE) frequencies of grooming and paragrooming behaviors of rats

with bilateral fastigial nucleus lesions and sham-operated rats under the dry

condition

Behaviors Fastigial Sham
Grooming

Facefforelimbs 4.2 (0.4)" 2.2(0.3)
Back 0(0) 0(0)
Hindlimbs 0.2(0.4) 0.2 (0.4)
Abdomen 0(0) 0.4 (0.1)
Shaking 1.8 (0.8) 0.7 (0.6)
Latency/grooming (s) 138.7 (21.9) 154.9 (31.8)
Grooming length 1.1 (0.03) 1.0(0.4)
Number of sequences 4.2(1.5)* 2.2(0.4)
Walking 42,6 (2.1) 44.6 (1.3)
Rearing 38.6 (2.3) 41.6 (0.4)
Digging 2.4 (0.3) 4.6 (1.0)
*P<0.05

**p<0.01
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Abstract

The role of the lateral cerebellar nucleus on complex motor learning was
investigated, as assess by the grid test, the coat-hanger task and the rotorod.
Rats with bilateral electrolytic lesions of the lateral nuclei had complex
sensorimotor abilities that did not significantly differ from that of controls on any
measure of the three motor tasks. In contrast, the same rats were impaired on
the morris water maze, both in term of the distance travelled and the latencies to
find a hidden platform. The shifting condition also lead to similar impairements.
However, both lateral nucleus lesioned and sham-operated rats reach the same
level of performance at the end of both conditions. Both groups demonstrated
similar capabilities in the recall and cued conditions, as well as on a probe trial.
These results suggest that lesions of the lateral cerebellar nuclei lead to spatial
orientation impairments, although not as severe as those involved in frontal or
parietal association cortex or hippocampal formation damages. The lateral
nucleus do not seems to be necessary for the complex motor learning of several

tasks.

Keywords: Cerebellum; lateral nucleus: motor learning; spatial orientation; rats
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1. Introduction

The integrity of the cerebellum has been shown to be important in simple forms
of learning such as eyeblink reflex classical conditionning (cEBR) (e.g. Clark et
al., 1984; Thompson, 1986; Steinmetz, 1990), adaptation of the vestibulo-ocular
reflex (VOR) (e.g. Ito, 1982; du Lac et al., 1995), and adaptation of muscle
strength after modification in weight pulling parameters (Gilbert & Thach, 1977).
However, different interpretations have been suggested in attempts to explain
these results. Besides the important disagreement concerning whether the
cerebellum is involved in the associative process itself and is the locus of the
memory trace (e.g. Thompson & Krupa, 1994), or whether it is only involved in
motor performance factors (Welsh & Harvey, 1992; Bloede! & Bracha, 1995),
these studies are interpreted as an indication of a cerebellar role in sensorimotor
learning in confirmation of Marr's (1969) model (e.g. Ghez, 1991). Indeed, both
cEBR and VOR are motor behaviors interpretable within Marr's (1969) model.
Moreover, sensorimotor learning can be subdivided into motor skill acquisition
and motor adaptation (Sanes et al.,1990; Hallett et al., 1996). Skill acquisition
involves the emergence of a new motor ability, whereas motor adaptation
involves the exchange of one behavior for another in response to an alteration of
sensory inputs or task demand. Marr's model predictes that cerebellar damage
induces deficits in the learning of new skills, but this has not been tested by
cEBR conditioning or VOR adaptation studies.

In humans, cEBR (Solomon et al., 1989 Topka et al., 1993), VOR adaptation
(Weiner et al., 1983; Thach et al., 1992), and adaptation of rapid arm movements
to changes in required gain (Deuschl et al., 1996) are impaired following
cerebellar damage, in agreement with animal reports. However, cerebellar
patients showed motor adaptation but not motor learning deficits in the mirror-

reversed vision task (Sanes et al., 1990) and substantial performance
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improvement on a two-dimensional tracing task in spite of motor coordination
dfeficits (Timmann et al., 1996). PET studies indicate either a decreased (Friston
et al., 1992) or an increased (Seitz et al., 1990) regional cerebellar blood flow
(rCBF) following a learned finger-to-thumb opposition sequence; no effect
(Grafton et al., 1995) or else an increase (Doyon et al., 1996) of rCBF after
learning a serial reaction time (SRT) task, or an increase both at the beginning
and the end of the SRT task (Jankins et al., 1894); and an absence of an
increase of rCBF while learning the pursuit rotor task (Grafton et al., 1992).
These results are difficult to interpret since different procedural learning tasks
were used, involving at times a new motor skill or else a sequence.

In animals, few studies were have demonstrated that cerebellar damage prevent
or impaired motor skill acquisition (see Harvey & Welsh, 1996 for a review).
Mice with spontaneous lesions of the cerebellum (Caston et al, 1995b) ,
genetically manipulated mice (Lalonde, 1994; Lalonde et al., 1995: Gerlai et al.,
1996, Lalonde et al., 1996a, 1996b), cerebellectomized rats or mice (Auvray et
al, 1989, Caston et al., 1995a,b) and adult rats with midline or lateral cerebellar
lesions (Joyal et al., 1996) are able to improve their performance on different
postural sensorimotor tasks. However, these animals rarely achieved at the end
of the training the same level of performance as the controls. The distinction
between a motor learning deficit and a motor coordination deficit cannot be
achieve when asymptotic performance of the groups is not comparable (Lalonde
& Botez, 1990). Gerlai et al. (1996) reported an acquisition of postural
sensorimotor learning in En-2 transgenic mice there is impaired on the rotorod
test. Their terminal performance was similar to that of heterozygous mice but not
to wild-type controls. Recent studies using knock-out mice reported motor
coordination deficits but were not selective sensorimotor learning deficits,

because the severity of their impairment of motor control precluded a
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dissociation between these functions (Aiba et al., 1994; Conquet et al., 1994:
Kashiwabuchi et al., 1995; Chen et al., 1995). A notable exception is the study
by Shibuki et al. (1996), who reported a clear dissociation between an impaired
conditioned EBR on one hand, and intact performance for comparable rotorod,
rope climbing, and runway tasks on the other. In view of these divergent results,
we studied sensorimotor learning in rats with damage limited to the dentate
nuclei.

A new field of interest concerns the role of the cerebellum in cognitive processes
(Botez et al., 1989; Bracke-Tolkmitt et al., 1989; Lalonde & Botez, 1990;
Schmahmann, 1991, 1996; Akshoomoff & Courchesne, 1992; Gao et al., 1996).
Clinical studies indicated impaired neuropsychological functions in patients with
cerebellar circuit damage (Fehrenback et al., 1984; Botez et al., 1985,1989;
Bracke-Tolmitt et al., 1989; Wallesh & Horn, 1990; El-Awar et al., 1991: Hirono et
al., 1991; Akshoomoff et al., 1992). In particular, visuospatial deficits have been
found in patients with Friedreich's ataxia and olivopontocerebellar atrophy
(Fehrenbach et al., 1984; El-Awar et al., 1991: Botez-Marquard et al., 1993,
1996) and in epileptica patients with neuropathology of the cerebellum and
ataxia (Botez et al., 1985) or without ataxia (Botez et al., 1989). Some mental
functions are spared in patients with selective damage to the cerebellum (Daum
et al., 1993). Differences between the severity of neuropathology at various
levels of the brain including the cerebellum and various neuropsychological
functions were reported, an indication of the role of the cerebellum and the
ascending cerebellar efferent system in these dysfunctions (Botez-Marquard et
al., 1896). In animals, spontaneous mutant mice (e.g. Lalonde & Botez, 1990:
Goodlett et al.,, 1992) hemicerebellectomized rats (Petrosini et al., 1996), and
rats with lesions of the lateral cerebellum or fastigial nuclei (Joyal et al., 1996)

have been reported to show deficits of visuomotor control or spatial orientation in
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water mazes. In order to investigate further the role of different parts of the
cserebellum on water maze testing, we determined the effect of lesions of the
dentate nuclei on spatial orientation and visuomotor control on the Morris water
maze.

2. Material and methods

2.1 Animals

Useful data were obtained from 15 three-month old Wistar rats (Charles-River,
St-Constant, Qc), individually housed in a reversed 12h light-dark cycle (on at
8:00 pm, 229C, food and water available at all times) and randomly divided into
two groups: bilateral lesions of the dentate nucleus (n=5) and sham-operated
controls (n=10).

2.1.2 Surgical procedures

The animals (male Wistar, 300-350g) were anesthesized with ketamine (Ketaset,
Wyeth-Ayerst, Montreal, 40 mg/kg i.p. and 10% of acepromazine maleate,
Atravet, Wyeth-Ayerst, Montreal; 100 mg/kg i.p.). The surgeries were made with
a microscope (Wild, Model MS-C) under semi-aseptic conditions. The head was
shaved with a depilatory cream, after placement in the stereotaxic apparatus
(David Kopf instruments, Model 900) and the skin of the skull was incised after
injections of lidocaine hydrochloride 2% (MTC pharmaceuticals, 0.5 cc
subcutaneouslly). The interaural line (or instrumental zero, i.e. the center point
of the ear bars) served for the positioning of the micro-electrodes since it is a
more stable reference point than Bregma for the localization of posterior
structures (Paxinos et al., 1985). Moreover, to avoid the transverse sinus and
bleeding, the electrode manipulator was inclined at 200 toward the back of the
head in such a way as to pointing toward the cerebellum. The coordinates were
obtained by an angle calibrator (David Kopf instruments, Model 935). According

to the atlas of Paxinos (1982), the flat-skull lateral nucleus coordinates for an
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adult Wistar rat are: A-P :-2.0 mm; V:+ 3.8 mm; L:x 3.6 mm. With an antero-
posterior angle of 200, the electrode was moved 1.2 mm toward the interaural
line. Bilateral small holes were drilled on each sides (3.6 mm from the horizontal
Bregma-Lambda line) and the dura cut with a micro-scalpel. Electrolytic lesions
were made (by a DC constant current lesion maker, Grass instrument, Model DC
LMS5A) with a 2mA DC lasting 15 s through a tungsten micro-electrode (insulated
with epoxylite except for the tip, which had a diameter of 10 Hm). Cauterisation
was made by a veterinary electrosurgical unit (Vetroson/Macan #MV-8). A piece
of absorbable emostat (Surgicel, Johnson & Johnson, USA) soaked in 0.9%
saline was then placed in the holes, an antibiotic ointment (Polysporin,
Burroughs Wellcome, Kirkland Qc) was applied on the wound, and the skin
sutured. A non oleaginous dressing for treatment of wounds was applied on the
sutures (Scarletol, Haver-Lockart, Calgary, CAN). After the operation, the rat
was put in an incubator until full recovery. One dose of ampicilin (Penbritine;
0.5cc i.m.) was administered after the surgery and the day after, along with 0.01
mg/kg of buprenorphine (analgesic, i.m.). Lactated Ringer's and 5% Dextrose
(Baxter, 3-5cc subcutaneouslly twice a day) was given for the next three days.
Sham-operated controls received the same treatment except that no current
passed through the electrodes. No behavioral testing was given during the 2
months following the surgeries.

2.1.3 Histological controls

After completion of the tests, all rats were overdosed with ketamine (i.p.) and
ether (inhalation) and perfused intracardially with formalin-glutaraldehyde (4%,
120 ml at body temperature) after being prewashed (60 ml). The brains were
then removed and placed in 10% formalin followed by 20% and 30% sucrose,
during 24 hr for each step. Frozen coronal sections, 32 Em in thickness and

stained with cresyl violet were examined under the light microscope.
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2.2 Apparatus and procedﬁre
2‘.2.1. Wire-suspension
The front paws of the rats were placed on a horizontal wire (2 mm in diameter)
200 cm above the blanket-covered floor. The latency before the rats fell from the
wire was recorded (maximum time allowed = 60 s) for two trials per day during 3
days of testing with an intertrial interval of approximately 10 min.
2.2.2 Grid test
A 100 X 200 cm wire net was vertically suspended from the top of a door frame
(150 cm from the floor; 1 square/cm) was used as a second test of motor
coordination. Each side of the grid was separated into 10-cm squares. The rat
was placed in the middle part of the screen, facing downward, and the latency
before the rat turned to face upward, the time spent on the grid (cut-off = 120 s),
and the number of segments traversed were tabulated. Each rat was evaluated
for 2 trials.
2.2.3 Rotorod
The rotating rod was constructed at the Department of Psychology of University
of Montreal, consisting of a wooden horizontal mast (diameter: 26 cm; length: 40
cm; height of floor covered with cushions: 100 cm), driven by a DC motor whose
rotation speed could be controlled with a speed motor driver and variable size
pulleys. Cardboard side walls were inserted to prevent jumping from the sides.
The rats were evaluated at 20 rpm with 4 trials/day for 5 days.
2.2.4 Water maze spatial learning
A circular pool (diameter = 150 cm, height = 40 cm) filled with cool water (18-
200C) was rendered opaque by the addition of 1.5 kg of powdered skim milk to a
depth of 30 cm, and located in a standard testing room uniformly lighted.
Extramaze cues, inluding the experimenter, were held in constant spatial

relations throughout the experiment. An escape glass platform (diameter = 16
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cm) with white surgical tape on it was placed 3 cm below the water level (place
lqarning, invisible condition) or above the water level (cued learning, visible
condition). The rats were placed in the water facing the midpoint section of the
wall at one of four equally cardinal locations : North (N), East (E), South (S), and
West (W). The pool was separated into 4 quadrants: NW, NE, SE and SW. The
rats were allowed to swim freely until founding the platform, on top of which they
could climb. If a rat failed to locate the platform within 60 s, it was placed on the
platform, where it remained for 15 s. Each animal received 4 trials per day and
at each trial, the starting position was changed (starting on the S side, followed
by W, N and E sides in that order). The intertrial interval was 30 min. For the first
4 days of maze testing, the submerged platform was placed in the NE quadrant.
Following a 7-day period without any testing, the submerged platform was again
placed in the NE quadrant for one day (recall condition, day 12), and then in the
SW quadrant for two days. The day after, on day 15, the platform was removed
(60 s probe trial), and on the last day, it was lifted above water level and placed
in the NW quadrant. The number of quandrant entries, escape latencies, and
the number of successful reaches of the platform were compiled.
2.3 Stastistical analysis
Results were analyzed by means of analysis of variance (ANOVA) with repeated
measures as required. For heterogenous variances, a logarithmic
transformation was performed in order to homogenize intercell variances. For
the repeated measure, a P value transformation (the Greenhouse-Geisser
correction) was done.
3. Results
3.1 Histology
Lesions of the lateral nuclei are depicted in Fig. 1 according to the stereotaxic

coordinates of Paxinos (1982).
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3.2 Sensorimotor tests
3.2.1 Coat-hanger. There was a significant day effect (F(1,13) = 53.4, P<0.001)
in the absence of group and interaction effects. On falling latencies both groups
had higher latencies as a function of time as the two groups equally improved
their performance with time (Fig. 2).
3.2.2 Grid test. There were no significant difference between groups for neither
the mean latency before turning, the mean number of segments traversed or the
mean latency before falling (All P's > 0.05, not shown). Therefore, no further
testing was done on subsequent days.
3.2.3 Rotorod. There was a significant day effect (F(19,247) = 40.0, P<0.001) in
the absence of group (F(1,13) = 0.60; P > 0.05) and interaction effects (F1,13) =
0.002; P > 0.05. On falling latencies both groups had higher latencies across
trials (Fig. 3).
3.2.4 Water maze learning. A 2 (groups) X 4 (days) ANOVA with repeated
measures on the second factor was conducted during the acquisition of the
hidden platform version of the water maze (Fig 4A and 4B). For quadrant
entries, significant group (F (1,13) = 6.08, P < 0.05) and day (F (3,39) = 25.86, P
< 0.001) effects were observed in the absence of a significant interaction (F
(3,39) = 2.78, P > 0.05). A similar pattern was discerned for escape latencies :
Group (F(1,13) = 7.66; P < 0.05), Day (F(3,39) = 40.7; P < 0.01), Interaction (3,39)
= 2.8, P > 0.05. The experimental group were less successfull in finding the
platform within the allowed 60 s than controls (Fig. 5; F (1,13) = 5.0, P < 0.05),
but both groups increased their performance over days ((F (3,39) = 234, P <
0.001) and at the same rate, as evidenced by a lack of interaction (F (3.39) =
1.63, P > 0.05). The lateral nucleus lesion group found the platform on 68.75% of
the trials, whereas the sham-operated group did so on 84.38% of the trials.

During retention (day 12), there was no significant difference between the
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groups, either for quadrants entries (F (1,13) = 0.36, P > 0.05) escape latencies
(F (1,13) = 0.38, P > 0.05). On the first trial, both groups found the platform with
the same number of quadrant entries (F (1,13) = 1.1, P > 0.05) and comparable
latencies (F (1,13) = 1.27, P > 0.05). On days 13-14, the platform was located in
the opposite (SW) quadrant. On day 13, the lateral nucleus lesions rats
traversed more quadrants (F (1,13) = 7.65, P = 0.01) and took more time (F
(1,13) = 6.23, P < 0.05) than sham-lesioned group before finding the newly
located platform. On day 14, however, both group found the platform with
comparable quadrant entries (F (1,13) = 0.88, P > 0.05) and escape latencies (F
(1,13) = 0.2, P > 0.05). The day after (day 15), the platform was removed for a
probe trial and the experimental group traversed 87 quadrants in 300 s (6 rats X
60s; ratio = 0.29) whereas the control group traversed 172 quadrants in 600 s
(10 rats X 60s; ratio = 0.286). Finally, on the 16th and last day, both groups
found the visible platform with similar quadrant entries (F(1,13) = 1.09, P > 0.05)
and escape latencies (F(1,13) = 0.21, P > 0.05).

4. Discussion

The purpose of the present study was to evaluate the effects of bilateral
cerebellar dentate nuclei damage in rats on postural sensorimotor learning and
on spatial orientation. Dentate nucleus lesions had no effect on the coat-hanger,
the grid, and the rotorod tasks. By contrast, the lesioned impaired rats were
impaired during acquisition of the hidden platform version of the water maze.
The lesions did not affect terminal performance during the acquisition phase and
did not affect the visible platform version of the water maze.

A growing number of studies postulate cerebellar involvement in new and
complex motor learning (Lalonde & Botez, 1990; Friston et al., 1992; Hallet et al.,
1996). Mutant mice, characterized by the depletion of different cell types in the

cerebellum and in other regions were more or less impaired (Lalonde, 1994;
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Gerlai et al., 1996) on tasks requiring equilibrium such as the rotorod. Studies
on natural mutations (Lalonde et al., 1995; Lalonde et al., 1996 a,b) and
knockout mice (Conquet et al., 1994; Aiba et al., 1994: Kashiwabuchi et al.,
1995; Chen et al., 1995) have consistently reported the presence of motor
coordination deficits. These could not be dissociated from deficits of
sensorimotor learning (see Harvey & Welsh, 1996 for a discussion on this point).
None of these studies reported a selective impairment of learning new and
complex motor skills. One way to limit motor coordination deficits and to discard
the direct involvement of extra-cerebellar structures is with the use of acute
lesions limited to the cerebellum. Rats with aspiration lesions of the fastigial
nuclei and overlying cortex were impaired in motor coordination (Joyal et al.,
1996). However, their deficits did not prevent sensorimotor learning, as
indicated by improved performances over days on wooden bridge, grid and
coat-hanger tasks (Joyal et al., 1996). Rats with cerebellar hemispheric lesions
or rats with lesions of the fastigial nucleus had fewer motor coordination deficits.
As with rats with combined ablation of the lateral cerebellar cortex and dentate,
rats with dentate nucleus lesions were not impaired on the coat-hanger, a
measure of grip strength. Moreover, there was no impairment of rotorod
learning, a measure of equilibrium. There was no qualitative difference between
the rotorod performance of lesioned animals and controls, as few instances of
passive rotation were detected.

When studying the impact of cerebellar damage on sensorimotor learning, one
must take into account the difficulty of dissociating motor deficits from
sensorimotor learning deficit. Gerlai et al. (1996) presented a version of the
rotorod task where animals were allowed to reach different levels of difficulty on
a step-by-step paradigm. During acquisition, homozygous En-2 transgenic

mutants fell sooner from the rod than either heterozygous mutants or wild-type
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controls. At the end of training, homozygous En-2 mutant mice were able to
perform as efficiently as heterozygous mice but not wild-type controls. These
re:sults indicate that the homozygous mice were impaired in sensorimotor
learning, at least in comparison to heterozygous mice. Another dissociation note
is the recent report of preserved motor coordination performance but impaired
cEBR in mutant mice devoid of glial fibrillary acidic protein, rendering cerebellar
synaptic long-term depression clearly deficient (Shibuki et al., 1996).

Other evidence indicates that the cerebellum is involved in complex motor
learning of new motor skills. Indeed, Black et al. (1990) demonstrated that
animals trained to traverse an elevated obstacle course consisting of ropes,
ladders, chains, and parallel bars, had a greater number of synapses per
Purkinje cell in the paramedian lobule compared to animals that had to traverse
a runway without obstacles or to run in an exercice wheel . The learning
component is crucial for the appearance of synaptogenesis, because motor
activity per se lead instead to angiogenesis (Black et al., 1990). Moreover,
Seeds et al. (1995) reported that compared to rats runnning a runway maze
without obstacles, rats running with obstacles had higher enzymatic activity
tissue plasminogen activator, an enzyme associated with Purkinje cells. This
enzyme is related with developing and regenerating neurons and therefore may
play a role in activity-dependent synaptic plasticity. These results lead to the
conclusion, as expressed by Chen et al. (1995), that although the cerebellum is
not essential for complex sensorimotor learning, it is involved in the refinement
of a motor program leading to the smooth execution of a complex skill.

There is also a growing interest concering the role of the cerebellum on spatial
orientation. Cerebellar mutant mice have been reported to be impaired in the
hidden but not the visible platform version of the Morris water maze (e.g.

Goodlett et al., 1992). Cerebellectomy impaired but did not abolish spatial



90
orientation in a dry maze (Dahhaoui et al., 1992). In the water maze,
hgmicerebellectomy lead to impairement in the visible condition of the Morris
maze (Petrosini et al., 1996). The impairments were not merely due to motor
deficits because post-learning surgery did not cause hidden platform deficits.
These results indicate no effect of hemicerebellectomy on spatial retention of an
already acquired task. Rats with lesions restricted to the dentate nucleus and
overlying hemisphere of the fastigial nuclei had selective deficits of the hidden
but not of the visible platform version (Joyal et al., 1996). By contrast, visible
platform performance, a measure of visuomotor control, was affected by fastigial
nucleus lesions and overlying vermis. By contrast, visible platform performance,
a measure of visuomotor control, was affected by fastigial nucleus lesions and
overlying vermis. In the present study, rats with dentate nucleus lesions are as
efficient as controls in finding the visible platform, ruling out visuo-motor deficits.
However, the lesioned rats were impaired in the hidden platform version. Thus,
selective hidden platform deficits were found with damage to either cerebellar
nuclei of to cerebellar hemispheres and dentate. Visible platform deficits were
found in hemicerebelectomized rats and in rats with lesions of the vermis and
fastigial nucleus. On day 4 of the water maze task, dentate-lesioned rats reached
the same asymptotic level of performance as controls (Fig. 4 A & B).
Nevertheless, these animals were impaired on the first day of the shifting
condition (Fig 4 A & B). This result may be interpreted as a perseverative
tendency, but since they traversed more quadrants than the controls did, it
seems likely that they instead navigate throughout the maze and not only in the
quadrant where the platform was previously situated. However, this behavior
did not last over a day. Both groups showed comparable performance on the
recall and probe conditions. Overall, these results confirmed that selective

cerebellar lesions cause a spatial orientation deficit. These results underline that
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relative sparing of place learning as opposed to cued learning is not specific to
hi‘ppocampal damage (see Morris et al., 1982 for example) and raise questions
about the exact role of midline as opposed to lateral cerebellar structures.
Different facets of spatial orientation may be subserved on one hand by the
fastigial efferent system. which included the vestibular system and the
hippocampus and the dentate system, which includes thalamo-neocortical
regions, on the other.
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FIGURE LEGENDS

Fig. 1 Coronal sections of rat brains with electrolytic dentate nucleus lesions: a)
sham-operated; b) minimal lesions; ¢) maximal lesions. Numbers illustrate
anterior posterior coordinates according to the stereotaxic coordinates of
Paxinos (1982).

Fig. 2 Mean (SE) values of latencies before falling of rats with dentate nucleus or
sham lesions on the coat-hanger.

Fig. 3 Mean latencies before falling on the rotorod for rats with bilateral lesions of
the dentate nucleus and sham-operated rats. Standard errors do not appear for
the sake of clarity.

Fig. 4 Mean (SE) values of quadrant entries (A) and escape latencies (B) of rats
with lateral nucleus or sham lesions during water maze spatial learning on days
1-4 (hidden platform in NE quadrant), day 12 (retention, hidden platform in NE
quadrant) and days 13-14 (hidden platform in SW quadrant).

Fig. 5 Mean (SE) number of platform successful findings per day (min = 0, max =

4) by rats with dentate nucleus lesions and sham lesions.
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INTRODUCTION

In 1990, Lalonde & Botez published a review about the effects of cerebellar

damages on learning processes in animals. Few studies were done at that time
aside from studies of classical conditioning of the eyeblink reflex (EBR) in the
rabbit or adaptation of the vestibulo-ocular reflex (VOR). Since that time
however, a substantialy growing amount of studies have been done in the more
general context of a possible role of the cerebellum in learning or memory,
including studies concerned with motor adaptation, motor learning, non-
Pavlovian associative learning, and timing processes. The present review is an
overview of these post-1990 studies related to the role, if any, of the cerebellum
in learning processes in animals.

1- Classical conditioning.

Classical (or Paviovian) conditioning is an experimental paradigm where
learning occurs when a neutral stimulus is paired with a strong naturally evoking
response stimulus. Classical conditioning of the eyeblink reflex (EBR) in the
rabbit is the most extensively investigated paradigm of this type (several
comprehensive reviews are available, e.g. Lavond et al., 1993; Thompson &
Krupa, 1994). The EBR is a blink protective response of the eyelid in response
to activation of trigeminal afferents. Classical conditioning of the EBR is obtained
by pairing an unconditional stimulus (US; a corneal airpuff or a periorbital
electric shock) and a conditioned stimulus (CS; a light or a tone) until the CS
alone elicits the conditioned response (CR), the blink of the rabbit's external
eyelid and a sweep of the nictitating membrane (NM). The NM is a third
cartilaginous eyelid presented in animals as cats or rabbits for whom the act of
blinking also involves horizontal extension (nasal to temporal) of the NM across

the cornea; this is a passive consequence of the eyeball's retraction inside the
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orbit. However, EBR also occurs in other species such as rodents and humans
(g.g. Daum et al., 1993; Chen et al., 1996).

The acquisition, retention, and reacquisition of this simple form of learning is
abolished or impaired by lesions of the anterior interpositus nuclei and/or the
overlying cerebellar cortex (Thompson, 1990). The purpose of subsequent
investigations has been to trace out the anatomical pathways critical for this
response. The results of lesion, recording, and stimulation studies lead several
researchers to the conclusion that the CS's anatomical substrate is the pontine
nuclei (a sensory relay nuclei) and their mossy fiber projections to the
cerebellum via the middle cerebellar peduncle, whereas the US anatomical
substrate is the inferior olive (a somatosensory relay nuclei) and its climbing fiber
projections to the cerebellum via the inferior cerebellar peduncle (Thompson &
Krupa, 1994). Another goal of these pre-1990 studies was the localization of the
essential (necessary and sufficient) memory trace of this form of long-term
associative learning. Thompson and colleagues concluded that the dorsal
anterior interpositus nucleus and overlying cortex are those loci (see Thompson,
1990; Steinmetz et al., 1992; Thompson & Krupa, 1994 for reviews). However,
the assumption that the memory trace is formed and stored in the cerebellum is
not unanimously accepted (e.g. Welsh & Harvey, 1989, 1991; Bloedel et al.,
1991).

The following studies were therefore set up in order to obtain an in-depth
exploration of the aformentioned assumptions. Since learning processes are
deduced from a motor response, its absence means either that the animal is
unable to learn or simply unable to execute or perform the required movement
(Harvey & Welsh, 1996). The best available way so far to discard this
performance hypothesis is to inactivate chemically the thought-to-be-crucial

region instead of destroying it, since it is possible to assess the associative
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learning before, during or after the inactivation (Krupa et al., 1993). This is the
most promising way to elucidate the learning process because an animal need
not to express the CR during the acquisition process to learn the CS-US
association (Krupa et al., 1996; see Beck & Doty, 1957 in Thompson-Kim, 1996).
The goal of this approach is thus to inactivate the structure suspected to be the
localization of the engram during the acquisition process. If the animal shows no
capacity of expressing the CR during the nuclear inactivation but demonstrates
acquisition after inactivation, it is concluded that plastic changes in the targeted
structure are not essential for the occurence of learning (Clark & Lavond, 1993;
Krupa et al., 1993).

In one of the first reports of this kind, Welsh & Harvey (1991) inactivated with
lidocaine the interpositus nuclei of rabbits after learning to associate an airpuff
(US) with a light (CS). The animals were retrained under drug to respond to a
tone CS but they could not express the CR during the new acquisition process.
However, the animals were able to respond when tested later for retention, after
the effect of the drug vanished, thus demonstrating an effective learning in spite
of the nuclear inactivation. Moreover, they demonstrated that the dosage used
was high enough to block previously acquired CR and they determined the
effective spread of the injections with autoradiography. Based on these results,
Welsh & Harvey (1991) asserted that the interpositus nucleus is not a necessary
prerequisite site of plasticity for this kind of learning. Nevertheless, subsequent
studies with naive animals have shown that inactivation of the interpositus nuclei
(particularly its dorsal part) by cooling, blocking sodium channels, or increasing
chloride conductance prevent acquisition of the CR, but not the ability to acquire
the CR after the inactivation (Krupa et al. 1993; Nordholm et al., 1993; Hardiman
et al., 1996). US-alone trial effects of inactivation on UR are generally non-

existent when assessed (Krupa et al. 1993: Nordholm et al., 1993; but see
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Bracha et al., 1994). These results suggested that the essential neural network
fqr this classical conditioning involves regions within the cerebellum or efferent
structures that receive inputs from the interpositus nucleus. The latter possibility
seems unlikely since inactivation of the contralateral red nucleus, a major
efferent target of the interpositus nucleus, or inactivation of the major efferent
pathway, the superior cerebellar peduncle, leads to an inability to perform the
CR during inactivation training but not during the drug-free retention test (Clark &
Lavond, 1993; Krupa & Thompson, 1995). Those animals could thus learn the
CS-US association in spite of their incapacity to express the CR, which suggest
that although the motor response is not essential for acquisition the interpositus
itself is, with a possible involvement of the cerebellar cortex (Bloedel & Bracha,
1995; Gruart & Yeo, 1995; Harvey & Welsh, 1996).

Depending on the dose, lidocaine or a second inactivating substance, muscimol,
can invade the cerebellar cortex (see Fig. 2 in Krupa et al. 1993 for example).
The overlying lobule HVI of cerebellar cortex is now included as an important
region in the acquisition of the EBR conditioning (Thompson & Krupa , 1994).
Unilateral cerebellar lesions largely restricted to lobule HVI can indeed abolish
or impair the CR depending on the extent of pre-lesion training (i.e.
subasymptotic vs extensive) and not only do they not depress the amplitude of
the UR but they increase it (Hardiman & Yeo, 1992; Yeo & Hardiman, 1992).
Cerebellar cortex ablations usually impair but do not abolish the CR (e.g.
McCormick & Thompson, 1984: Woodruff-Pak et al., 1985; Lavond et al. 1987:
Harvey et al., 1993; Perrett et al., 1993). The degree of impairment and/or
recovery depends on the extent of the lesion. Aspiration of lobule HVI, Crus |,
Crus Il, and the paramedian lobe of naive animals slows down without
preventing learning (Lavond & Steinmetz, 1989). Divergences between studies

can be due in part to encroachement of the dentate-interposed nuclei, because
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cortical surgeries that included that region lead to abolition of the CR (Thompson
& Krupa, 1994). It has also been suggested that strain differences between
rabbits influence the results (Clark & Lavond, 1994). Gruart & Yeo (1995) found
an impairment but no abolition of the CR after cerebellar cortical lesions and
suggested that the bilateral nature of the lesions is a necessary prerequisite. In
agreement with this statement, genetic studies in mice have indicated that
Purkinje cell degeneration (Chen et al., 1996) and lack of the mGIuR1 glutamate
receptor which is most abundant in the Purkinje cells (Aiba et al., 1994) retarded
acquisition. Moreover, Woodruff-Pak et al. (1990) found a highly positive
correlation between Purkinje cell number and the rate of eyeblink learning in
normal rabbits.

Results concerning the involvement of the cerebellar cortex on the response
extinction are still not clear, since extensive damage can either prevent
extinction (Perrett & Mauk, 1995) or not (Chen et al., 1996). In view of these
results, the most integrative perspective so far is that cerebellar cortex is
involved in the timing process of the conditioned EBR (Perrett et al., 1993; Ivry,
1996).

The importance of a timing component in the altered movements following
cerebellar damage has been emphasized (Holmes, 1939: Lamarre et al.,, 1971;
Conrad & Brooks, 1974; Hore & Villis, 1984: Dichgans & Diener, 1984). Ivry et
al. (1988) strongly suggested that the integrity of the cerebellum was critical for a
more general timing control when they reported that patients with lateral
cerebellar lesions were less accurate than other clinical groups in making
perceptual judgments of time intervals bounded by acoustic signals but not in the
perception of loudness. They interpreted these results as demonstrating that
one of the cerebellum's role is to operate as a task-independent timing module.

Not all cerebellar lesions result in a timing deficit, and it has been remarked that
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"it is quite striking that the regions involved in timing of motor and perceptual
functions are similar to the regions implicated in classical conditioning" (lvry et
al., 1988, p.177). Indeed, precise timing is a critical component of CR
acquisition. The CR do not occur at a fixed interval after the CS, but at a fixed
interval before the US. If the interval between the CS and US is consistently
lenghtened or shortened, the interval between the CS and CR will be adjusted.
This form of learning may involve the lateral cerebellum because of the requisite
timing computations. While lesions of the deep nuclei abolish the conditioned
response, aspiration of the cerebellar cortex disrupts the timing of the response
(Perrett, 1993). It appears that the cerebellar cortex plays a critical role in
shaping the temporal topography of the conditioned response.

Interval-based models (among others) have been used to explore how the
cerebellar cortex encodes the precise timing between the CS and US in EBR. In
computer simulations, proposals had involved a temporal evolution of network
activity pattern through negative feedback loops involving granule and Golgi
cells (Buonomano & Mauk, 1994) or a variation in the activation of Purkinje cells
via a second-messenger glutamate system (Fiala et al., 1996). In both systems,
learning centers on identifying the CS-related activity that is maximal near the
time of arrival of the signal triggered by the US. In the latter model, adaptative
mechanisms within the Purkinje cells produce a temporal regulation of the firing
rate that times the disinhibition of the interposed nuclei and thereby open a
“timed gate" that enable gains learned at the nuclear stage. A glutamate
receptor second-messenger system is hypothesized to produce slow responses
in Purkinje cells, allowing information processing within these cells to bridge the
interstimulus interval between the onset of CS-related activity relayed by parallel
fibers and the US-related activity carried by climbing fibers. Variation in the

number of glutamate receptors produces a population of Purkinje cells that
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respond with different latencies to the same output. More precisely, Fiala et al.
(1 996) proposed that Purkinje cell slow responses are produced by activation of
metabotropic glutamate receptors (mGluRs) and that the latency of the mGIuR
response spans the range of conditionable eyeblink interstimulus intervals.
Thus, the decrease of Pukinje cell firing disinhibits cerebellar nuclear cells,
which then produce an excitatory response corresponding to the learned
response. Purkinje cell learning times the response, whereas nuclear cell
learning calibrates the response.

2- Associative learning of instrumental responses

The effects of cerebellar damage on avoidance or appetitive instrumental
conditioning have not been so thoroughly investigated as Pavlovian
conditioning.  In 1979, Schneiderman Fish et al. reported an impaired
acquisition of two-way active avoidance in rats following bilateral fastigial nuclei
lesions but not lateral nuclei lesions. Indeed, lateral nuclei lesions even induced
a facilitation of the learning rates compared to controls. Mutant mice with
cerebellar damage (staggerer and reeler) were reported to show learning
deficits in the same active avoidance task (Goldowitz & Koch, 1986). Dahhaoui
et al. (1990) demonstrated that although cerebellectomy induced impairments,
the rats were still able to learn the task and achieve the learning criterion.
Cerebellectomy or lesion of the inferior olivary complex did not induce any
retention impairment in a one-trial passive avoidance conditioning test
(Guillaumin et al.,1991; Dahhaoui et al.,1992, 1994). Using two versions of an
associative learning task where rats had to press a bar in order to receive either
a reward or avoid a shock, Steinmetz et al. (1993) studied the effects of deep
cerebellar lesions on the learning of the appetitive version as opposed to the
aversive version of the same task. Lesions that encroched on lateral, interposed

and fastigial nuclei prevented the learning of the aversive task version of the task



116

but had no effect on the learning of the appetitive version. In a different
paradigm, Passingham & Nixon (1996) made bilateral dentate nuclei lesions on
monkeys and trained them to learn a novel and arbitrary association between
two colored visual patterns and two movements of a joystick. These animals
learned the task as efficiently as the controls, suggesting a lack of impairment in
associative learning following dentate lesions. Recently, Joyal et al.
(unpublished data) observed that bilateral fastigial lesions did not prevent or
impair learning of a signaled two-way active avoidance task. Overall, as it was
underlined above, the results are not consistent. This is certainly due in part to
the fact that studies are scarce, use pre-surgery acquisition and/or post-surgery
retention of the tasks, and the number of animals with discrete deep cerebellar
lesions is small.

3- Postural sensorimotor learning

According to the recent literature, the cerebellum is clearly involved in motor
learning (e.g. Aiba et al., 1994: Salmon & Butters, 1995). Textbooks gradually
incorporated motor learning as a cerebellar function (e.g. Ghez, 1991), and
different theories have been suggested to explain this role (Ito, 1993; Thompson
& Krupa, 1994; Thach et al., 1992; Thach, 1996: Houk et al., 1996). In the mean
time, some authors challenge not only a cerebellar role in motor learning but
also a direct cerebellar involvement in motor control and thus assert that those
theories are divergent because they are premature (see the special issue of
Behavioral and Brain Sciences on motor learning and synaptic plasticity, 19(3),
1996, for different views). Other recent reviews were also based on alternative
possibilities, stressing the importance of the inferior olive (Llinas & Welsh, 1993)
or multiple extra- and cerebellar site interactions (Bloedel & al., 1996). This
disagreement may come from the dissimilarity between different definitions of

motor learning from one study to another. When one differentiates classical
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conditioning, motor coordination, motor adaptation, single-joint movement,
vgluntary fast ballistic movement, equilibrium, etc., a clearer view may slowly
emerge.

The first stream of "evidence" that lead to the conclusion of a direct and essential
cerebellar involvement in motor learning comes from the aforementioned studies
on classical conditioning. Since cerebellar lesions induce severe deficits in the
acquisition or retention of the conditioned EBR, it has generally been concluded
that "this is consistent with the view that the cerebellum may mediate motor
learning” (Gruart & Yeo, 1995, p.431). EBR and VOR subsequently served as the
unigue basis of a cerebellar role in motor learning (e.g. Glickstein & Yeo, 1990;
Raymond et al., 1996). These hypotheses are extremely judicious and relevant,
but are more specifically related to associative learning (EBR) or motor
adaptation (VOR). In the EBR paradigm, the nature of the learned response is
motor but not the nature of the learning. Cerebellar-related behavioral studies
that have tested the acquisition or retention of changes in the motor response, for
example studies in which the animal had to acquire the ability to maintain
balance or to acquire specific response topographies are scarce. A dissociation
between conditioned EBR and motor coordination/motor learning abilities was
discovered in Glial fibrillary acidic protein (GFAP) mutant mice (Shibuki et al.,
1996). The LTD at the PF-PC synapses of these mice is deficient and they
exhibited an impaired EBR, in spite of any detectable deficit in motor
coordination or motor learning. In this way, Harvey & Welsh (1996) had reported
that acquisition or retention of motor learning in cerebellar subjects were tested
in only 9 experiments from 1917 to 1995. None of these studies reported an
incapacity for motor learning. Among them were studies involving tongue
extension in the rat after inferior olive damage (Welsh, 1994), complex forelimb

movements (Shimansky et al., 1994) or reaching movements (Bloedel & Bracha,



118

1995) in the cat after deep nuclei lesions or in the monkey after inferior olive
dgmage (Kennedy et al., 1982) and visuo-motor movement in cerebellar patients
(Timman et al., 1996).

However, an increasing number of studies directly related to the effects of
cerebellar lesions on complex motor learning have been published lately. Their
conclusions bring us back to the importance of dissociating motor learning from
motor coordination deficits. It is very well known that cerebellar damage lead to
motor coordination deficits (e.g. Holmes, 1939), and an experimental paradigm
must thus incorporate the assessment of motor deficits during the learning
sessions. Examination of the learning curve can help to distinguish learning
from other factors. When the experimental group shows a floor effect, it may
reflect an inability simply to perform the task; if the experimental group learning
curve is not at the same level as the control group, they both learn at the same
rate despite motor coordination problems; the tail-end of the curve may indicate
a slowed acquisition rate for the experimental group that may yet reach
asymptotic performance comparable to that of the control group. A ceiling effect
from the control group may be necessary to demonstrate a learning effect of the
experimental group since the latter is often too debilitated to perform at the same
level of performance. Two different levels of difficulty may be used with the same
apparatus in order to obtain similar learning effects. These considerations are
not regularly taken into account. In the first study using gene targeting
techniques, Aiba et al., (1994) reported a motor learning deficit in mice lacking
metabotropic glutamate receptor 1 (mGIuR1). These mice showed a clear motor
impairment (Conquet et al., 1994) that prevent it from staying for more than 1 sec
on a rotating rod after 5 trials (Aiba et al., Fig 7). The mice also showed a clear
floor effect on the inclined rod, meaning that the level of difficulty the tasks was

high. The other task used was the easier stationary rod where the experimental
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group showed a learning effect (going from an average of 0 sec to 50 sec on the
rod in only 4 trials, but no longitudinal statistical analysis was provided). Thus,
motor learning is not abolished. Moreover, the mutant learning curve slope
seems to be similar to the rotating rod curve slope of normal mice. However,
since the testing was stopped before reaching a possible asymptote (only 5 trials
were performed), one can hardly conclude whether or not the mutant were
impaired on motor learning on top of their motor coordination deficit although this
is possible. The exact same patterns of motor deficits were found by Chen et al.
(1996) with the protein kinase C (PKC) mutant mice, and the authors judiciously
limited their interpretation to a motor coordination deficit. Again, motor learning
emerged when the animals were able to perform the basic elements of the task
but they showed floor effects on the rotating rod and on the thin stationary rod,
although no longitudinal statistical analysis was performed and testing was
limited to 6 trials. In a related study using mutant mice lacking the GIuR2
glutamate receptor, Kashiwabuchi et al. (1995) also limited their conclusion to an
impaired motor coordination after their mice climbed a rope with comparable
speeds as controls but they did not specifically assess learning rates by means
of statistical tests. On an assessment that lead to a floor effect, the mutants were
not able not improve the number of slips on a 2 ¢cm wide runway. One mutant line
could improve their equilibrium latencies on the rotating rod whereas another
line showed a floor effect. In view of these results, the authors concluded to an
impairment in motor coordination rather than motor learning. Worth noting is the
fact that they gave 10 trials/day for 5 days instead of the aforementioned 5 or 6
overall trials. If they had stopped the testing after 10 trials, they would conclude
to an inability for the mice to increase their equilibrium latencies since they had
an average equilibrium time of a few seconds on day one (Fig 3-D). However, a

clear asymptotic effect is still lacking and they could not conclude to a motor
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learning deficit. A mutant mice (GFAP) with no obvious cerebellar symptoms,
Sl‘JCh as ataxia, exhibited impaired EBC and LTD processes but no do motor
coordination deficits and learn the rotating rod, rope climbing, and the runway
task as efficiently as did the controls (Shibuki et al., 1996). Overall, these results
in mutant mice emphasize the importance of carefully dissociating motor
coordination deficits from motor learning deficits, and indicate no evidence for an
essential role of cerebellar neural circuit in a postural motor leamning.

Other studies have used natural mutations with cerebellar damage and
examined their rate of learning on several motor tasks. These mutants are
characterized by developmental losses of different types of neurons in the
cerebellar circuit. Lurcher mutant mice, characterized by degeneration of
cerebellar granule and Purkinje cells and inferior olive cells, fell more quickly
than normal mice from a tilted platform. However, with repeated practice, the
amount of time spent on the platform by the lurcher and controls increased at the
same rate. Although ataxic and performing at a lower level, these mice have
spared motor learning capabilities. Subsequently, a different test (rotorod) was
then used for the purpose of obtaining identical baseline rates for both groups,
by varying the speed and the size of the rod. The results indicated that atrophy
of the cerebellar cortex is not sufficient to prevent this form of learning (Lalonde
et al,, 1995; Caston et al., 1995a). However, the learning rate was not the same.
Because the mutants never achieved the same asymptotic level of performance
as that of normal mice, the authors could not ascribe the nature of their deficit to
a learning (Lalonde et al., 1992). The same conclusion applies to acquisition of
climbing skills in the same mutant (Thifault et al., 1996). The capability of lurcher
mutant mice to keep their equilibrium on a beam-walking task was also
assessed (Lalonde et al., 1996). The apparatus had two levels of difficulty for the

purpose of limiting the impaired motor coordination factor in the experimental
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group. Lurcher mutants improved their performance with repeated trials, but
fqiled to achieved the same aymptotic level as that of normal mice. The severity
of the ataxic symptoms may enable the mice to reach a higher level of
performance to a certain point but no further. Indeed, using three different tests
of motor learning on three different types of cerebellar mutant mice, Lalonde et al
(1996) demonstrated that the extent of cerebellar damage is not related to the
rate of learning . En-2 mutant mice, which do not exhibit ataxia despite
alterations of the cerebellar folding pattern were evaluated on a rotorod at
different speed (Gerlai et al., 1996). Therefore, the difficulty of the task could be
adjusted. In this way, they were able to demonstrate the capabilty of these
mutant mice to learn the motor task. Although the learning rates were similar
during the first sessions, they diverged later. Thus, postural motor learning was
slowed, but not eliminated in this mutant.

Lesions limited to a specific cerebellar region complement mouse genetic
studies. Entire cerebellectomy impairs but does not prevent acquisition of the
equilibrium behavior as assessed by the rotorod task, provided the rats are
sufficiently mature (Auvray et al.,1989; Zion et al., 1990; Caston et al., 1995b),
which is also the case following total lesion of the inferior olive (Jones et al.,
1985). Lesions of the midline cerebellum, comprising the vermis and fastigial
nucleus, or the lateral cerebellum, comprising the cerebellar hemispheres and
dentate nucleus did not prevent or even impaired, depending of the tasks, motor
learning in rats (Joyal et al., 1996). Fastigial limited lesions, in spite of poorer
inital performance, did not prevent rats to show the same rate of learning as that

of controls in the beam-walking task (Joyal et al., 1996).

An overall view of the results concerning the effects of cerebellar damage on

complex motor learning prevent any assertion that the cerebellum is essential.
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The cerebellum is certainly more critical for the acquisition and execution of
other learned tasks, as the conditioned EBR. However, the cerebellum may be
involved in some complex tasks since some previously mentioned studies
demonstrated an altered learning rate. Moreover, simultaneous unit recording of
deep cerebellar nuclei of cats while they learn to reach and guide a
manipulandum bar demonstrated a specific modulation magnitude of the
recorded cells when the animal begins to perform successfully (but not during
the early stage of acquisition; Bloedel et al., 1993; Milak et al., 1995). However,
this task can be learned during inactivation of the cerebellar nuclei but at a
slower rate (Bloedel & Bracha, 1995), as has been reported in rodents after
cerebellar damage (e.g. Gerlai et al., 1996; Joyal et al., 1996). In some cases,
the animals were able to learn with unusual strategies, and the authors
concluded that the cerebellum may play an operational role in processing
spatio-temporal information required for the selection of the most effective
strategies, optimizing the goal-directed motor behavior, but that it is not required
for its acquisition (Shimansky et al., 1994: Bloedel & Bracha, 1995).

There is a second series of studies that have lead some researchers to conclude
a direct cerebellar circuit involvement in motor learning. However, this group of
studies used a motor adaptation instead of a motor acquisition paradigm (Thach,
1992 for a review). It has been known for several years for instance, that
cerebellar neuronal events are correlated with modification of movement-related
behaviors in the adaptation of movement following parameter alteration in the
hold-and-resist task of Gilbert & Thach (1977). The importance of the cerebellum
in adaptative complex motor learning as assessed by learned ballistically
initiated movements (e.g. Soechting et al., 1976; Lamarre et al., 19883) and by
step-tracking (Brooks et al., 1973) is also well established. A role of the

cerebellum in adaptation and modulation of the gain of somatosensory
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responses measured by resistance to arm or grasp perturbations has been
dgmonstrated (Hore & Vilis, 1984; Dugas & Smith, 1992), as well as in
adaptation of a synergy, revealed by cerebellar lesion-induced deficient
adaptation of eye-hand coordination in throwing a ball at a target while wearing
wedge prism spectacles (Baizer & Glickstein, 1974). Thach and colleagues also
developed a motor adaptation task where monkeys must re-scale a wrist
movement proportionately to a gain change (Keating & Thach, 1990). The eye-
hand coordination had to be recalibrated and the cerebellum may control the
recalibration, since the behavioral adaptation appears to be related to a
transient, covarying change in complex and simple spikes rates, and a persistent
behavioral change to a persistent change in the simple spike rate.

Insofar as motor adaptation is concerned, ablation of the cerebellar cortex can
completely remove adapation once it has been established, and can prevent
further adaptation (see Thach, 1996 for a review). More recent tasks involving
perturbed locomotion, imposed displacements, or altered visual feedback for
elbow movements help to underline the cerebellum's implication in motor
adaptation learning in animals (Yanagihara et al., 1993; Yanagihara & Udo,
1994) and humans (Horak & Diener, 1994: Deuschl et al., 1996). Computer
based paradigms that quantitatively describes the adaptation process to analyse
the metrics of movements have also been performed in monkeys (Ojakanjas &
Ebner, 1991; Keating & Thach, 1990) and humans (Keating & Thach, 1990:;
Deuschl et al., 1996).

However, as Sanes and colleagues (1990) underlined in their study of motor
learning in patients with cerebellar dysfunction: "Motor learning can be classified
as motor skill acquisition and motor adaptation. Motor skill learning is closely
related to voluntary motor behaviour and include the concept of acquiring a new

motor ability. Motor adpatation, which includes changes in the vestibulo-ocular



124

reflex and the speed accuracy trade-off, involves exchange of one behaviour for
apother in response to an alteration in either sensory inputs or task demands"
(p.104).  These authors recently reiterated this important point (Hallet, 1996;
Hallet et al., 1996). As Thach (1992) also pertinently underlined: "What is new ?
is it the novel combinations of the muscle and joint action, or the application of
old motions to novel conditions or both ?* (p.427). Presently, these distinctive
parts of motor leamning processes are important, since the cerebellum may play
an essential role in the latter but not the former. As stated by Deuschl et al.
(1996), the Marr/Albus model is confimed if one view it as a suggestion that
simple adaptative motor behavior is regulated by the cerebellum instead of a
model about motor learning per se.

However that may be, the distinction between motor adaptation, motor learning,
classical conditioning, and instrumental conditioning was done here in a attempt
to find a unified and clearer view of cerebellar functions. It seems presently the
best way to synthesize the growing body of data concerned with the general term
of motor learning. However, this may eventually be artificial and we agree with
Bloedel, Ebner & Wise (in preface, 1996) who "trust that a useful perspective can
be obtained by inclusion of research areas apart from the traditional approaches
of motor learning, including the study of nonassociative reflexes, conditioned
reflexes, and learning the context for the performance of already learned
movements",

Overall, a consensus thus appears to exist concerning the cerebellum's
involvement in motor learning, including an important role of the cerebellum: 1)
in motor adaptation (e.g. Thach, 1992); 2) in selecting and performing the more
effective strategy in a new complex motor learning task (e.g. Bloedel & Bracha,
1995), and 3) in the refinement of a motor program leading to the smooth

execution of a compound movement (e.g. Chen et al., 1996). This concensus is
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best illustrated by another series of studies, that assess the effect of postural
motor learning in normal rats and thereafter examine synaptic remodeling,
conducted by Greenough and colleagues on one hand (Black et al., 1990; Kleim
et al., 1994, 1996, 1997) and by Bickford and her colleagues on the other hand
(Bickford, 1993; Seeds et al., 1995; Gould et al., 1995). The Greenough group
trained rats to traverse an elevated obstacle course consisting of ropes, ladders,
chains, and parallel bars, evidently requiring substantial motor coordination to
complete. They compared those trained animals versus others that merely had
to traverse a runway without obstacles, others that ran in a spinning wheel, and
others that remained in their home cage. They observed a greater number of
synapses per Purkinje cell of the paramedian lobule in animals of the acrobatic
condition group in comparison to either the running and standard conditions
(Black et al., 1990). This increased synapse/neuron ratio is observed at the
parallel fiber-Purkinje cell junctions (Kleim et al., 1994), but not in the lateral
nucleus (Kleim et al., 1996), and persist in the absence of continued training for
28 days (Kleim et al., 1997). Accordingly, motor skill acquisition augments
cerebellar responses to parallel fiber activation (Bendre et al., 1995). The
acrobatic conditions imply a new complex motor learning for the animal, and it
seems that the learning component is crucial for synaptogenesis to occur, since
motor activity per se leads instead to angiogenesis (Black et al., 1990). These
results are in agreement with the hypothesis of a cerebellar cortical involvement
in reaching high level motor coordination and refinement of a new complex
motor skill. It is not known if cerebellar damage would lead to a true learning
deficit in this task, but in the light of the few studies done in this context, one
could guess that it would lead to an inability to reach the normal high level of

performance or refinement.
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Bickford and her colleagues used previously trained rats on an obstacle-runway
and evaluated the expression of an enzyme associated with developing and
regenerating neurons in Purkinje cells after their animals had to perform a more
complex version of the task (Seeds et al., 1995). This paradigm could be
considered by some as a high level of motor adaptation, but it surely involve
complex motor coordination. They found that compared to rats that simply had to
stay in their cage during the first-training time or rats that simply had to run the
maze without obstacles, those that had to upgrade their motor performance in
order to master the more challenging version of the maze showed specific
induction of enzyme expression in Purkinje neurons. The performance in this
task had previously been correlated with noradrenaline levels in Purkinje cells
(Bickford, 1993; Gould et al., 1995). These results again suggest an important
involvement of the cerebellar cortex in the refinement of complex motor behavior.

4- Spatial orientation as assessed by water mazes. The Morris water maze

(Morris et al., 1982) has several advantages over other kinds of spatial
orientation tasks. The assessment can include a variety of conditions,
depending on the goals of the study. Thus, praxic versus taxic or allocentric
orientation strategies can be measured with manipulation of available cues
surrounding the pool, different starting positions for the rat, a platform that is
below or above the water level and so on. Moreover, rats that are ataxic are not
necessarily impaired in swimming ability (Dow & Moruzzi, 1958; Pelligrino &
Altman, 1979). In contrast to the literature concerned with classical conditioning
or motor adaptation, one would not expect to observe prevention of spatial
acquisition, since in patients with cerebellar lesions have only mild
visuoconstructive apraxia (Botez et al., 1989). However, some studies reported
deficits in the spatial orientation version of the Morris water maze for animals

with cerebellar lesions. Staggerer mutant mice were selectively impaired in the
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Morris water maze submerged platform condition, whereas lurcher and weaver
mutants were impaired in the visible platform version (see Lalonde, 1994b for a
review). Impairment in the visible platform, or cued condition, may imply a
sensorimotor deficit instead of a spatial orientation deficit since the escape
platform is not below but above the opaque water level. Subsequently, Goodlett
et al. (1992) compared Purkinje cell degeneration (pcd) mutant mice at 30, 50,
and 110 days of age to controls in the same task. At 30 days of age, pcd mutant
mice were impaired in the invisible platform condition and not in the visible
platform condition. At older ages some impairments, although minor, were found
in the visible condition. These results were in agreement with the hypothesis
that the cerebellum has a role in the acquisition of visuospatial learning, but
mutant mice are susceptible to have extra-cerebellar site cell degeneration.

Dahhaoui et al. (1992) assessed the spatial orientation capabilities of
cerebellectomized rats, and concluded that the cerebellum is involved in the
cognitive processes of the motor program elaboration. They used a dry maze,
and therefore their cerebellectomized rats showed reduced path length and
speed as well as limited exploration in at least the first 20 trials of the 40 allowed.
Since cerebellar animals swim as well as controls (Dow & Moruzzi, 1958), water
mazes are better suited for this kind of studies. However, with practice rats were
able to find a single cup out of 16 that contained a food pellet. It is not possible
to conclude anything about the complete, partial or absent formation of a spatial
mapping process since the starting position was consistently the same and the
authors did not analyze the pathways of the rats. Cerebellectomy increased the
number of cups explored compared to controls and had a net tendency to stay in
the periphery. This finding seems in favors of a spatial orientation deficit, but
because this study provided no statistical analysis and only partial histological

controls, it is difficult to draw definite conclusions. Moreover, in view of the small
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diameter of this open field (75 cm, half of the standard water maze), it could be
fryitful to record the rat's behavior, since the animal could simply find the peliet
by chance. A fine-grained analysis is warranted to study any possible different
spatial orientation strategy used by brain damaged animals (e.g. Kesner et al.,
1989). The same laboratory used the Morris water maze to measure the effects
of inferior olivary complex lesions in rats (Dahhaoui et al., 1992b). These lesions
greatly impaired the rat's ability to find an invisible platform in 8 seconds or less
for 5 consecutive trials on a single day, from a single starting position. Since
distance travelled was not measured and no visible platform control condition
was used, it is not possible to rule out a sensorimotor deficit. However, the
authors reported the unmeasured observation that their rats circled in the
periphery of the pool while searching for the platform.

Petrosini et al. (1996) tested naive unilaterally hemicerebelectomized rats in the
Morris water maze. They reported a characterized and significant tendency of
these rats to explore the peripheral part of the maze, along with a marked
inability to find an invisible platform in spite of intensive training and a constant
starting position. But since another group of cerebellectomized rats after the
initial - acquisition were as good as controls to find the visible platform, a
sensorimotor deficit cannot account for the impairment of the former
experimental group. In the standard version of the Morris water maze, rats with
either bilateral aspiration of the midline comprising the fastigial nuclei or the
cerebellar hemisphere, including the lateral nuclei were tested (Joyal et al.,
1996). Midline lesions caused a deficit in both the visible and invisible
conditions, whereas lateral lesions caused a selective impairment in the hidden
platform condition. Bilateral fastigial nuclei-limited lesions also induced a deficit
in the invisible platform condition but not in the visible platform condition (Joyal

et al.,, 1996). Finally, bilateral lesions of the cerebellar lateral nuclei in rats
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caused an impaired acquisition phase in the water maze, although the rats at the
epd of training reached the same learning level as that of the controls (Joyal et
al., unpublished data).

CONCLUSION

It has been suspected for a long time that the cerebellum has a role in motor
learning (Marr, 1969; Albus, 1971). However, it seems unlikely that this role is
crucial for all kinds of motor learning. A particularly important aspect is whether
or not the task involves postural sensorimotor learning, as is the case in the the
rotorod equilibrium test, but not in conditioned EBR or the adaptation of the VOR.
The former motor skills are by far more complex, and thus should rely on multi-
regional cortico-cerebellar and/or cortico-striatal loops. They do not depend
upon the integrity of a single structure, and cerebellar lesions may lead in their
case to an impaired but not prevented performance. Presently, unlike
conditioned and adaptated motor learning, it is not established that the
cerebellum is essential to postural sensorimotor learning, and there is no reason
to believe that the cerebellum is the storage site of its engram.

Concerning associative learning, a growing body of data is beginning to be
available but results are not consistent. The relative importance of paleo- vs
neocerebellar structures is an important point that should be assessed in the
future.

Whether the cerebellum has a role in cognitive thought is now actively
investigated. One form of learning likely to be sensitive to cerebellar damage is
spatial learning. Ascending cerebellar projections to fronto-parietal cortex (e.g.
Sasaki, 1979; Schmahman, 1996) and the limbic system (e.g. Heath et al., 1978
and Newman & Reza, 1979 in Schmahmann, 1996) may be the neural basis of

this phenomenon.
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Although much remains to be resolved, the cerebellum seems to contribute to
vqrious types of learning and behavior in the rat, including not only motor skills
but also spatial learning and perhaps associative learning. Further investigations
must be done with primates in order to validate these results with the use a
different variety of tasks. However that may be, the cerebellum definitely
deserves to be revisited.
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1. Résumé des buts et résultats des études effectuées dans la cadre de cette these

Les études effectuées dans le cadre de cette thése tendent a vérifier les effets de
Iésions cérébelleuses sur différents types d'apprentissages chez le rat et la souris atteints de
Iésions cérébelleuses. Deux types de taches ont été utilisées, pour, d'une part, mesurer la
capacité de ces animaux d'acquérir de nouveaux apprentissages moteurs multi-articulaires et
d'autre part, leur capacité d'orientation spatiale. Il a été démontré que des l€sions plus ou
moins étendues du cervelet n'‘empéchent pas, ou méme dans certains cas n'entravent pas
I'acquisition motrice, alors que les mémes Iésions entrainent des troubles d'orientation
spatiale, plus ou moins importants selon I'étendue de la Iésion. L'apprentissage associatif
instrumental aversif, la discrimination visuelle conditionnée et les conduites séquentielles

innées ne semblent pas étre gravement influencés par les diverses atteintes cérébelleuses.

2. Apprentissage moteur

Tel que rapporté dans I'introduction, il est généralement admis que le cervelet joue
un réle important dans I'apprentissage moteur (Glickstein & Yeo, 1990; Ghez, 1991; Leiner
et al., 1991). Il a aussi été spécifié que cette assertion ne concerne que les apprentissages
tres simples, tels que I'adaptation vestibulo-oculaire et le réflexe conditionné. Depuis
I'€laboration de cette thése, de nombreuses publications ont confirmé et généralisé ce type de
résultats, qui ont té interprétés en tant que preuves supplémentaires du bien-fondé des
théories sur le role cérébelleux dans I'apprentissage moteur (voir Thompson & Krupa, 1994;
Salmon & Butters, 1995; Thach et al., 1996 pour des revues récentes de la littérature).
Ainsi, I'adaptation du RVO aux changements du champ visuel, I'adaptation i des
changements de paramétres impliqués dans une conduite motrice apprise et le
conditionnement de certains réflexes sont effectivement empéchés par l'atteinte cérébelleuse
tant chez I'animal que chez I'humain (du Lac et al.,1995; Daum & Schugens, 1996;
Raymond et al., 1996; Thomspon & Kim, 1996). II s'agit donc d'adaptations motrices.

Néanmoins, un nombre croissant d'études sur le cervelet s'intéresse désormais aux
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apprentissages moteurs nouveaux et plus complexes (voir Harvey & Welsh, 1996 et le
dernier article de cette thése pour des revues). I est surprenant qu'un quart de siecle se soit
€coulé avant que I'on vérifie le réle du cervelet lors de I'acquisition d'une tiche motrice
nouvelle pour l'organisme (Welsh & Harvey, 1992; Bloedel et al., 1996). Cependant, tel
que sommairement mentionné en introduction, ces études donnent lieu 4 des résultats
divergents et aucun consensus n'est obtenu (Bloedel & Bracha, 1995; Harvey & Welsh,

1996; Hallet, 1996; Thompson & Kim, 1996).

2.1 Apprentissage moteur complexe chez I'animal : troubles d'acquisition vs troubles de
coordination

Chez l'animal, une série d'études utilisant les récentes techniques de manipulations
génétiques ont mené plusieurs auteurs i la conclusion que le cervelet est essentiel, nécessaire
et suffisant a I'acquisition de nouvelles conduites motrices, contrairement A nos conclusions
(voir le chapitre II; Aibai et al., 1994; Conquet et al., 1994; Kashiwabuchi, 1995: Chen et
al., 1995). Grice a de nouveaux procédés permettant l'altération de I'expression de génes
particuliers, de nouvelles souches de souris ont été développées (appelées "knock-out"),
dont certaines composantes ciblées du circuit neuronal cérébelleux sont déficientes ou
absentes, tel que les récepteurs GABAal par exemple. Ces différents types de souris sont
utilisées dans le but premier de tester I'hypothése qu'une trace mnésique se crée au sein du
cervelet a la suite d'un apprentissage moteur. Ces études ont ainsi toutes Vérifié l'effet de
Faltération de différentes composantes du systeéme cérébelleux sur le réflexe conditionné de
la paupicre, ainsi que sur divers apprentissages moteurs complexes. Les différentes
altérations génétiques ont effectivement empéché I'établissernent de la DLT et, du méme
coup, la capacité de conditionner 'animal. Ces études confirment donc que le cervelet est
essentiel au conditionnement classique de la paupiere (McCormick et al., 1981). Cette série
d'études incluent diverses tiches motrices nouvelles et complexes (équilibre sur une poutre

fixe inclinée, sur un cible métallique, sur une poutre rotatoire, escalade, etc.), dans



146
lesquelles les souris "knock-out" démontrent de mauvaises performances (voir les articles
#1a et 6a en appendice I). Ces résultats sont interprétés comme une preuve supplémentaire
que le cervelet est directement lié 2 I'apprentissage moteur nouveau et que cet apprentissage
moteur non-associatif est aussi dépendant de la plasticité cérébelleuse (Aiba et al., 1994). A
premiere vue, ces résultats vont & I'encontre de ceux obtenus lors des études présentées ici
(voir la discussion des articles #1, 2, 4 et 5). Cependant, un point important doit &tre
souligné : ces souris ont avant tout d'importants troubles de coordination motrice (Conquet
et al., 1994; Kashiwabuchi et al., 1995; voir aussi les articles #1a et 6a de I'appendice I).
Puisque I'apprentissage moteur complexe s'évalue exclusivement par la présence ou
I'absence d'une amélioration comportementale en fonction des essais, celle-ci peut étre
simplement empéchée par une incapacité d'exécution. Il est donc primordial de dissocier
Fincapacité d'un animal d'apprendre de son incapacité a le démontrer. Ces rapports
démontrent trés clairement que I'atteinte cérébelleuse induit des troubles importants de
coordination motrice (Holmes, 1917; articles # la et 6a de I'appendice I), mais en aucun
temps il est possible de démontrer que les animaux atteints sont incapables d'apprendre une
tiche motrice. Le probleéme est qu'aucune de ces nouvelles souches de souris n'arrive 2
atteindre ne serait-ce que les niveaux de bases requis pour réaliser une acquisition motrice.
Ainsi, les déficits de coordination motrice viennent empécher toute évaluation

d'apprentissage.

Une fagon simple mais efficace de dissocier I'aspect coordination motrice de
I'apprentissage réel est I'étude des courbes graphiques. Un animal incapable d'apprendre ou
incapable de démontrer ses capacités produira une courbe d'apprentissage reflétant un effet
plancher. Son incapacité motrice empéchera a priori toute amélioration de la performance en
fonction des essais. Dans ce cas (et c'est ce que l'on observe chez les "knock-out"), il est
impossible de dissocier un trouble de coordination motrice d'un trouble d'apprentissage

moteur; ce qui indique que la tiche utilisée est trop difficile pour les animaux expérimentaux.
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En revanche, une tiche trop facile aura I'effet contraire; c'est-a-dire un effet plafond reflétant
I'absence de toute opportunité d'apprentissage du fait d'une performance au départ optimale.
Il est cependant trés difficile d'obtenir des courbes parallgles d'apprentissage moteur
complexe entre un groupe contrdle et un groupe lésé du cervelet. Néanmoins, si ce dernier
parvient a offrir une performance asymptotique égale 2 celle des groupes contrdles, quoique
plus tardive, il est possible de conclure 4 un réel retard d'apprentissage. En outre, si le
plateau de la courbe d'apprentissage des sujets expérimentaux se situe 4 un niveau moindre
que celui atteint par les sujets contréles, il est impossible d'en déterminer la raison. Ces
plateaux de différents niveaux peuvent étre le reflet d'une performance exigée au début de
I'apprentissage trop proche de la performance optimale pouvant étre générée par le groupe
expérimental. IIs peuvent également étre le reflet d'un réel déficit d'apprentissage, mais
limité aux phases terminales. Dgs lors, I'utilisation de différentes variantes d'un méme test
est suggérée, afin d'obtenir des courbes d'apprentissage comparables. L'étude #1
présentée ici est un exemple de cette méthode, ol le test du pont est présenté en version
glissante et non-glissante selon le groupe d'animaux étudié. Ainsi, nous sommes parvenus a
démontrer une capacité d'apprentissage malgré l'atteinte massive du systeme olivo-
cérébelleux. Cependant, les niveaux de performance de départ des deux groupes n'étaient
pas comparables. L'utilisation d'une tiche dont les paramétres sont adaptés peut, pour cette
raison, €tre souhaitable. Ainsi, lors de I'étude #4, le test du rotorod a 30 rpm a donné lieu 4
un effet plancher de la performance du groupe expérimental et le méme test 2 10 rpm a donné
lieu & un effet plafond de la performance du groupe contréle. Mais cet ajustement a permis
I'obtention de niveaux de base similaires de la part des deux groupes et la démonstration
d'un apprentissage moteur nouveau du groupe ésé. Cependant, il est souhaitable d'évaluer
les capacité d'acquisition motrice des groupes Jusqu'a I'obtention d'une asymptote, afin de
déterminer si le groupe expérimental peut éventuellement atteindre le méme niveau de
performance que le groupe contrdle. Ainsi, le test du rotorod de I'étude #4 n'a pas été

administré assez longtemps car le groupe contrdle n'a pas atteint d'asymptote. C'est
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pourquoi le méme test a été administré chez les rats avec 1ésions des noyaux dentelé pendant
vint jours au lieu de cinq lors de I'étude #5. La démonstration de capacités intactes
d'acquisition motrice chez ces rats a ainsi été faite. L'absence d'interaction entre deux
courbes permet aussi d'affirmer qu'un groupe expérimental est capable d'apprentissage, tel
que cela a €té le cas lors des études #2 et #5. Pour leur part, Gerlai et al. (1996) ont utilisé
une approche trés intéressante, ol chaque animal débute I'apprentissage moteur selon son
propre niveau de capacité motrice et I'augmentation de la difficulté est déterminée pour
chacun en fonction d'un critére pré-établi. Ceci a permis de démontrer des capacités

d'apprentissage moteur étonnantes chez les souris mutantes.

L'étude des courbes d'apprentissage est donc appropriée lors d'études portant sur
des sujets ayant des troubles de coordination motrice. L'analyse de régression a par
exemple €t€ judicieusement utilisée chez I'humain (Timman et al., 1996). Aucune de ces
pratiques n'a été utilisée dans les études sur les souris "knock-out" (Aibai et al., 1994;
Congquet et al., 1994; Kashiwabuchi, 1995; Chen et al., 1995). Donc, I'utilisation de ces
souris a permis I'étude plus subtile et plus poussée du réle cérébelleux dans I'établissement
du réflexe conditionné de la paupiére (RCP), mais n'a pas généré de résultats concluants

quant au role du cervelet lors de I'apprentissage moteur.

Par ailleurs, d'autres études animales ont plutdt démontré des capacité
d'apprentissage moteur complexe malgré la Iésion cérébelleuse. Lalonde (1994) a démontré
la capacité des souris mutantes de type lurcher d'améliorer leur temps d'équilibre sur une
plate-forme mobile, avec la méme efficacité que les souris contrdles (courbes paralléles),
malgré une dégénérescence cellulaire importante impliquant I'olive bulbaire, les cellules en
grain et 80% des cellules de Purkinje. D'autres études ont confirmé que l'atrophie
cérébelleuse n'empéche pas l'apprentissage de différentes tiches motrices complexes telles

que le rotorod (Lalonde et al., 1995: Caston et al., 1995a). Les animaux de ces études ne
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peuvent toutefois atteindre un niveau d'apprentissage (ou de performance) aussi élevé que
les animaux contrdles et il est donc impossible de déterminer si le déficit en est un
d'apprentissage ou d'exécution. D'autres apprentissages moteurs multi-articulaires tel que
I'ascension d'un appareil ou d'une corde verticale ont aussi été possibles chez le mutant
lurcher (Thifault et al., 1996). Les souris lurcher de I'étude #1 présentée ici ont également
démontré d'importantes capacités d'acquisition motrice. Cependant, elles n'ont pu atteindre,
encore une fois, un niveau aussi élevé de performance que les souris controles. La sévérité
de l'ataxie est d'autant plus susceptible d'étre faussement interprétée comme un trouble
d'apprentissage qu'elle n'est pas correlée 4 ce dernier chez trois différents types de mutation

(Lalonde et al., 1996).

Etant donné la présence de nombreux troubles de coordination motrice chez les
animaux mutants et afin de les dissocier de I'apprentissage moteur, des Iésions chirurgicales
ont €té effectuées chez le rat. Les rats ayant subi I'ablation complete du cervelet sont en
mesure d'apprendre la tche du rotorod, sans toutefois atteindre des niveaux de performance
semblables a ceux des sujets controles (Caston et al., 1995b). La Iésion totale de I'olive
inférieure, qui est le point d'origine de toutes les fibres grimpantes, n'empéche pas
I'apprentissage du rotorod malgré de graves troubles de tremblements (Jones et al., 1995), a
condition que la vitesse de rotation soit peu €élevée (S rpm, Rondi-Reig et al., 1996). Tel
que présenté dans l'article #2, l'aspiration des parties médianes ou latérales du cervelet
n‘empéche ou méme n'entrave pas les différentes acquisitions motrices. Le probléme d'une
asymptote obtenue a des niveaux différents est toujours présent a la suite de dommages
importants, mais la lésion plus petite des noyaux fastigiaux n'entrave aucunement
I'apprentissage complexe requis lors du test du pont (article #2). Le méme type de lésions
n'empéche pas mais ralentit I'apprentissage complexe requis lors d'une tiche oro-faciale
(article #3). Enfin, des lésions limitées aux noyaux dentelés (article #5) n'entrainent pas de

troubles de coordination motrice, ni de troubles d'apprentissage au rotorod.
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Selon Lalonde (1994) : "the cerebellum participates in conditioned reflexes such as eve-
bl‘z:nk, vestibulo-ocular, and startled responses, but it remains to be determined whether
cerebellar damage impairs the improvement in motor coordination that may occur in some
tests with repeated measures" (p.351). A la lumiére des résultats obtenus lors des études
formant cette these, il semble que I'on puisse affirmer que le cervelet ne soit pas essentiel,
nécessaire et suffisant a I'acquisition motrice. Des troubles lors des derniéres phases d'un

nouvel apprentissage peuvent cependant étre présents.

Sans y €tre essentiel, le cervelet semble effectivement impliqué lors des phases
terminales d'apprentissages moteurs, lorsque la spécialisation et l'automatisation de
F'acquisition entrent en jeu. En effet, il est notoire que plusieurs études présentées dans le
cadre de cette thése, ou citées ici, rapportent soit un ralentissement de I'apprentissage, soit
I'atteinte prématurée de I'asymptote de la courbe d'apprentissage chez des sujets cérébelleux.
Il est vrai que ces déficits peuvent autant étre dds 4 un trouble d'apprentissage qu'a un
trouble de coordination; mais certains indices permettent de soupgonner un apport indirect du
cervelet a I'apprentissage complexe per se. Ainsi, Black et al. (1990) ont démontré chez le
rat adulte qu'un entrainement dans une tiche de courses 2 obstacles comprenant des cordes,
des échelles, des chafines et des barres paralléles, entraine une augmentation du nombre de
synapses par cellules de Purkinje. Ils ont démontré que I'apprentissage est essentiel a
I'augmentation du nombre de synapses (et non l'inverse) car le fait de courir dans une roue
ou de parcourir le méme labyrinthe suns obstacle n'induit pas de synaptogénése mais plutédt
une angiogénese. La synaptogénese est le reflet de I'augmentation du nombre de synapses
par neurone au niveau de la jonction entre les fibres parallzles et les cellules de Purkinje
(Kleim et al, 1994). Elle ne se retrouve pas au niveau des noyaux latéraux mais plutot
interposés (Kleim et al., 1996) et elle est toujours présente sans entrainement subséquent,

pour une periode d'au moins 28 jours (Kleim et al., 1997).
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Chez le chat, un apprentissage moteur complexe consistant  atteindre avec une patte
et diriger d'une fagon particuliére un manipulandum, provoque une modulation des cellules
nucléiques cérébelleuses qui est spécifique a cet apprentissage. Fait intéressant, ces cellules
sont particulierement activent lorsque I'animal maitrise trés bien la tiche pour la toute
premiére fois (Bloedel et al., 1993; Milak et al., 1995). De plus, et en accord avec nos
résultats, les animaux lésés des noyaux cérébelleux parviennent tout de méme apprendre
cette tiche (Shimansky et al., 1994: Bloedel & Bracha, 1995). Dans certains cas, les
animaux lésés parviennent a réaliser la tiche aussi bien que les animaux contrdles en utilisant
différentes stratégies. Les auteurs concluent que le cervelet Jjoue un réle dans I'élaboration
de la performance motrice optimale, rendant ainsi le comportement moteur le plus adapté
possible, mais l'acquisition générale de celui-ci ne nécessite pas l'intégrité cérébelleuse

(Bloedel et al., 1996).

2.2 Apprentissage moteur et dépression synaptique a long terme

Bien que ne faisant pas partie des processus d'intérét de nos études, il semble que la
DLT soit bel et bien associée a I'établissement du réflexe conditionné de Ia paupiére et
qu'effectivement le cervelet soit essentiel a ce type d'apprentissage associatif (Chen et al.,
1996). Cependant, il n'est pas établi qu'un tel lien existe entre la DLT et l'acquisition d'une
conduite motrice complexe. Nous ne nous y sommes pas attardés expérimentalement, mais
le phénomene doit étre souligné. La premiére étude qui a permis de mettre sérieusement en
doute ce lien est celle de Ojakanjas et Ebner (1992). Dans cette étude, I'apprentissage
impliqué dans un changement de relation entre une mannette de jeu et un curseur vidéo
n‘entraine pas de relation causale entre l'activation des fibres grimpantes (inhérente au
changement) et le type de réponse subséquente des cellules de Purkinje. Cet apprentissage a
€té réalisé de concert avec I'activation des cellules cérébelleuses et les auteurs concluent a un
role du cervelet lors de la phase de perfectionnement d'un apprentissage moteur complexe.

Plus récemment, le lien DLT-apprentissage moteur a été infirmé par la derniére née de la
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série d'études portant sur les souris de type knock-out. Shibuki et al. (1996) montrent que
chez ces souris, I'établissement d'une trace neuronale est impossible au sein du cervelet et le
conditionnement classique de la paupiére est également empéché. Mais ces souris ont des
capacités d'apprentissage de tches motrices nouvelles et multi-articulaires égales a celles des
souris contrdles. Cette étude démontre trés bien I'absence de liens entre la DLT et
F'acquisition motrice. Le phénomene de DLT peut cependant étre nécessaire 2 la phase de
raffinement de I'apprentisage moteur et & I'adaptation motrice, mais il semble que l'intégrité
cérébelleuse ne soit pas préalable i l'acquisition d'un comportement moteur nouveau et

complexe.

2.3 Apprentissage moteur complexe chez I'humain

Chez I'humain, les études ayant mesuré la capacité de patients 2 apprendre une
nouvelle conduite motrice sont en fait quasi inexistantes. Timman et al. (1996) rapportent,
néanmoins, une amélioration hautement significative de patients cérébelleux lors d'une tiche
de dessins bi-dimensionels de formes irrégulieres. Au contraire, Deuschl et al (1996)
concluent a un trouble d'adaptation motrice chez des patients cérébelleux lors d'une tiche
impliquant la poursuite d'une cible vidéo par des mouvements du bras. Les études utilisant
des techniques d'imagerie cérébrale (presquexclusivement la scanographie de type PET)
sont quant & elles contradictoires. Schlaug et al. (1994) observent une activation
cérébelleuse lors de I'apprentissage d'une séquence motrice d'opposition entre les doigts et
le pouce d'une main. De plus, celte étude souligne Ia présence d'importantes différences
individuelles. En revanche, Friston et al. (1992) rapportent l'inverse, c'est-a-dire une
hypoactivation cérébelleuse a la fin du méme apprentissage. Utilisant un autre type de tiche
impliquant I'acquisition d'une séquence, la tiche des temps de réaction sériels (Nissen et
Bullemer, 1987), Jenkins et al. (1994) observent une activation cérébelleuse tout au long du
processus d'apprentissage, mais celle-ci est plus prononcée au début. Les mémes analyses

de Grafton et al. (1995) ne démontrent pas d'activation du cervelet; alors que celles de
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Doyon et al. (1996) montrent une activation cérébelleuse lors de la phase terminale de
I'apprentissage. Ces résultats divergent pour plusieurs raisons. Certains paradigmes ne
controlent pas la fréquence des mouvements générés; ainsi, un apprentissage donnant lieu 4
une plus grande efficacité et rapidité des mouvements donnera nécessairement lieu a une
augmentation de l'activation cérébelleuse. De plus, d'autres paradigmes nécessitent non
seulement l'apprentissage d'une séquence, mais aussi une amélioration de la performance
motrice. Alors que certaines tiches motrices impliquent l'apprentissage d'une séquence du
méme mouvement, d'autres contiennent un nouvel apprentissage moteur ne nécessitant pas
de séquence particuliere. Un autre point important est 1'établissement d'un niveau
d'activation : certaines études utilisent I'activation au repos alors que d'autres utilisent une
version perceptive de la méme tiche. L'activation différentielle n'est pas aussi grande dans
les deux conditions et I'interprétation différe également. Enfin, plusieurs conditions
inhérentes aux nouvelles techniques, telles que la méthode employée, la fagon exacte de
visualiser le cervelet et les analyses statistiques utilisées peuvent étre a l'origine de résultats
divergents (Jenkins et Frackowiak, 1993). Ces techniques sont relativement récentes et
d'autres études comparables devront étre entreprises avant d'espérer l'obtention d'un

consensus.

2.4 Cervelet et apprentissage moteur: intégration
2.4.1 Rappel des résultats

L'importance du cervelet dans I'élaboration de tiches motrices impliquant des
réflexes est confirmée. Ainsi, I'adaptation du RVO et le CCP peuvent €tre considérés comme
des conduites dont I'exécution optimale dépend de lintégrité cérébelleuse. Cependant, le
conditionnement classique ne fait pas selon nous partie d'un apprentissage moteur mais
plutdt d'un apprentissage associatif se traduisant par une réponse motrice non apprise.
Quant aux conduites motrices plus complexes, nécessitant une excellente coordination visuo-

motrice, les résultats divergent. Alors que les paradigmes utilisant la poursuite manuelle
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d'un curseur vidéo implique constamment un apport cérébelleux, ceux nécessitant la
poursuite manuelle directe d'une cible rotative ne le font pas. De plus, alors qu'une
multitude de tiches motrices complexes impliquant le mouvement du corps entier peuvent ne
pas nécessité la présence d'un cervelet sain (études #4 et 5), d'autres tiches motrices moins
complexes entrainent une importante activation des cellules corticales cérébelleuses. Une

définition de I'apprentissage moteur permettrait d'unifier 'ensemble de ces résultats.

2.4.2 Unification des résultats

L'ensemble des données obtenues chez 1'animal ou chez I'humain ne permet pas de
confirmer les théories voulant que le cervelet soit essentiel, nécessaire et suffisant pour
I'apprentissage moteur complexe. Ces résultats permettent méme, par extension, d'affirmer
que la trace mnésique inhérente a I'apprentissage moteur ne réside pas exclusivement au sein
du cervelet. L'unification des résultats sur le réle du cervelet dans l'apprentissage moteur
est possible a la lumiére de la définition de I'apprentissage moteur de Adam (Hallett et al.,
1996), rapportée en introduction. Il y a apprentissage moteur non seulement lors d'une
acquisition motrice, mais aussi lors d'une adaptation motrice. Ainsi, lorsqu'un sujet maitrise
une tache motrice, il démontre son acquisition motrice; mais lorsque des parameétres de la
tiche ou de I'environnement changent, le sujet doit s'adapter afin d'exécuter la conduite

motrice de fagon aussi efficace.

On remarquera que tout apprentissage moteur empéché lors de I'atteinte cérébelleuse
répond aux critéres de l'adaptation motrice. L'inverse est €galement vrai pour toutes les
taches dont I'apprentissage est peu ou pas empéché, elles font partie de la classe des
acquisitions motrices. Or, les études sur lesquelles se basent les théories impliquant le
cervelet dans I'apprentissage moteur portent précisément sur I'adaptation motrice (Lalonde et
Botez, 1990 et l'article #6). Par exemple, lors d'une tiche de compensation de charge, le

singe démontre une capacité 2 s'adapter au changement de paramétre. L'acquisition de la
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conduite motrice était déja faite dans ce cas. Ce type d'études n'implique pas de
comportements moteurs complexes, qui exigent la coordination de plusieurs mouvements et
de plusieurs articulations, tel que l'exige l'acquisition volontaire d'une nouvelle conduite

motrice.

Certaines de nos études rapportent non pas I'absence d'une acquisition motrice, mais
un ralentissement de l'apprentissage, (articles #1, 2, 4) ou, A tout le moins, l'absence de
raffinement, de précision ou d'automatisation du mouvement 2 la suite de I'entrainement. A
ce stade-ci cependant, il est malaisé de déterminer si ces animaux sont incapables d'atteindre
une telle mélodie cinétique a cause du disfonctionnement cérébelleux ou du
disfonctionnement périphérique. 1l n'en reste pas moins que I'hypothése voulant que le
cervelet intervienne lors du perfectionnement d'une acquisition motrice, et donc 2 la fin de
I'apprentissage, soit corroborée par nos différentes études. Les résultats présentés ici ceux
de Harvey et Welsh (1996), permettent d'affirmer que la Iésion cérébelleuse n'empéche pas
I'acquisition d'une nouvelle conduite motrice. Cependant, une zone grise demeure, soit
I'interprétation des résultats obtenus chez I'humain sain par imagerie cérébrale. Dans le cas
de la tiche des temps de réaction sériels, trois études différentes ont donné lieu a trois
interprétations différentes. Du fait de la nouveauté de ces techniques, il est impossible
présentement d'émettre quelqu'hypothése que se soit. Néanmoins, il est important de
souligner le fait que ces études s'intéressent généralement au substrat anatomique de la
mémoire procédurale en général et non a I'étude de I'apprentissage moteur en particulier.
Ainsi, l'apprentissage implicite de séquences y est commun, sans implication de
I'acquisition d'une conduite motrice en tant que telle. La section suivante a pour but de
situer les différents types apprentissages moteurs dans le cadre plus général des

apprentissages procéduraux.
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2.4.3 Cervelet et mémoire non-déclarative

‘ L'apprentissage moteur est une forme d'apprentissage de type non-déclaratif
(Squire, 1992) ou implicite, en ce sens qu'il s'acquiert, d'essai en essai, sans que le sujet en
soi nécessairement conscient. Le cervelet est essentiel, ou a tout le moins hautement
impliqué dans ce type d'apprentissage (Salmon & Butters, 1995), mais il semble que
certaines réserves s'imposent. Premiérement, les régions de I'encéphale directement
impliquées dans l'apprentissage dit non-déclaratif sont largement inconnues (Doyon et al.,
1996). De plus, la définition méme de ce type d'apprentissage est susceptible de changer,
d'évoluer et de se préciser avec les nouvelles données. Ainsi, on a longtemps considéré que
tout apprentissage non-déclaratif est procédural (acquisition d'une procédure), ce qui inclut
notamment le conditionnement classique, I'apprentissage associatif non-Pavlovien et
I'acquisition d'habiletés (Squire, 1987). Alors qu'actuellement seulement 'acquisition
d’habiletés et leur adaptation sont véritablement considérées comme procédurales (Squire,
1992). De plus, des sous-groupes d'habiletés ont été formés: une habileté peut ainsi étre de
type motrice (v.g. poursuite manuelle d'une cible visuelle mobile), perceptive (v.g. lecture
en miroir) ou cognitive (v.g. planification des mouvements de la tour d'Hanoi). Donc, il

semble prématuré d'affirmer que le cervelet est essentiel 2 l'apprentissage non-déclaratif,

puisque celui-ci englobe plusieurs types d'apprentissages différents.

Il est vrai que le cervelet est essentiel a 'établissement d'un conditionnement
classique impliquant le réflexe d'un muscle squelettique (Solomon et al, 1989, Daum et al.,
1993). Le cervelet a aussi été impliqué dans diverses habiletés perceptives chez I'humain,
telle que la lecture en miroir (Fiez et al., 1994), des habiletés cognitives tel que mesurées par
les problémes de la tour d'Hanoi (Grafman et al., 1992) ou de Toronto (Fiez et al., 1992).
Les troubles d'apprentissages associatifs arbitraires sont souvent décrits chez les patients
cérébelleux (Bracke-Tolkmitt et al., 1989; Akshoomoff et al., 1992; Fiez et al., 1992;

Canavan et al., 1994). Des résultats négatifs ont aussi été rapportés, notamment lors des
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tests de complétement de figures ou de mots fragmentés (Appolonio et al., 1993), de la
lecture en miroir et de la tour d'Hanoi (Daum et al., 1993). Le voile commence seulement 2

se lever sur le fonctionnement de ces processus non-déclaratifs et les conclusions ne sont

pas homogenes.

En ce qui concerne la classe particuliere des habiletés motrices, on la considére
aujourd'hui comme un tout unifié, dont I'établissement dépend directement de l'intégrité
cérébelleuse (Schmahmann, 1997). Certaines précisions devront sans nul doute é&tre
apportées. Les habiletés motrices telles que I'adaptation motrice requise lors du dessin en
miroir (Sanes et al., 1990) et I'apprentissage de séquences semblent concerner directernent le
cervelet (Friston et al., 1992; Pacual-Leone et al., 1993; Jenkins et al., 1994; Doyon et al.,
1996). Mais il est probable qu'il faille dissocier davantage les différents types d'habiletés et
préciser leur nature. Par exemple, I'apprentissage de séquences est évalué par une multitude
de taches différentes, dont la séquence est initiallement inconnue (Pacual-Leone et al., 1993,
Doyon et al.,1996) ou connue (Inhoff et al., 1989) du sujet. Il est également probable qu'il
faille dissocier I'apprentissage d'une séquence de mouvements différents et nouveaux
(Friston et al., 1992) de I'apprentissage d'une séquence différente des mémes mouvements
(Pascual-Leone et al., 1993; Doyon et al., 1996). Enfin, la production de séquences innées
de toilettage chez l'animal, bien que compromise par la Iésion du striatum (Berridge &
Whishaw, 1992) ne I'est pas a la suite de I'atteinte fastigiale (article #4). 11 se peut que le
cervelet intervienne différemment dans la génése des séquences selon qu'elles soient
apprises ou non, mais chose certaine. les noyaux fastigiaux ne semblent pas impliqués (Ivry
et al., 1988: Doyon et al., 1996: article #4). Les résultats présentés supposent un
raffinement de la classe entiére des habiletés motrices. L'adaptation motrice, |'apprentissage
d'une séquence motrice et I'acquisition d'une nouvelle conduite motrice sont toutes

considérées sur le méme pied, en tant qu'habiletés motrices, obtenues par I'entremise d'un
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apprentissage non-déclaratif et 2 la suite d'un apport cérébelleux, ce qui n'est peut-étre pas

réellement le cas.

En ce qui a trait au rdle du cervelet dans I'apprentissage moteur complexe et nouveau
chez I'humain, une seule étude a été effectuée et ce, i I'aide d'une technique d'imagerie
cérébrale lors de l'apprentissage de la tiche de poursuite visuo-manuelle et elle ne rapporte
pas d'activation cérébelleuse (Grafton et al., 1992). Chez I'animal, toute acquisition d'une
conduite motrice complexe est possible malgré l'atteinte du cervelet. En revanche, toutes les
tiches d'adaptation motrice effectuées dans le contexte cérébelleux ont été compromises par
la Iésion du cervelet, autant chez I'humain que chez l'animal. Enfin, la majorité des tiches
impliquant I'apprentissage de séquences ne nécessite pas la génése d'une conduite motrice
complexe (p.ex. peser de fagon répétée sur une ou quatre touches d'ordinateur), ce qui est
tres différent de I'acquisition d'une conduite motrice. Il semble donc que la dissociation
entre adaptation et acquisition motrice soit pertinente, mais aussi la distinction entre cette
derniere et l'apprentissage de séquences. A ce jour, ces dissociations rendent compte de
tous les résultats recensés et convergent vers la conclusion que le cervelet n'est pas essentiel

a I'acquisition de certaines habiletés motrices.

Un autre type d'apprentissage non-déclaratif est I'apprentissage associatif
instrumental. Tel que mentionné en introduction, les résultats concernant cette classe de
tiches sont non seulement tres rares dans les études cérébelleuses, mais aussi trés
divergents. Les résultats de l'article #4 montrent que des I€sions bilatérales des noyaux
fastigiaux n'empéchent pas I'apprentissage de la tiche aversive d'évitement actif, bien que
cette version soit plus difficile que celle utilisée par Schneiderman Fish et al. (1979) qui a
donné lieu & d'importants déficits chez des rats atteints de I€sions similaires. Mais deux
¢tudes seulement ne permettent pas de tirer de conclusions. De plus, ces deux études

different, si ce n'est que pour I'intensité des chocs utilisée. La discrimination visuelle est
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un autre type d'apprentissage procédural. Une nouvelle version aquatique a été présentée,
n'entrainant pas de déficit chez le rat malgré des Iésions latérales (article #2). Cependant, les
souris lurcher sont déficientes au méme test (article #5a de I'appendice I). Il demeure
possible que les régions du tronc cérébral atteintes chez la lurcher soient nécessaires i cet

apprentissage.

Il semble donc que tout apprentissage non-déclaratif ne soit pas nécessairement
empéché ou affecté par la Iésion cérébelleuse. Ainsi, I'acquisition motrice doit étre dissociée
de l'adaptation motrice, qui doit elle-méme étre dissociée du réflexe conditionné, pourtant
tous sont considérés comme des apprentissages de type procéduraux (Squire, 1987). Quant
a l'apprentissage associatif non-réflexe, peu d'études ont été effectuées chez I'animal et les
résultats différent selon le type de conditionnement utilisé et I'étendue des lésions
(Schneiderman Fish et al., 1979; Dahhaoui et al., 1994; Le Marec et al., 1997; article #4
pour un conditionnement aversif; articles #2 et #5a de 1'appendice I pour la discrimination

visuelle).

2.4.4 Place du cervelet dans I'apprentissage moteur complexe

Le type particulier d'apprentissage procédural ayant fait I'objet des études formant
cette these est l'acquisition d'une nouvelle conduite motrice. Ce type d'acquisition est donc
possible, quoique parfois incomplet, i la suite de différentes 1ésions cérébelleuses. Cet état
de fait s'explique dans la mesure ou la lésion de structures extra-cérébelleuses affecte de
fagon substantielle I'apprentissage procédural. En fait, le néo-striatum (noyau caudé et
putamen) est impliqué non seulement dans plusieurs types d'apprentissages procéduraux
pour lesquels le cervelet joue également un réle (Saint-Cyr et al., 1988; Saint-Cyr & Taylor,
1992; Pacual-Leone et al., 1993: Graybiel, 1995), mais aussi lors d'un apprentissage
moteur complexe (Nikkhah et al., 1993; Whishaw et al., 1994; Salmon & Butters, 1995).

De plus, le cortex moteur, méme primaire, n'est plus considéré comme impliqué seulement
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dans la performance motrice, mais aussi dans l'apprentissage d'habiletés et l'acquisition de
conduites motrices complexes (Pascual-Leone et al., 1994, 1995, 1996; Karni et al., 1995;
Donohue et al., 1996; Hallet et al., 1996). Fait 2 noter, le cervelet et le striatum ont de
multiples et importants liens neuronaux mutuels avec les différentes aires motrices, mais peu
de liens entre eux (Divac, 1972; Sazaki, 1979; Ito, 1984; Middleton & Strick, 1994). 1l se
peut que les boucles striato-corticale et cérébello-corticale fonctionnent en paralléle et aient
des roles différents, complémentaires ou compensatoires lors d'apprentissage moteur
(Goldman-Rakic, 1988; Alexander & Crutcher, 1990; Pascual-Leone et al., 1993; Salmon &
Butters, 1995).

La "potentialisation” a long terme (PLT) a été démontrée au sein des neurones du
cortex moteur (Iriki et al., 1989). Ces cellules sont donc capables de plasticité a la suite
d'une nouvelle expérience (Pascual-Leone et al., 1995). Le fait que la DLT ne soit pas
nécessaire a I'acquisition motrice (Ojakandas & Ebner, 1992; Shibuki et al., 1996) et que la
PLT corticale soit correlée 4 un apprentissage de type procédural (Pacual-Leone et al., 1994,
1996) peut servir de bases anatomiques mais aussi théoriques pour expliquer nos résultats.
Plusieurs études d'imagerie cérébrale ont aussi démontré I'activation des aires motrices
primaires, pré-motrices et supplémentaires; non seulement lors de I'exécution motrice mais
aussi lors d'un apprentissage moteur (p.ex. Kawashima et al., 1994; Schlaug et al., 1994;
Jenkins et al., 1994). Des études Iésionnelles animales ont également suggéré I'importance
des aires corticales motrices dans l'acquisition motrice complexe (Pavlides et al., 1993;
Tanji, 1994). Ainsi, au moins trois grandes régions cérébrales semblent étre impliquées dans
I'élaboration d'une nouvelle conduite motrice soit, le cervelet, le striatum et diverses aires
motrices (Salmon & Butters, 1995). De plus, il semble que l'apport cortical ne soit essentiel
que lors de I'établissement (phases initiales) d'un apprentissage moteur. (Pascual-Leone et
al., 1994). Lorsque I'acquisition motrice est €tablie, la contribution du cortex moteur est

atténuée et d'autres structures prennent la reléve; incluant, vraisemblablement, le striatum et
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le cervelet (Salmon et Butters, 1995). Ainsi, les études électrophysiologiques et lésionnelles
chez le singe rapportent un réle spécifique du cervelet dans 1'apprentissage moteur volontaire
et nouveau lorsque le mouvement devient rapide et habile (Sasaki & Gamba, 1982; Sasaki,
1985; Ojakanja & Ebner, 1992, 1994). Une fois que I'apprentissage moteur complexe est
établi de fagon grossiere (Bloedel & Bracha, 1993; Milak et al., 1995), le cervelet
interviendrait afin de permettre une conduite affinée, souple, efficace et spécialisée.
L'acquisition motrice, contrairement au réflexe conditionné, semble faire intervenir plusieurs
régions cérébrales, notamment par l'activation de boucles cortico-sous-corticales. Cette
activation sous-corticale serait par ailleurs spécifiquement requise lors des derniéres étapes
de l'apprentissage moteur. Ainsi, le fait de léser le cervelet avant cet apprentissage ne
I'empéche pas, tel que nous I'avons observé lors des études présentées. De plus, le fait que
I'apprentissage moteur complexe puisse étre partiel, inachevé ou ne pas étre du méme niveau
que celui atteint par des animaux contrdles 2 la suite de lésions cérébelleuses est susceptible
d'appuyer cette hypothése. Nos études ne permettent cependant pas de trancher la question,
puisqu'elles n'ont pas été entreprises dans ce but. En outre, cette hypothése fonctionnelle
tient compte du fait qu'un animal 1ésé au cervelet soit capable d'acquérir une nouvelle
conduite motrice, mais I'adaptation d'une conduite apprise peut €tre empéchée. Encore une
fois, nos études ne comportent pas de tests d'adaptation motrice et ne peuvent donc
confirmer ou infirmer cette hypothése. Cependant, cette derniére tient compte de tous les
résultats obtenus lors des travaux reliés aux nétres et nous apparait, présentement, comme la
plus probable. Cette hypothése n'est pas nouvelle: Brindley (1964) a déja suggéré que
I'acquisition d'une conduite nouvelle, telle que l'apprentissage du piano, débute de facon
consciente et ne dépend a ce moment que du cortex cérébral. Une fois acquise, la conduite
motrice peut €tre générée par le cervelet qui prend progressivement le contrdle de la
performance, la rendant perfectionnée. Enfin, cette hypothése concorde avec celle de Eccles
et al. (1967) émise elle aussi avant la publication des modéles théoriques (Marr, 1969;

Albus, 1971) qui souriennent le rdle crucial du cervelet lors de l'acquisition motrice : "a
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general movement command from higher brain centers leaves the details of the execution of
th_e, movement to subcortical, notably cerebellar control mechanisms". (p-135) Ce sont ces
détails qui sont & la base d'une adaptation, et ce sont ces détails qui sont touchés par la lésion

cérébelleuse.

Plus récemment, Thach (1996) affirmait que "with the time and practice, the
cerebellum largely controls the process, with little or no help from the cerebrum. The
cerebrum and the conscious mind are free to think about other things. Control of the task
has been shifted from a conscious cerebral cortical process to a subconscious one mostly
under the control of the cerebellum" (p.413). Ainsi, sans l'apport d'un cervelet sain, une
acquisition nouvelle est toujours possible, mais elle ne pourra atteindre un haut niveau de
perfectionnement. De plus, I'adaptation motrice intervient lors du changement d'un
parametre entourant une conduite motrice apprise. Etant apprise et perfectionnée, cette
conduite motrice serait sous I'emprise du cervelet, qui régulariserait les parameétres inhérents
a la bonne exécution de la conduite motrice du fait de la DLT. Lors du changement d'un de
ces paramétres, c'est donc le cervelet qui est directement sollicité, d'od la déficience
adaptative résultant de la Iésion cérébelleuse. Dans le méme sens, Hallet (1996) a
dernierement souligné que lors d'un nouvel apprentissage moteur, la premiére étape est de
comprendre les exigences de la tiche et de développer une stratégie générale ou un plan
kinesthésique grossier permettant au moins une réponse appropriée. Cette étape
correspondrait au "what to do". Ensuite, il s'agit d'affiner le plan afin de produire une
performance optimale, ce qui correspondrait au "how fo do". Ainsi, la nouvelle habileté
requiert un nouveau plan moteur pouvant étre obtenu grace au processus de PLT du cortex
moteur, alors que le perfectionnement serait obtenu par adaptation motrice, par I'entremise

du cervelet et du processus de DLT.
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2.4.5 Modeles théoriques récents

Trés peu de modeles théoriques ont été proposés pour expliquer le role que pourrait
tenir le cervelet dans I'apprentissage moteur. La figure de proue dans ce domaine est Masao
Ito. La régularité micro-structurale du cortex cérébelleux et la convergence anatomique des
fibres grimpantes et moussues sur les cellules de Purkinje sont 2 la base du modéle de Ito
(1990, 1993). Selon ce modeéle, le cervelet est une suite de micro-complexes, chacun formé
d'une zone corticale cérébelleuse circonscrite et de certaines cellules du noyau cérébelleux
sous-jacent. Ces micro-complexes représentent les modules fonctionnels de base, en tant
que “controleurs adaptatifs”, dirigés par la plasticité synaptique des cellules de Purkinje qui
est le reflet des signaux d'erreurs envoyés par le systéme effecteur relié i un micro-complexe
particulier. Ces micro-complexes seraient 2 la base des arcs réflexes, des mouvements
volontaires et méme des systémes corticaux impliqués dans les habiletés cognitives. Nos
résultats ne s'accordent que partiellement avec ce modéle. S'il est probable que la plasticité
corticale cérébelleuse soit a la base de I'établissement d'un réflexe conditionné et que la
Iésion cérébelleuse empéche I'adaptation motrice, on ne peut affirmer qu'elle est essentielle a
I'apprentissage d'un mouvement volontaire nouveau. Cependant, Ito (1993) a aussi soulevé
la possibilité que "le cervelet soit particulierement utile aux réflexes et aux mouvements

volontaires lorsqu'une adaptation est cxigée i la suite d'un changement de I'environnement".

3- Cervelet et processus cognitifs

La neuropsychologie cérébelleuse est un concept nouveau et en pleine émergence
(Daum & Ackermann, 1995; Leiner ct al., 1995; Schmahmann, 1996; Thach, 1996 pour des
revues récentes de la littérature). Les études cliniques concernant des patients cérébelleux
présentant des troubles de la sphére cognitive sont de plus en plus nombreuses et de moins
en moins anecdotiques. Ainsi, le concept d'une neuropsychologie du cervelet justifie la

mise sur pied d'études expérimentales ayant pour but de le vérifier.
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Le second grand but de cette thése était donc de déterminer les effets de différentes
lésions cérébelleuses sur la capacité de s'orienter dans l'espace chez le rongeur. Il a €té
notamment démontré que des Iésions de la partie médiane ou des parties latérales du cervelet,
ainsi que des lésions limitées aux noyaux fastigiaux ou latéraux entrainent une augmentation
de la distance parcourue par les animaux atteints lorsqu'ils tentent de retrouver un endroit
préalablement visité. Ces mémes animaux ont également des scores diminués au test de

I'alternance spontanée, considéré comme étant une mesure de la mémoire spatiale.

7.1 Cervelet et habiletés visuo-spatiales

Tel que mentionné en introduction, il semble que les patients cérébelleux soient
susceptibles de présenter des troubles d'ordre cognitif ressemblant A ceux rencontrés chez
des patients cérébrolésés pariétaux ou frontaux. Les patients cérébelleux présentent,
notamment, des déficits de J'organisation visuo-spatiale (Fehrenback et al., 1984, Botez et
al., 1985, 1989; Bracke-Tolkmitt et al.,1989: El-Awar et al., 1991; Hirono et al., 1991;
Canavan et al., 1994; Botez-Marquard et al., 1993, 1996) et de manipulation mentale de
I'espace tri-dimentionel (Wallesh & Horn, 1990). En contre-partie, il semble que méme
I'utilisation d'un grand nombre de sujets ne permet pas de conclure a des troubles de
mémoire spatiale (Marquart-Botez & Botez, 1993), contrairement a ce que Schmahmann
(1996) affirme. Canavan et al. (1994) ont observé des troubles de rappel immédiat de
dessins abstraits et de figures géométriques sans trouble de mémoire 2 long terme chez des
patients cérébelleux, ce que Botez et al. (1985) soutiennent depuis quelques temps. Ce
concept est encore tres mal défini et non établi. Des résultats négatifs sont rapportés
(Appolonio et al., 1993; Kish et al., 1994). Comme le faisaient remarquer Daum et al.
(1993), il est particulierement rare de rencontrer un patient dont la lésion est uniquement
cérébelleuse et bilatérale; la formation d'un groupe de tels patients l'est d'autant plus. Ce qui
explique les études de cas (Fiez et al. 1992), la formation de groupes de patients provenant

de divers pays (Ivry et al., 1988), ou I'étude de patients atteints de Iésions dépassant la
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circonscription cérébelleuse (p.ex. Botez et al., 1989). C'est aussi pour cela que plusieurs
questions demeurent en suspens quant a un apport direct du cervelet. Demiérement, Botez-
Marquard et al. (1996) ont utilisé une méthode différente afin de contourner ce probléme.
Ils ont correlé les déficits cognitifs observés chez des patients (n=32) atteints d'atrophie
olivo-ponto-cérébelleuse, plus faciles a regrouper que des patients cérébelleux, avec le degré
datteinte cérébelleuse tel que déterminé par cinq mesures neuro-radiologiques. Ils ont ainsi
pu confirmer que l'ampleur des troubles cognitifs dont sont victimes ces patients est

effectivement corrélée avec I'ampleur de I'atteinte cérébelleuse.

Malgré les difficultés inhérentes a ce type de travaux, les études cliniques publiées
lors des dix derniéres années ont fait ressortir un ensemble cohérent de déficits cognitifs. 11
semble qu'ils soient souvent de méme nature que ceux rencontrés lors de certaines Iésions
corticales, qu'ils soient moins importants ou moins graves que ces derniers et qu'ils ne
touchent pas de maniére notable les facultés mnésiques (Botez, 1992; Botez-Marquard et al.,

1996).

3.2 Orientation spatiale et Iésions cérébelleuses chez I'animal

Bien que représentant une alternative aux problemes inhérents a I'étude de I'humain
cérébelleux et souhaité depuis nombre d'années (Lalonde & Botez, 1990), 1'utilisation
d’animaux est peu fréquente dans ce domaine de recherche (voir article #6). Ces derniéres
années, quelques behavioristes n'ont plus été uniquement préoccupés par l'aspect moteur
des troubles cérébelleux (Le Marec et al., 1997; Petrosini et al.,1996: Lalonde et al., 1996;
articles #8 et 11). La tache d'orientation spatiale la plus utilisée chez le rongeur est, et de
loin, le test du labyrinthe aquatique de Morris (Morris et al., 1982). Elle offre plusieurs
avantages, dont celui de ne pas nécessiter I'administration de chocs ou le retrait de
nourriture, en plus de ne pas étre excessivement sensible aux troubles de coordination

motrice. Cette tiche requiert de la part de I'animal qu'il reconnaisse d'un essai a l'autre des
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indices visuels environnementaux immuables, afin de permettre 'établissement entre eux de
liens spatiaux le rendant apte  retrouver une plate-forme submergée dans de 1'eau opaque.
Les animaux ne peuvent ainsi simplement se fier & une trajectoire particuliére qu'ils re-
empruntent de fagon répétée (stratégie praxique), ou sur un indice prégnant particulier qui
leur servirait d'essai en essai (stratégie taxique). La maitrise de cette tiche est généralement
obtenue en moins de quatre essais chez les animaux contrdles (Morris et al., 1981; Kolb et
al., 1983). De plus, en élevant la plate-forme au-dessus de I'eau, on la rend visible, ce qui
permet la mesure des capacités de navigation et des habiletés visuo-spatiales de chaque
animal. Fait intéressant, on sait déja que la Iésion des aires corticales pré-centrales (Kolb et
al., 1983), post-centrales (DiMattia & Kesner, 1988) ou de I'hippocampe (Morris et al.,

1982) entraine des déficits i cette tiche chez le rat.

Tel que mentionné dans la section introduction, les premiéres études intéressées a
Févaluation des effets des Iésions du circuit cérébelleux chez l'animal ont été faites sur
différentes mutations naturelles cérébelleuses (Lalonde & Botez, 1990; Goodlett et al., 1992:
Lalonde, 1994b). Cependant, la majorité de ces études a été effectuée i I'aide d'une piscine
trés petite, toute proportion gardée, ce qui a pu masquer de possibles troubles natatoires
pouvant €tre occasionnés par |'importante dégénérescence cellulaire dont sont victimes ces
souris. Mais surtout, ces études ne permettent pas de déterminer le réle du cervelet en tant

que tel, puisque les lésions dont sont atteints ces souris touchent plusieurs autres régions.

Mis-a-part les études présentés dans le cadre de cette thése, seulement deux ont
mesure l'effet des lésions uniquement cérébelleuses sur l'acquisition de Ia tiche aquatique de
Morris. Petrosini et al. (1996) rapportent, en premier lieu, le fait que les rats
hémicérébellectomisés sont beaucoup moins efficaces que les rats contrdles pour retrouver la
plate-forme invisible. Mais ce type de Iésion, en plus d'€tre unilatéral, entraine de nombreux

troubles moteurs pouvant nuire a I'exploration environnementale. Drailleurs, ces rats sont
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incapables de trouver la plate-forme lorsqu'elle est hautement visible et ce, malgré une
position de départ constante. C'est donc dire qu'en ayant la possibilité de voir la plate-forme
et ce, d'un angle et d'une position constants d'un essai 2 I'autre, ces animaux ne s'y rendent
pas aussi rapidement que les contrdles. Qui plus est, ils ne s'y rendent méme pas lors de
50% des essais, malgré qu'on leur accordait 120 secondes par essai; ce qui est deux fois
plus qu'a l'accoutumée. Des troubles visuo-moteurs ou de motivation peuvent étre
responsables de ces résultats. Par contre, Petrosini et al. (1996) ont subséquemment
démontré que si I'hémicérébellectomie est effectuée apres l'acquisition de la tiche, les
animaux parviennent a trouver la plate-forme visible et méme invisible, aussi efficacement
que les animaux contrles, ce qui a permis de conclure 3 une véritable implication
cérébelleuse lors des processus d'apprentissage non-moteurs. Il n'en demeure pas moins
que ces résultats sont plutdt inusités et difficilement interprétables. Des lésions plus
subtiles, qui n'entrainent pas de déficits visuo-moteurs, i tout le moins aussi flagrants, sont

préférables.

C'est ce que Le Marec et al. (1997) ont fait, en empéchant la viabilité des cellules en
grains de rats nouveau-nés par la diffusion post-natale de rayons-X. Ce type d'irradiation
touche exclusivement les fibres visées (Mariani et al., 1990) et dans le cas présent, on s'en
est tenu au cortex cérébelleux, ce qui permet une étude sans €quivoque. L'irradiation
granulaire n'a pas empéché les rats atteints d'apprendre la tiche aquatique de Morris, mais le
taux d'apprentissage a été conséquemment diminué. Le probléme majeur avec cette étude,
outre le fait que I'histologie a seulement été faite dans 45% des cas, est que la seule variable
dépendante est le temps requis par les animaux pour retrouver la plate-forme invisible. On
rapporte ainsi que les rats irradiés mettent plus de temps pour trouver la plate-forme, ce qui
prouve qu'ils souffrent de troubles d'orientation spatiale. II se peut, cependant, que ces
animaux n'aient pas soufferts de tels troubles, mais qu'ils aient simplement été ralentis par

leurs Iésions. De telle sorte qu'un animal €prouvant des difficultés natatoires, mais capable
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de se diriger directement et sans erreur vers la plate-forme sera jugé comme souffrant de
troubles d'orientation. A l'opposé, si un rat est incapable de trouver la plate-forme sur la
seule base des indices spatiaux présents autour de la piscine, mais qu'il développe une
stratégie praxique consistant a tourner en rond rapidement jusqu'a ce qu'il rencontre par
hasard la plate-forme, on considérera sa performance normale (puisque 1'unique variable
dépendante est le temps).  L'inclusion d'une seconde variable dépendante, la distance

parcourue, est toujours souhaitable.

3.3 Discussion relative aux résultats obtenus lors des études formant la présente these

Les seules autres études concernant les effets de lésions cérébelleuses sur les
capacités d'orientation spatiale chez le rat sont présentées dans les articles # 2, 4 et 5. Ces
études visaient a induire des lésions cérébelleuses plus ciblées, touchant d'une part les
hémispheres cérébelleux ou le vermis et d'autre part, les noyaux fastigiaux ou latéraux.
Dans le cadre de ces études, deux nouvelles mesures ont été instaurées dans le but de vérifier
I'absence de troubles moteurs ou visuo-moteurs. Premiérement, la distance relative
parcourue (mesurée en terme de cadrans franchis) a été prise en compte, ainsi que le temps
requis pour retrouver la plate-forme. De telle sorte que, lorsqu'un groupe expérimental
obtient des valeurs plus grandes qu'un groupe contrdle aux deux variables, on considére
qu'il démontre des déficits d'orientation spatiale. Par contre, lorsque seulement la variable
temps est augmentée, la présence de troubles moteurs est suspectée. Dans le cas on seul la
variable distance est augmentée, il est possible que les animaux soient hyper-actifs ou qu'ils
cherchent le but de fagon aléatoire. 1l se peut en effet que des animaux, incapables de situer
I'endroit de la plate-forme sur la seule base des relations spatiales existant les différents
indices visuels qui entourent le bassin et eux-mémes, apprennent a nager rapidement en
périphérie, décrivant de larges cercles, dans le but de trouver la plate-forme. En second lieu,
une version ot la plate-forme devient visible a été ajoutée afin d'éliminer des erreurs

d'interprétation (articles # 2, 4, 5 et article #2a de I'appendice I). Les deux mémes mesures,
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le temps et la distance, sont prises en considération lors de ce test. Ainsi, lorsque les rats
franchissent une plus grande distance en comparaison aux rats témoins pour atteindre la
plate-forme, des troubles visuels, visuo-moteurs ou moteurs (lorsqu'un animal souffre de
graves troubles de coordination des membres et tourne sur lui-méme; article #2 et lésion du
vermis) peuvent étre suspectés, alors qu'une augmentation des temps requis peut refléter la
présence de troubles moteurs (car dans ce cas I'animal emprunte la bonne direction mais a

des troubles natatoires; articles 2a de I'appendice I) ou de motivation.

Les Iésions du vermis entrainent I'élévation des valeurs des deux variables lorsque la
plate-forme est visible (article #2). Ce groupe de rats a donc été éliminé des analyses
subséquentes. Par contre, des Iésions limitées aux noyaux fastigiaux n'ont pas provoqué de
tels déficits lors de la version "visible", mais plutdt lors de la version "invisible" (article #2).
Ces rats sont aussi parvenus  localiser la plate-forme de fagon plus efficace en fonction des
essais (effets longitudinaux significatifs pour les deux variables). Cependant, la présence
d'une interaction pour la variable temps indique que ce groupe peut souffrir de déficits
moteurs mineurs. En ce qui concerne l'aspiration des hémispheres cérébelleux, elle n'induit
aucun déficit moteur ou visuo-moteur, mais bien une augmentation de la distance moyenne
parcourue et du temps requis afin de situer la plate-forme invisible (article #2). Ce groupe
de rats améliore tout de méme significativement sa performance, telle que mesurée par les
deux variables et ce, sans interaction. C'est dire que ces rats démontrent une trés bonne
capacité d'apprentissage, mais qu'ils sont limités par les déficits d'orientation observés.
Enfin, des Iésions limitées aux noyaux latéraux induisent exactement le méme type de
troubles que provoque I'aspiration hémisphérique (article #5). Aucune de ces lésions ne
donne lieu a des déficits de nature mnésique, tels que mesurés par la ré-évaluation sept jours
plus tard. Ces Iésions n'induisent pas non plus d'importants déficits de persévérance, étant
donné que tous les groupes ont démontré des capacités a retrouver la méme plate-forme

lorsque située a un nouvel endroit dans Ia piscine de Morris. Cependant, le groupe de rats
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Iésés au niveau des noyaux latéraux ont éprouvés quelques difficultés lors du premier jour
dq testing dans cette nouvelle condition (article #5), mais ils sont néanmoins parvenus a
atteindre les mémes niveaux de performance que les rats du groupe contrdle des le jour
suivant. Ce résultat est surprenant, étant donné I'absence de tel déficits 2 la suite de Iésions
plus imposantes de la méme région (article #2). Le fait que les rats dont la Iésion atteint le
cortex pré-central ont ces troubles de persévération (Kolb et al., 1983) est intéressant et
Justifie la poursuite d'études utilisant des taches similaires. Par contre, la nature du déficit
ne semble pas ici étre la méme, puisque la persévération se traduit par le retour constant au
méme endroit. Comme les rats de la présente étude ont augmenté significativement le
nombre de cadrans franchis, ils ne semblent pas démontrer de persévération. Les rats dont
la Iésions atteint le cortex post-central ont quant i eux des troubles de I'orientation spatiale de
type allocentrique (DiMattia & Kesner, 1988 a, b). C'est-a-dire que ces rats ne parviennent
pas a localiser la plate-forme sur la base des relations spatiales existant entre les différents
indices visuels qui entourent la piscine. Ces rats parviennent néammoins A trouver la
plateforme, mais de fagon aléatoire, tel que démontré par des enregistrements vidéos. Nos
propres enregistrements, effectués dans le cadre de I'étude #5, ont révélé que les rats atteints
de lésions bilatérales des noyaux dentelés ont ¢galement des troubles d'orientation spatiale
de nature allocentrique, mais dans une moindre mesure que les rats atteints au niveau post-
central. En effet, il est établi que les rats cérébelleux ne se retrouvent pas dans la région
périphérique de la piscine de Morris plus souvent que les rats du groupe contrdle. Les deux
groupes d'animaux n'ont donc pas tendance 2 adopter une stratégie aléatoire, consistant a
nager pres des rebords de la piscine jusqu'a rencontrer fortuitement la plate-forme.
Cependant, les rats du groupe expérimental different significativement des rats du groupe
contrdle quant a l'orientation de leur corps lorsqu'ils quittent la position de départ et
lorsqu'ils quittent le rebord de la piscine pour se diriger vers le centre. En fait, les rats du
groupe contrdle orientent leurs corps (en termes de degrés) en fonction du vecteur entre le

point de départ et le point d'arrivée de fagon plus précise en fonction des jours, alors que les
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rats avec Iésions des noyaux dentelés ne s'orientent pas mieux le quatriéme jour quatre que
le premier jour. Cette mesure de l'orientation du corps par rapport a la ligne idéale a suivre
entre le point de départ et le point d'arrivée nous permet d'affirmer que les rats 1ésés
parviennent a localiser la plate-forme aussi rapidement et en franchissant un nombre
comparable de cadrans que les rats du groupe contrdles, mais ils se dirigent vers la
plateforme de fagon moins directe. Les rats lésés ont donc des troubles d'orientation spatiale

de nature allocentrique.

En conclusion, l'atteinte cérébelleuse n'empéche pas 1'amélioration des performances
telle que mesurée par la distance parcourue et le temps requis pour retrouver un endroit
précis, mais provoque I'emprunt de chemins indirects. II est intéressant de noter que des
I€sions corticales antérieures (Kolb et al., 1984) et postérieures (DiMattia & Kesner, 1988)
entrainent également des déficits, quoique plus importants, lors de cette tiche. De plus, les
Iésions latérales du cervelet induisent moins de troubles moteurs que les Iésions médianes,
ce qui peut refléter le fait que les régions latérales du cervelet ont surtout des liens
anatomiques rostraux, alors que les régions médianes ont surtout des liens anatomiques

caudaux (Schmahmann, 1996).

Les déficits d'orientation spatiale, mesurés par la tiche d'alternance spontanée dans
le labyrinthe en "T", ont aussi été observés chez les souris mutantes (Lalonde & Botez,
1990; Lalonde, 1994; article #3a de I'appendice 1), les rats hémicérébellectomisés (Petrosini
et al., 1996), ainsi que chez les rats ayant subi la Iésion bilatérale des noyaux fastigiaux
(€tude #2) ou latéraux (étude #5). Cette tiche est une mesure d'orientation spatiale de type
€gocentrique; qui dépend de la position du sujet (DiMattia & Kesner, 1988b), si le labyrinthe
est déplacé d'un essai & l'autre, ou allocentrique c'est-a-dire qui dépend des stimuli
extérieurs (Lalonde & Botez, 1990) s'il est fixe, comme cela a été le cas lors des présentes

€tudes (articles #2 , 5 et 3a de I'appendice I). Mais cela peut aussi &tre une mesure de
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persévération (Kolb et al., 1983) car un animal peut avoir une tendance non naturelle 3
retourner toujours au méme endroit, ou une mesure d'hyperactivité car I'animal peut
parcourir le labyrinthe trés rapidement et ne pas réellement faire de choix au moment de
décider ot il doit se diriger. Dans le cas d'une tendance a la persévération, elle est observée
sans méme la présence d'un délai inter-essais, ce qui n'est pas le cas ici. De plus, aucune
des lésions pratiquées dans le cadre de ces travaux n'a engendré d'hyperactivité ou
d'hypoactivité (mesures non présentées). Il semble donc qu'il s'agisse d'un trouble de
mémoire spatiale. Cependant, étant donné I'absence de tels déficits chez les rats 1ésés du
vermis ou des hémisphéres cérébelleux et surtout, étant donné l'absence de troubles
mnésiques pour tous les groupes étudiés lors de la tiche aquatique, cette conclusion ne peut
étre retenue sur la seule base de ces résultats. En fait, Ia tiche de I'alternance spontanée
nécessite I'emploi d'un grand nombre de sujets, parce qu'elle n'implique ni des stimuli
appétitifs, ni des stimuli franchement aversifs . Etant donné que ce nombre ne peut étre
déterminé a I'avance dans le cadre des études lésionnelles, ces résultats ne peuvent servir

qu'a inciter d'autres études.

4- Mécanismes possibles : hypothéses fonctionnelles

4.1 Anatomie et physiologie globales

Les mécanismes neuronaux proposés pour expliquer le role du cervelet dans
I'apprentissage moteur impliquent une contribution essentielle et directe des neurones
cérébelleux, notamment la plasticité des synapses des cellules de Purkinje. En ce qui
concerne les troubles non-moteurs observés chez I'humain et I'animal, on postule plutét le
déreglement de centres neuronaux situés i l'extérieur du cervelet, mais liés a ce dernier. On
sait que le cervelet a des liens importants et réciproques avec certaines aires corticales, dont
les lobes frontaux et pariétaux (Sasaki et al., 1975; Sasaki, 1979). On sait aussi que ces
liens vont au-dela des aires motrices et sensorielles primaires, qu'ils impliquent également

les aires associatives et qu'ils concernent principalement les parties latérales du cervelet, tant
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chez I'humain que I'animal (Schmahmann & Pandya, 1989, 1991; Schmahmann, 1991,
19}6; Middleton & Strick, 1994). Parallélement, plusieurs cliniciens ont remarqué que la
nature des troubles cognitifs dont sont atteints les patients cérébelleux s'apparente a celle des
troubles dont sont atteints les patients cérébro-1ésés soit des aires frontales ou pariétales,
mais la gravité des troubles cérébelleux est moindre (Botez et al., 1985; 1989; Canavan et

al., 1994; Leiner et al., 1993; Schmahmann, 1991, 1996).

Le cervelet est relié aux lobes frontaux et pariétaux de fagon di-synaptique, un
important relais cérébello-cortical se trouve au niveau des noyaux thalamiques, et I'autre
relais important cérébro-cérébelleux se trouve au niveau des noyaux pontiques. Ainsi, il
demeure possible que le cervelet en tant que tel ne soit pas directement impliqué dans les
processus cognitifs énumérés ci-haut, mais que son atteinte entraine un déreglement
neuronal a distance. Cet effet & distance ne concernerait que les aires cérébrales liées au
cervelet et occasionnerait ainsi des symptomes classiquement reliés a la Iésion de ces aires
corticales, mais dont I'importance serait moindre du fait de I'atteinte indirecte. C'est ainsi
que Botez (1992) a postulé que le tableau clinique du patient cérébelleux ressemblerait a ce
qu'il convient d'appeler un syndrome pseudo-frontal ou pseudo-pariétal. Par ailleurs, le
phénomene de diaschisis est connu depuis longtemps, notamment au niveau cérébro-cérébral
(Von Monakow, 1914; Hoedt-Rasmussen et al., 1964, rapporté€s par Meyer et al., 1993). 1
a aussi €t€ observé a maintes reprises au niveau du cervelet, a la suite d'une Iésion corticale,
d'ol son nom de diaschisis cérébro-cérébelleux (Baron et al., 1980). Plus récemment, ce
phénomene a été confirmé dans l'autre sens et appelé diaschisis inverse ou cérébello-cérébral
(Botez et al., 1991; Sonmezoglu et al., 1993). Le phénomene de diaschisis cérébro-
cérébelleux s'explique par la voie cercbro-ponto-cérébelleuse, mais il n'y a pas entente sur le
phénoméne inverse, cérébello-cérébral, qui pour les uns dépend du relais striatal (Botez,
1992) et pour les autres, du relais thalamique (Schmahmann, 1996). Cet effet i distance est

le reflet de liens neuronaux privilégiés qu'entretient le cervelet avec les régions corticales
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fronto-pariétales. Ce phénomene et les liens anatomiques, qu'il suppose, sont cités afin
d'expliquer les désordres cognitifs observés a la suite de 1ésions purement cérébelleuses.
Bien que certains (Leiner et al., 1993) supposent un réle direct du cervelet dans I'élaboration
de différentes conduites cognitives, les données anatomiques, cliniques et expérimentales
convergent plutdt vers un réle cérébelleux indirect, a cause de ses différents liens
neuronaux. Le cervelet ferait ainsi partie des réseaux sollicités lors de 1'élaboration de

certaines fonctions cognitives sans nécessairement étre un site essentiel a cette élaboration.

Chez I'animal, la méme logique devrait pouvoir s'appliquer puisque les liens
neuronaux sont grossierement similaires. Cependant, les tests employés sont trés différents
des tests congus pour I'humain et la nature de ce qu'ils mesurent est moins claire. En
premier lieu, les résultats aux tests utilisés chez I'humain peuvent €tre corrélés avec l'atteinte
de différentes régions et certains symptémes peuvent méme étre localisés (Lezak, 1983). 1I
y a lieu de parler d'un syndrome frontal ou pariétal (Botez et al., 1989). Différents sous-
tests peuvent ensuite étre élaborés dans le but de délimiter différents sous-types de déficits.
Il n'est pas possible d'en arriver & une telle fragmentation avec des tiches destinées aux
rongeurs, car la méme tache est souvent mal effectuée 2 la suite l'atteinte de différentes
régions du systéme nerveux. En second lieu, la nature des tiches utilisées chez le rongeur
est tres différente. Ces derniéres sont trés souvent basées sur des apprentissages
instrumentaux. Mais surtout, elles impliquent presque constamment un mouvement complet
de I'animal, qui doit se mouvoir dans un labyrinthe. La capacité de s'orienter dans I'espace
est donc ici évaluée par des moyens trés différents de ceux utilisés chez I'humain.
Cependant, certaines taches sont reconnues pour €tre sensibles & la Iésion de certaines aires
particulieres. C'est le cas notamment du test aquatique d'orientation spatiale utilisé dans le
cadre des travaux présentés ici. La performance 3 cette tiche est entravée par des lésions
corticales antérieures et postérieures chez le rat (Kolb et al., 1983; Kolb, 1984; DiMattia &

Kesner, 1988a,b), ainsi que par des Iésions de I'hippocampe (Morris et al., 1982), mais non
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par des lésions temporales (Kolb et al., 1994). Chez le rat, le cervelet est 1ié anatormiquement
aux parties antérieures et postérieures du cortex cérébral, ainsi qu'a I'hippocampe. Le fait
que l'atteinte cérébelleuse empéche les animaux 1ésés de réussir aussi bien que les animaux
contrdles lors de ces tests peut étre dii 4 un effet 4 distance impliquant l'une ou l'autre de ces

régions.

L'utilisation de techniques histologiques récentes permet la vérification du bien-
fondé de I'hypothése d'un effet a distance. En effet, il est possible de déterminer la
concentration, au sein de différentes régions, d'enzymes associées a I'activité métabolique
neuronale. Graziano et al. (1996) et Leggio et al. (1996) ont ainsi démontré que le taux de
cytochrome oxydase est grandement réduit aux niveaux antérieur et postérieur du cortex
cérébral a la suite de I'némisphérectomie cérébelleuse chez le rat. La prochaine étape de nos
travaux consistera donc a évaluer le taux de cette enzyme aux niveaux antérieur et postérieur
corticaux ainsi qu'au niveau de I'hippocampe de rats ayant non seulement subit des 1ésions
plus circonscrites, mais ayant de plus été évalués sur le plan comportemental. Ces travaux
sont présentement en cours. Les présents résultats ne permettent pas quant a eux de
conclusion concernant les mécanismes impliqués dans les troubles comportementaux
observés. Il est toujours possible qu'aucune activation extra-cérébelleuse n'ait été
occasionnée par nos lésions et que le cervelet ait influencé de lui-méme le comportement

observé.

De plus, il serait grandement souhaitable, 2 la lumigre des résultats présentés ici, de
mettre sur pied une étude utilisant le singe. 1l serait ainsi possible non seulement d'utiliser
des tests sensibles aux dommages frontaux (Mishkin & Manning, 1978; Brody & Pribram,
1978), en opposition a d'autres tests sensibles aux dommages pariétaux (Pohl, 1973:
Mountcastle et al., 1975; Petrides & Iversen, 1979) ou temporaux (Zola-Morgan & Squire,

1984), mais aussi d'employer de nouvelles techniques histologiques, afin d'établir de fagon
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convaincante les bases d'une hypothése fonctionnelle. En outre, la nature de ces tests

s'apparente beaucoup plus a celle des tests utilisés en clinique.

4.2 Modeles proposés

Si le nombre de modeles proposés pour expliquer les troubles d'apprentissage
moteur a la suite de l'atteinte cérébelleuse est limité, celui des modeles explicatifs des
troubles cognitifs cérébelleux I'est encore plus (Leiner et al., 1986; Ito, 1993; Schmahmann,
1996). Etant donné que cette classe de déficits n'est pas encore établie en tant que partie
intégrante du tableau clinique des patients cérébelleux, ce n'est guére surprenant. De plus,
les modeles présentement proposés postulent un role direct du cervelet dans I'élaboration
desdites fonctions cognitives, ce qui est trés incertain. Pour ces raisons, ces modéles ne

seront pas discutés.
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Les travaux entrepris dans le cadre de cette thése se sont intéressés aux effets de
diverses 1ésions cérébelleuses sur différents types d'apprentissages. Il ressort que 1'atteinte
cérébelleuse n'empéche pas 1'établissement d'un apprentissage moteur complexe et nouveau,
contrairement a ce qui est observé dans le cas de I'adaptation motrice. De plus, la capacité

de s'orienter dans I'espace, loin d'étre abolie, est constamment compromise ou amoindrie.

Un article de Bloede] et al. (1991) s'intitule : "Substrates Jor motor learning: does the
cerebellum do it all ?". Nos résultats, ainsi que ceux des études publiées jusqu'ici suggérent
une réponse  cette question. Le cervelet semble essentiel ou directement impliqué dans le
processus de I'apprentissage moteur s'il s'agit d'une adaptation motrice, mais non lors de I
acquisition d'un apprentissage moteur. Il semble que lorsqu'un organisme doit adapter un
comportement moteur particulier, i la suite d'un changement de I'environnement, I'intégrité
du cervelet est essentielle ou a tout le moins bénéfique. Par contre, lors de l'acquisition
d'une conduite motrice complexe, l'atteinte cérébelleuse entrave non pas l'apprentissage,
mais plutdt I'atteinte d'un niveau optimal de performance. Il semble donc que l'on doive
dissocier deux sous-composantes de I'apprentissage moteur, soit I'adaptation motrice et
I'acquisition d'une conduite motrice. lorsqu'i] est question du rdle cérébelleux dans ce type
d'apprentissage. Ces résultats tiennent compte des boucles neuronales cérébello-corticales
sérielles et paralléles impliquant non seulement plusieurs structures mais fonctionnant aussi

en association avec d'autres circuits impliquant notamment les ganglions de la base.

Les effets non-moteurs résultant d'une Iésion cérébelleuse semblent bel et bien
existés. Cependant, le site de la Iésion est important, car en comparaison avec la lésion
latérale, I'atteinte médiane entraine plusieurs troubles de nature motrice et I'éventail des
troubles non-moteurs en résultant est limité; comme en fait foi l'absence de troubles
d'apprentissages associatifs tels que I'évitement de choc (article #4) et la discrimination

visuelle (article #2), ainsi que l'absence d'effets majeurs sur la production d'une séquence
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motrice innée (article #4). Enfin, lorsqu'une conduite non-motrice est déficiente, tel la
capacité de s'orienter efficacement dans l'espace, elle n'est pas empéchée mais plutot
entravée. Le fait que les lésions cérébelleuses latérales soient plus susceptibles d'entrainer
des troubles de nature non-motrice et que ces derniers s'observent a la suite de lésions
corticales corrobore non seulement que les liens cérébello-corticaux sont en majorité issus
des noyaux latéraux, mais aussi que le diaschisis cérébello-cortical est présent. En effet, en
accord avec I'nypothése d'un effet & distance, la nature des troubles d'origine cérébelleuse

semble €tre comparable a celle des troubles d'origine corticale, mais I'importance de ces

derniers est plus grande.

Le fait que I'atteinte cérébelleuse entraine des troubles d'apprentissage moteur et
non-moteur n'implique donc pas que le cervelet soit en tant que tel I'unique responsable de
telles fonctions. Il est plus probable que pour étre efficaces, les processus d'acquisition
motrice complexe et d'orientation spatiale nécessitent l'activation d'un réseau neuronal
cortico-sous-cortical dont fait partie le cervelet, au méme titre que plusieurs autres régions.
Dans les deux cas, I'atteinte cérébelleuse n'induit pas de déficits majeurs, ce qui est
certainement le reflet d'un apport réel mais non-exclusif. De plus, il a été rapporté ici pour la
premiére fois que des lésions limitées au cervelet peuvent entrainer des retards

d'apprentissage chez le rat.

Afin de vérifier I'hypothése d'un effet neuronal 2 distance, I'étude qualitative des
déficits observés chez le rat est souhaitable. Elle permettra la comparaison directe entre les
effets de I€sions cérébelleuses et ceux de lésions corticales. L'étude anatomo-fonctionnelle
quantitative du métabolisme neuronal au niveau cortical, 2 la suite de ces l€sions, est tout
autant souhaitable. L'utilisation de primates non-humains permettra une comparaison plus
appropriée des études animales et humaines, i cause de la plus grande similarité des tches et

de I'évolution des organismes. Enfin, elle permettra non seulement la vérification
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histologique d'un effet neuronal 4 distance, mais aussi la vérification ultime que des lésions
bilatérales, exclusivement limitées & des régions précises du cervelet, sont 2 l'origine de

troubles cognitifs.
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LALONDE. R, C. C. JOYAL. I.-M. GUASTAVINO AND M. |. BOTEZ. Hole poking and motor coordination in lurcher muant
muce. PHYSIOL BEHAYV S4(1) 4144, 1993.—Lurcher mutant mice, a cerebellar murant displaying ataxia and equilibnium
deficits. had fewer hoie pokes in a 16-hole matrix than normal mice. Lurcher mutants also took longer to reach a platform from
a gnd and to begin to cimb a gnd from the floor. However, the lurchers climbed as high as normal mice on the grid and their
expioratory panerns of the holeboard were ssmular in many respects to normal mice, such as the rato of center to penipheral hole
explorauon. [n 2 wooden beam test, although lurchers did not differ from normal mice in terms of the amount of ime spent oo
the beam or in the distance travelled, the mutants were found more often in unstabie postuons.

Cerepellum Lurcher mutants Explorauon Climbing behavior Balance beam

LURCHER mutant mice are characterized by losses in cersbellar
Purkinje and granule cells and inferior olive cells (2—,11-13).
Expenments with chimenc mice formed by aggregaung lurcher
and wild-type embryos have indicated that the Lc gene (on chro-
mosome 6) acts directly on the Purkinje cell and that the de-
generauon of granule and infenor olive neurons occurs as a
secondary consequence 10 the Purkinje cell degenerauon (11—
13). It has recenuy been reported that lurcher mutant Bergmann
ghial enzymes are not affected directy by the lurcher gene but
are dependent on interacuons with Purkanje cells (3).

Lurcher mutants not oaly have anatomucal evidence of olivo-
cerepellar abnormalines but also behavioral evidence such as
ataxia and loss of equilibrium. However, lurcher mutants are
not impaured in all tests of motor funcuon. In spite of ataxia,
their leve] of acuvity 1n a T-maze was not reduced (7). On the
contrary, dunng the second part of a 4mun session 1n a resmicted
regon of a T-maze, at a ume where habituanon occurred 1n
normal mice, lurcher mutants did not habituate (7). The same
paniern of perseveranon emerged in hole poking 1n a steel cage
with a single hole in the center of the floor, where lurcher mutants
had more hole pokes than normal mice duning the second pant
of the session (10). However, they had more falls when placed
verucally on a gnd or honzontally on a coathanger (10).

The purpose of the present study was 10 analyze further the
motorcapacity of lurcher mutants by means of hole poking and
motor coordinauon tests. Although lurcher mutants were not
impaired 1o terms of hole poking with a singie hole in a steel
cage (10). 1t was hypothesized that the mutants may be impaired
10 2 more challenging 16-hole mawnx apparatus (6). Latencies

' Requests for reprints should be addressed to R. Lalonde.

to climb on or off 2 grid were analyzed for the purpose of dis-
tingwishing spared and deficient functioning of climbing behavior
in these mutants. Moreover, a wooden beam test was used. The
wooden beam has been used as a test of equilibrum in mice
and rats (1). The usual measure is the tume taken for the animal
t0 fall from the beam. In the course of the evaluation of cerebellar
mutant mice, we have used an adaptaton of the standard beam
by placing the mice on top of the wall of 2 wooden holeboard
(8.9). In ttus fashion, the mice are able to move about more
freely than the standard short beam and, thus, various compo-
nents of sensorimotor coordination may be delineated. In this
appararus, weaver and staggerer mutant mice fell off the beamn
more quickly than normal mice (8.9). During the present eval-
uation, it was noticed that, contrary 1o the other two cerebellar
mutants, the lurcher mutants did not fall off the beam more
quickly. We, therefore, sought to obtain alternate measures in
the wooden beam test in order 10 see 1n what way lurcher mutants
differ from normal mice. For this purpose, the number of seg-
ments traversed on the beam was measured, because it was con-
sidered that a difference may emerge in terms of distance ravelled
on the beam. Apother type of measure was the quanutauve es-
umauon of the body position of the mice on the beam. It was
considered that lurcher mutants may differ from normal mice
by the manner in which they stand on the beam.

METHOD
Anmmals
Two shipments of lurcher mutants and controls were used.
In the first shipment, lurcher (Lc/+) mutant mice (2 = {1) and



F1G. 1. Body posinon of the mice oo the wooden beam.

iormal (B6CBA-A™//A) conmols (n = 11) were obtained fFom
ackson Laboratory and kept in group cages iz a temperature-
nd humidity-controlled room with food and water availabie at
Il umes. The animalis were obtained at 1 moath of age and
:sted at about 2 months of age. In the second shupment, urcher
utant muce (1-2 moaths old, # = 17) and normal Littermate
onmols (B6CBACA-A™/A background, n = 8) were also ob-
uned from Jackson Laboratory. The mice were maintained og

12-b bght—dark cycie (Lights off at 1830 h) and tested dunng
1e afternoon.

pparatus

The I6-bole mamx made of wood measured 70 X 70 cm.
he beight of the walls was 34 cm. The holes (diameter = 4 cm)
ere displayed in four rows of 4, the distance between each hole
nng 9 cm and the depth 2 cm. Climbing behavior was evaluated
1 a verucally posiuoned gnd (width: 18 cm, height: 25 cm),
it of a stainless steel cage. In the wooden beam test. the mice
:re placed on the wall of the holeboard apparartus measunng
)} X 70 cm (beam width = | cm, height of walls = 34 cm).
»nnected 10 the holeboard was a starung chamber measunng
X 70 cm. The beam was separated into 10 cm segments (total
41 segments).
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Procedure

Hole-poking. The mice were first put in groups of four to five
in the holeboard for 3 days 1n order for them to familianze
themselves with the appararus and thereby prevent freezing re-
sponses durnng testing After this ininal phase, the mice were
placed one at a ame and the number of hole visits within 4-min
sessions spread over 3 days was counted. A visit was defined as
entry of the snout in the hole. Visits to the center part of the
matrix comprising 4 hoies were tabulated apart from wvisits 10
the |2 remaining peripheral holes. Moreover, contiguous chains
of hole visits were tabulated apart from noncontiguous chains.
A contiguous chain was defined as the number of consecutve
hole visits in adjacent hoies. A center hole has eight adjacent
holes, whereas a peripberal hole has three adjacent holes. The
sum of contiguous visits and noncontiguous visits equals the
towal number of hole visits minus 3, because the first hole visit
of each session cannot be defined as either a contiguous or non-
contiguous visit. The number of different holes visited was also
compiled. Within a session, there were 16 different holes to be
visited. Over three sessions, the maximal score on this measure
was 48. In addition, the number of times the mice perseverated
10 visiting the same hole was counted. All behavioral measures
were summed across the 3 days of testing.

Climbing. After a few intervening days, the mice were eval-
uated for the two climbing tests. On day 1, during the first test,
the mice were placed facing upward in the middle of a vertically
positioned grid on the outside part of the stainless steel cage.
The cage was perched atop a gridless steel object at a height of
20 cm from a table. Because the height of the grid was 25 cm,
the mice had to climb at least 12.5 em to reach a platform. None
of the mice could climb down from the grid without falling.
None of the mice fell. The ume taken to climb up 10 the platform
was measured. On day 2, the second climbing test was performed.
In this test, the position of the cage remained the same, except
that the mice were placed on the floor (18 X 18 cm) within the
cage with the same verucal grid (width: 18 cm, height: 25 cm)
available to be climbed from inside. The other three walls of the
cage could not be climbed because two of them were composed
of stainjess steel without a gnid and the other of a transparent
cellufoid sheet 10 permit behavioral observatons of the animals.
Three measures were taken: the latency 10 begin climbing the
gnd (defined as the ume taken ull all four paws were on the
gnd), the climbing height achieved, and the tme spent on the
gnd before climbing back down. No cutoff point was usad for
the latency before climbing measure, but a 300 s cutoff point
was used as the maximum time allowed on the grid. Some of
the lurchers but pone of the controls fell off the grid. There was
one mal per day for 4 consecutive days. Values represent means
per day. '

Wooden beam. The second shipment of 17 lurchers and 8
controls were used. The mice were placed on the beam for two
tnals of 60 s on day | and the time spent on it was measured.
When it was apparent that no group difference emerged, other
measures were added on days 2-5. These included the number
of segments traversed and the number of nmes the mice were
observed in either one of four positons depicted in Fig. |. In
posiuon |, the mice are parallel to the beamn with all four paws
on it. In position 2, the mice are perpendicular to the beam with
all four paws on it In position 3, the mice have one front paw
and one hind paw on the beam. In position 4, the mice are
haoging with their two front paws. Dunng each 15 s period
(e:ght periods/day, two tnals of 60 s, intertnal interval = 3-5
min), 3 score was given that corresponded 1o the position in
which the mice spent the most ume,
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TABLE |

NUMBER OF HOLE VISITS. MEAN (SD), OF LURCHER MUTANT
AND NORMAL MICE SUMMED OVER 3 DAYS
IN A 16HOLE MATRIX

Lurcher Normal
Type of Hole Visit Mutants Mice

Total visits 70.5 (13.9)" 96.5 (25.6)
Visits to center holes 10.5 (5.0 15.6 (4.8)
Visits to penpheral boies 600 (10.7)* 80.9 (21.5)
Conuguous visits 45.4 (8.5)" 63.5(18.9)
Nonconuguous visits 22,1 (7.6)t 30.0 (9.5)
Connguous chains of 1-2 8.4 (4.6)t 11.94.7)
Contiguous chains > 2 7.0 (1.9t 9.5 (2.8)
Different hoies 38.0(4.5) 41.6 (5.8)
Same hole on >2 occasions 9.0 (4.0)* 16.2 (6.5)

n= |1,

*p<0.0l.

tp < 0.05 (1-tes1).

RESULTS

Lurcher mutants had fewer hole visits than normal controls
oo most measures (Table 1). Lower values were obtained for
lurcher mutants on the folowing measures: 1o1al visits, visits to
center holes, visits to penpheral holes, visits in contiguous or
nonconuiguous chains, and wisits 1o the same hole on three or
more occasions. There was no group difference in terms of the
number of different holes visited. o climbing tests (Table 2),
lurcher mutants took more ume 1o reach a platform when piaced
on the gnd. {(10, !1) = 6.5, p < 0.001. Lurcher mutants also
100k more ume before beginning to ctimb a gnd, U(10. |1) =
29.5. p < 0.05. but not before climbing back down, v, 11)
= 39, p > 0.05, nor was there a difference 1n terms of climbing
height achieved on the gnd. £(19) = 0.84, p > 0.05. Lurcher
mutant mice spent as much time on the beam as normal mice
(Table 3). Out of 10 tnals spread over 5 days, the e:ght normal
mice did not fall off once (success rate = 80/80). The |7 lurchers
fell only seven umes (success rate = 163/170). Lurcher mutants
did not differ from normal mice in the number of segruents
traversed. Where the two groups differed was 1n terms of theur
positon on the beam. Lurcher mutants were |ess hikely 1o be
found 1n posinon 2, #(23)/ = 4.92, p < 0.001, but more 1n po-

sinoas 3, (23) = 3.85, p < 0.001, and 4, #(23) = 2.11. p < 0.05,
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than normal muce. There is no group difference for the frequency
in posiuon | (Table 3).

DISCUSSION

Lurcher mutants had previously been found not to be im-
paired in hole poking in a steel cage with a single hoie 1n the
center of the floor (10). In the present 16-hole matrix conditon,
lurcher mutants were impaired on most measures. This can be
ascribed 10 the fact that the animals in the 16-hole condition
had to explore a much wider area (70 X 70 cm instead of 18 %
18 cm) and had more hoies to visit. The ataxic symptoms of
lurchers did not permit them to keep pace with normal mice
during the 4-min period. This contrasts to their normal actuvirty
levels during a 4-min period as measured by the number of
square crossings in a T-maze (7). It appears then that although
lurchers are not hypoactive in terms of distance travelled in a
maze they are unabie to make as many hoie pokes in a large
matrix as normal mice.

Although lurcher mutants were less efficient in visiting holes,
their parterns of expioration were, in some respects, very similar
to those of normal mice. They had as many different holes visited
as normal mice (Tabie ). The center to peripheral hole ratio
was the same in lurchers (0.17) as in normal mice (0.19). The
contguous to noncontiguous rato was the same in urcher and
normal mice (2.1), both groups tending twice as often 10 visit
holes adjacent to each other. Thus, the lurchers showed no signs
of anxiety; otherwise the number of center hole visits would
have been disproportionally impaired. They visited most holes
in the matrix (38 out of a maximum score of 48).

The ataxic symptoms of lurcher mutants did not permit them
to reach a platform as quickly as normal mice while og a grid
(Table 2). Nor were they as quick as normal mice in climbing
on a gnd from a cage floor. However, once on it, they could
climb as high as normal mice. The latency to climb down mea-
sure gave higher mean value for lurchers but not significantly
s0. The reason for this nonsignificant measure, we believe, is
because, on one hand, lurchers had more difficuity in climbing
down, but on the other hand, were more likely to fall off the
gnd. And so there was a wide variety of values for this parucular
measure (Tabie 2).

Contrary 10 ™wo other cerebellar mutants, the weaver and
staggerer, the lurcher mutants did not fall off the beam more
easily 1o spite of massive olivo-cerebellar degeneration (2,11).
Therr deficits on the beam were more subtle, consisting of higher
frequencies for body positions 3 and 4 and lower frequencies
for posinon 2. Positions 3 and 4 are more unstable than positons

TABLE 2

CLIMBING BEHAVIOR OF LURCHER MUTANT
AND NORMAL MICE

Lawency Till
Rgcmn; Latency T Climbing Time on
Group Platform (s) Climbuing (s) Hegbr (cm) Gnd (s)
Lurcher mutants 25.2(11.5) 59.7 (40.5)t 18.8 (4.7) 84.5(81.1)
Normal mice 6.6 (3.0 26.6 (16.3) 20.3(3.2) 51.2(61.1)
Lurcher mutants (7 = | 1) normal ouce (n = |0).
Means (SD).
*p <0.01.

*p <0.05.
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TABLE 3
"MEAN (SD) VALUES PER DAY OF LURCHER MUTANTS AND NORMAL MICE ON THE WOODEN BEAM

Frequencies in Postuon

Time on the Segments
Group Beam (s) Traversed | 2 3 4

Normal mice

(n=28) 120.0 (0) 20.2(14.6) 4.1(2.2) 3.8 (2.3) 0.1(0.3) 0
Lurcher mutants 0.6

(n=17) 117.3(4.7) 17.3(13.5) 3o (0.7 2.5(1.6y 0.9 (L.1)t

* p < 0.001.

tp < 0.05.

l or 2. In the former positions, the mice are able 10 stay on the
beam but with only two paws instead of four. Normal mice are
almost always in positions | or 2. Although lurchers are often
able t0 maintain their balance on positon |, they are rarely
‘ound in posiuon 2, in which their body axis is perpendicular
o the beam.

Thus, we And that quanutauve estimaton of qualitative as-
»ects of body positioning of mice on the wooden beam 1o be
tseful measures of subte equilibnum deficits. Similar esumanons
nay prove to be useful in other neurological lesions and in the
valuauon of drug effects. Video analysis may provide more in

depth data, delineate other body positions, and define more pre-
cisely the placernent of the paws on the beam. in this study, we
intended to provide the simpiest and least costy method to es-
timate qualitative aspects of body positioning of mice on the
wooden beam.
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VLY | ; ce. PHYSIOL BEHAYV
LALONDE, R., C C. JOYAL AND C. COTE. Swimmuing activity in dyﬂqma musculorum muant mice
54(1) 119-120, 1993.—Dystomua musculorum (dt) mutant mice, characterized by degeneration of spinocerebeilar fibers, were
evaluated in a visible platform swim test. [t was found that dt mutants were slower t0 reach the pl;tfonn than normal mice.
However, the number of quadrants traversed was not higher in dt mutants. [t is concluded that spinocerebetlar fibers to the

vermus are important in limb control during swimming but not in visuo-motor guidance (navigational skills) of the animal towards

a visible goal, at least in regard to the quadrant measure, It is Dot excluded that 2 measure wracing their path may find a mild

devianan from the goal.

Cerebellum Spipal cord

Dystoria muscuiorum mutant mijce

Visuo-motor guidance

FINDINGS in cerebellar mutant mice have indicated a role for
the cerebellum 1n spanal onentanon as assessed in water maze tests
(4,7-11). A selecuve deficit in swimmung towards an invisible plat-
form was found n staggerer and Purkinje cell degeneration {pcd)
mutant mice (4.8). On the other hand, lurcher and weaver mutant
mice 100k more ume and had more quadrant eames even when
the platform was visible (10.11). A selectve deficit 1o the 1nvigble
piatform condinon 1s an indicanon of a defiait 1n spaual learning,
as has been found in antmals wath lesions of the hippocampus (13).
A deficrt in the vistble platform condition 1S an windicanon of a
visuo-motor deficit, as bas beer found 1 amimals with lesions of
the superior colliculus (12). Mice with cerebeilar lesons can manifest
one or the other type of deficit, depending on the mutaton under
study. It is possibie that weaver murants are umpaired wm both con-
dinons because of degeneranon of substanna migra neurons 1 ad-
dinon to cerebellar granule cell degeneranon (16). It may be by-
pothesized (7,9) that cerebellar midline strucrures (vermus, fasugial
nucieus) are invoived in spatal onentanon because of the anatom-
ical connecnons berween the fasngial nucieus and the hrppocampus,
the supenor colliculus, and the vesnbular oucler {1.2,9), regons
involved in naviganonal skills (12-14). Spnocerebellar fbers. 1m-
poriant in the control of limb movements, project mainly 10 the
cerebellar midline. [n order 10 determine the role of these fibers 1n
SWiMming acowity, dystoma musculorum (dt) mutant muce, whose
maln characlensucs are degeneranon of spinocerebeliar fibers (15)
and axonal degeneranon of peripheral nerves (6), were evaluated.

METHOD
Subjecrs

Fourteen dt mutant mice and 18 normal hintermate controls
(B6C3-asa) were obtained from Jackson Laboratorv (Bar Harbor,

' Requests [0r repnnts should be addressed to R. Lalonde.

ME)at | month of age, placed in ETOup CAges in a lemperature- and
humidity<ontrolled room, and evaluated in a separate experi-
mental room. They were first evaluated in basic motor acuvity
and motor coordination tests for about 2 weeks (unpublished
observauons) and then assessed for swimming activity.

Apparatus

The apparatus consisted of a rectangular basin (45 X 35 cm.
height: 13 cm) filled with mildly cool water {(about 27°) and a
arcular platform (diameter: 6 cm) covered with wire mesh on
which the mice could climb in order 10 escape from the water.

Procedure

Ouly the visible platform test was performed because it was
obvious that dt mutants were slower even in this condition. The
mice were placed in the midpoint section of the north wall (face
toward the wall). The piatform, protruding from the water, was
found at the southwest quadraat. There were four trals a day
for 2 consecutive days with an intertnal interval of 10 min. The
cutoff point for any tral was 60 s. The osumber of quadrants
(the pool being separated into four quadrants) traversed and the
latencies ull reaching the piatform were measured by an inves-
hgator present at the south wall.

RESULTS

The dt mutants took more time to reach the platform than
normal mice both on day [, U(14, [8) = 49, p < 0.01, and on
day 2, U(14, 18) = 21.5. p < 0.001. However, dt mutants had
less quadrant entries than normal mice on day 1. #(30) = 5.59,



£ <0.00!. There was no group difference on day 2, «(30) = 0.01,
p > 0.1, see Table |.

DISCUSSION

Higher latencies to reach a visible platform were observed in
dt mutanrt mice. These resuits were found in two other cerebeliar
mutants, weavers, and lurchers (10.11). However, in the latter
two mutants, the nature of the deficit was different from that
found in dt mutants, because the number of quadrants they
traversed was higher. In dt mutants, the .number of quadrants
was lower than normal muce. This may be ascribed to the fact
thar although normal mice see the visible piatform, they engage
1n exploratory acuwity around the water basin to discover whether
other escape routes are available. On the other hand, dt mutants
had such difficuity in controlling limb movements during swim-
ming that they were unable to engage in exploratory actviry
and, instead. swam directly towards the platform, on most oc-
casions 1n a straight line. In spite of poor limb conwol, dt mutants
were able 1o stay afloat (1/15 mutants sank and could not be
retested).

The defiats descnbed previously in weaver and lurcher mu-
tants were entirely different. Higher latencies were accompanied
by higher quadrant entnies (10.11). They rarely swam directly
towards the platform 1n a straight line. Insiead, they often swam
in wide arcs, seermingly having difficuity in visually guiding their
movements towards the visible goal, but with no obvious re-
ducuon m swim speed. The basic mechanics of swimming is
intact in lurchers (3). The dt mutants, on the other hand, had
such poor limb control that their main deficit was a reducton
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TABLE |
NAVIGATIONAL ABILITIES IN DT MUTANTS AND NORMAL MICE
Dav | Davy 2
Group Quadrants Latencres Quadrants Latencres

Normal mice

{n=18) 20.8 (5.8) 61.4 (30.9) 13.5(5.3) 24.8(19.3)
dt mutants

(n=14) 111 {3.3)* 1429 (73.7)7 9.9 (1.9) 123.2(81)*

* p < 0.001.

tp<0.01.

of swim speed in the absence of a deficit in visual guidance as
assessed by the number of quadrants.

We have hypothesized that the cerebellar vermis is important
in navigational skills (7,9). The present results indicate that Spi-
nocerebeliar fibers to the vermis are not invoived in visual guid-
ance during swimming, so that degeneration of these fibers, as
in the case of dt mutants, causes a reduction in swim speed but
no difficulty in visual guidance. Instead, navigational skills may
be related to cerebellar interactions with the vestibular system,
the hippocampus, and the superior colliculus (7,9).
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Delayed spontaneous alternation

in lurcher mutant mice

ROBERT LALONDE., CHRISTIAN C. JOYAL, CHANTAL COTE, and M. I. BOTEZ
Hétel-Dieu Hospital, Montreal, Quebec, Canada

Lurcher mutant mice alternated above chance at 0-, but not at 3- and 10-min retention inter-
vals, whereas normal mice alternated at all the retention intervals. These results are consistent
with the hypothesis that the cerebellum plays a role in spatial memory, perhaps by means of
cerebello-limbic and cerebellocortical interactions. There were no differences between the groups
either in an emergence test of anxiety or in an inclined screen test of motor coordination. These
results indicate that lurchers show no disinhibitory tendencies in the emergence test and are
not affected in all tests measuring motor coordination.

Lurcher mutant mice are characterized by a depletion
of cerebellar Purkinje cells, granule cells, and inferior
olive neurons (Caddy & Biscoe, 1979: Wens & Herrup,
1982a, 1982b). In water-maze testing, spanal deficits have
been found in this mutant, which agrees with the hypoth-
esis that the cerebellum has a role in spatial orientation
(Lalonde, Lamarre, & Smith, 1988). A spatial deficit may
underlie the lack of spontaneous alternation found in
lurchers in a two-trial test (Lalonde, Lamarre, Smith, &
Botez, 1986), which is a single forced trial to the left or
the nght arm of a T-maze, followed by a choice trial in
which the mouse either chooses the same arm or aiter-
nates. This test 15 used to measure basic spaual onenta-
tion processes and spaual memory (Lalonde et al., 1986)
and 1s sensitive to lesions of the hippocampus (Isseroff,
1979) and other areas known to be involved in spaual
learming (Lalonde & Botez, 1990).

Spontaneous alternation deficits may also be caused by
2 defect in mhibitory processes (Lalonde et al., 1986).
There 1s evidence that the cerebellum has a role in be-
havioral inhibiuon with other paradigms. Rats with
paleocerebellar lesions did not perform as well as normal
rats did in a differential response of low-rate schedule,
an indicagon of disinhibitory tendencies (Kirk. Berntson,
& Hothersall, 1982).

The main goal of the present study was 1o atempt to
disunguish berween these two possible explanauons for
the spontaneous alternation deficit that has been found in
lurchers (Lalonde et al., 1986). For this purpose, a two-
tnal test was devised at three retenuon intervals: 0, 34
and 10 min. If the principal deficit is in spatial memory,
as previously found in rats with hippocampal lesions (Is-
seroff, 1979), the deficit should appear after a delay but
not in the conditdon with no delay. On the other hand,

Thus research was funded by the Canadian Associanon of Freareich’s
Awxa. DuPont Pharma, Parke-Davis (Canada), and NSERC. C.C.J.
received a schoiarstup from the FCAR in Quebec. Address correspon-
dence 1o R. Lajonde. Hotel-Dieu Hospital, Neurology Service. Neuro-
bioiogy Laboratory, Montreal, Quebec, Canada H2W 1T,

a deficit in the no-delay condition would be indicative of
disinhibitory tendencies, an extremely short-term mem-
ory, or an attentional defect. In addition, an emergence
test was added for the purpose of discovering whether
lurchers would emerge from a small chamber to an open
field quicker than normal mice would—an alternate mea-
sure of disinhibitory tendencies, because rodents prefer
enclosed rather than open spaces (Pellow, Chopin, File,
& Briley, 1985). An inclined screen test was also per-
formed for the purpose of documenting spared and un-
spared motor coordination functions in this mutant.
Lurchers have been found to be impaired in some tests
(e.g., coat hanger) but not in others (e.g.. wooden beam)
(Lalonde, Botez, Joyal, & Caumartin, 1992).

METHOD

Subjects

Twenty-cight lurcher mutant mice (17 females. |1 males) and
9 (5 females. 4 males) normal controls (B6CBACA-A""/A) were
obuned at | month of age from the Jackson Laboratory (Bar Har-
bor, ME). They were kept tn a temperature- and humidity-controlied
room and were tested in a separate experimental room at 3 months

of age.

Apparatus
A T-maze (81.5x8.5 cm: arms, 30x8.5 cm; height of walls,

10.2 em) made of transparent piastic was used. In the emergence
test, a piasuc contaner (18 X 12 cm: height: 28 cm) was placed on
a2 steel wble (86X45.5 cm). The inclined screen measured
35X35 cm (gnd: S squares/cm), was placed on a chair at a height
of 60 cm from the floor, and was covered with a blanket to cushion
the falls of the muce. The screen was inclined at 40°.

Procedure

Spontaneous alternation test. On the first tnal, the mice were
placed into the stem of the T-maze with the nght arm blocked. On
the second tnial, they could choose cither to enter the same arm
or 1o alternate. On odd days. the nght arm was blocked and on
even days the oppostte arm was biocked. On Days 1. 4, and 7, the
fuce were tmmediately put back into the stem (after washing with
waler, at most a 10-sec delay, in order to0 reduce the possible effect
of odor cues). On Days 2. 5. and 8. there was a 3-mun delay (reten-
ton 1nterval) between the forced tnal and the test thal. On Days 3,

Copynight 1993 Psychonomic Society, Inc.
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6, 9. and 10 (2 fourth day was added to thar interval in order o
resolve the ambiguity of the significant vaiue of one of the groups).
there was 2 10-mun delay mterval.

Emergence test. On Day 1. the mice were piaced for 5 mun
groups of 4-5 in the small chamber for purposes of habituanon.
A layer of plasuc was placed at the entry dunng habiwanon and
was removed during the emergence test. Dunng Days 2-6, the muce
were placed | at a time 1nto the chamber. and the ume taken for
them to emerge to an open field (using rwo- and four-paw criteria)
was measured (cutoff poiwnt: 300 sec). Each mouse had one mal
per day, for five consecutive days.

Inciined screen test. On Day 1 (first day of alternanon tesung),
the mice were placed on the inclined screen and three separate la-
tencies were detertruned: the ume elapsed before (1) they umed
10 face upward; (2) they reached the top of the screen: and (3) they
fell (cutoff pownt: 120 sec). Whenever 2 mouse reached the top,
that trial ended and a score of 120 was given for the third latency.
Whenever a mouse fell, a vaiue of 120 was given for the second
measure. There were two trials dunng a single day of tesang. There
were 23 lurchers performung this test, instead of 28.

RESULTS

The normal mice alternated above chance at all three
retenuion intervals [0 min, x* (1) = 4.48; 3 mun, x*(1) =
1.48,p < .05 10 mun, x*(1) 4.0, p < .05); lurcher mu-
tants alternated at O [x° (1) = 4.76, p < .05], but not
at3 [x*(1) =0.32,p > .05]or 10 mun [x* (1) = 0.57,
p > .05] (see Table 1).

In the emergence test, there were no group differences
(Wilcoxon rank sum) between the rwo- and four-paw crni-
terion [inclined screen = latency before reaching top:
R(9.23) = 108, p > .05; emergence test = four-paw cni-
terton: R(9.28) = 137, p > .05] (see Table 2). In spite
of ataxia, in the inclined screen test the lurcher mutants
were able to turn around and reach the top of the screen
as quickly as the normal muce were. and rarely fell off
of the screen (see Table 2).

DISCUSSION

In the spontaneous alternauon tesung, the lurcher mu-
tant mice alternated at the 0- but not at the 3- or 10-rmun
intervals. In a previous study (Lalonde et al., 1986),
lurcher mutants did not alternate 1n a rwo-tal test in which
they were kept in the arm for | mun dunng the forced
tnal. In the present study, the mutants were 1mmediately
placed back into the stem of the maze and were found
1o alternate above chance. The results of the present ex-
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Tabie 1
Mean Percentages of Spontaneous Alternation Rate
in Normal and Lurcher Mutant Mice

Retenuon Interval (Minutes)

Group 0 3 10
Norma! (n=9) 70* 70* 67"
Lurchers (n=28) 62" 52 54

*p < .05 (chi-square test).

periment agree with the hypothesis that the spontaneous
alternation deficit found in lurchers is due to a spanal
memory or attentional defect, rather than a defect in be-
havioral inhibition. The results of the emergence test show
that the lurcher mutants entered the open field at the same
tume as the normal mice did, therefore indicating no dis-
inhibitory tendencies. Had the lurchers emerged more
quickly, this would have been an indicadon of a lack of
anxjety or a tendency toward disinhibition, because nor-
mal mice tend to be cautious, emerging slowly from a
small comparmment toward an open field. It may be that
the lurchers would have emerged more quickly but were
prevented from doing so because of ataxia. However, the
lurchers had normal activity levels in T-maze exploration
(Lalonde et al., 1986), so we do not think that ataxia
prevented them from an early departure. Instead, in this
partcular test of anxiery, the lurchers did not behave
differenty from the normal mice. This does not exciude
the possibility of group differences in other tests of anxi-
ery or neophobia. But in the present investgation, be-
havioral inhibition, as defined by perseveratve responding
in the no-delay condition of T-maze testing or by early
emergence toward an open field, was not observed in the
lurcher mutant mice.

At first glance, the lack of a group difference in the
inclined screen test may see surprising, considering the
obvious ataxic gait of these mutants. Previously, lurchers
have performed well in some tests, including the wooden
beam test. In the more challenging (using a 2-mm thin steel
bar instead of a 1-cm thin wooden bar) coat hanger test,
however, they were deficient (Lalonde et al., 1992). The
lurchers were able to climb as well and as quickly as the
normal mice, in spite of their hesitant gait, and managed
to reach the top with few of them sliding and falling off.

Previously, we have tested lurchers in a multiple-trial
version of spontaneous aiternation and have found alter-

Table 2
Means (M) and Standard Deviations (SD) for the Emergence and
Inclined Screen Tests With Normal and Lurcher Mutant Mice

Emergence Test

Inciined Screen Test (Seconds)

Two-Paw Cnienon  Four-Paw Critenon Latency 1 Latency 2 Latency 3
Group M SD M 5D M SD M 3D M SD
Normal 89.6 67.2 178.9  61.8 11.0 7.4 522 218 120 0
Lurcher 99 9 J5EE 141.8 82.1 11.§ 139 412 268 117.9 9.6

Note—Normal myce. n = 9, lurcher mutanis, n =

28 for emergence test and n = 23 for inchined screen

test. Laency | = ame perore turing, Laiency 2 = ume to reach top of screen. Latency 3 = ume before falling.



nation to be above chance (Lalonde et al.. 1986). More-
over, the lurchers alternated above chance in a condition
in which, on the first trial, they were constantly exposed
to the same side over days (Lalonde et al.. 1988). To-
gether with the results of the present stdy in the no-delay
condition, these data indicate that lurchers are abie to in-
hibit responding to the inappropriate sumulus. This does
not exclude the possibility of finding mhibitory defects
1o other tests. However, the present available data agree
with the hypothesis that the cerebellum is invoived in spa-
tial memory (Lalonde et al., 1986). Human padents with
cerebellar disease do not suffer from general amnesia. but
this does not mean that specific funcnions such as spatial
memory may not be impaired in such groups (Lalonde
& Botez, 1990). Learned alternation in a water maze is
umpaired in two other cerebellar mutants (weaver and
staggerer muce), a result that is also congruent with the
hypothesis of impaired spatial memory in animals with
cerebellar disease (Lalonde, 1987; Lalonde & Botez,
1990). Rats with cerebellar lesions caused by X-irradiation
are also impatred in water-maze alternation tests (Pelle-
gnno & Altman, 1979).

The present results found for delayed aiternatuon test-
ing in lurchers differ from those of two other cerebellar
mutants (weaver and staggerer) in that perseverauon in
the latter mutants was found. even with no delay (Lalonde,
1986, 1987). This difference may be explained by van-
ous morphological abnormalities. Weaver mutants have
fewer substanua rugra cells (Triarhou, Noron, & Ghem,
1988) and cerebellar granule cells (Hirano & Dembirzer,
1973). Staggerer mutants resembie lurcher mutants in
terms of a depleton of cerebellar granule cells, Purkinje
cells, and infenior olive neurons (Blatt & Eisenman, 1985:
Herrup & Mullen, 1979). There is aiso a reducnon i deep
nucler weight in staggerers (Roffler-Tarlov & Sidman,
1978), which has not been described i lurchers. where
the deep nucte: are reported 1o be ntact (Caddy & Bnis-
coe. 1979). It 1s our hypothesis that the cerebeljum IS 1n-
volved, by means of cerebello-limbic or cereoelo-corucal
pathways (Lalonde & Botez. 1990), both n spanal memory
and benhavioral inhibition, but the behaviorai phenotype
depends on the pattern and amount of neuropathology 1n
the cerebellumn and whether extracerebellar abnormahiues
are present. Spatal memory deficits could be caused by
biochemical changes in limbic or neocorucal areas sec-
ondary to cerebellar degeneration, as has been postulated
to be the case for the neuropsychoiogical impairments oo-
served in human patients with heredo-degeneranve araxias
(Botez, Gravel, Amg, & Vézina, 1985; Botez, Lévells,
& Botez, 1989). Thus, the cerebellum 1 conceived not
as the locus of a spadal memory engram. but rather as
a site modulating higher level brain centers invoived in
spaual memory (Lalonde & Botez, 1990).
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Abstract

The effects of amantadine and ketamine were compared to a placebo in a coat-hanger test on lurcher mutant mice. This test
measures motor coordinauon and is dependent on cerebeljar functioning. Both drugs improved motor coordination of the cer-.
ebellar mutants in that the ume taken to reach the side-bar according to a 2 paw criterion was decreased during the drugged
condition in companson to the non-drugged condition. This resuit indicates that NMDA receptor antagonists may improve motor

coordinauon in animals with cerebellar disease.

Recent open clinical trial findings [4,5] have indi-
cated the prospect of improving the motor deficits in
mhented spinodegenerative cerebellar ataxias such as
olivopontocerebellar atrophy and Friedreich's ataxa.
Visual and auditory reaction umes and movement times
were improved in both patient groups afier chronic
administration of amantadine [4.5]. This is a dopamine-
releasing agent [19). Memantine, an amantadine ana-
logue, has N-methyl-D-aspartate antagomst (NMDA)
properues [3,11]. Ataxia scores were unproved with
amantadine in Fredreich's ataxia pauents [16]. The
amelioraton in reaction and movement umes is prob-
ably not due stnctly to dopamine acuvauon because jt
was not correlated to iniual low levels of the dopamine
metabolite, homovanillic acid [3]. In view of these en-
couraging results, we have njuated expenmental stugd-

Correspondence: R. Laionde. Hotel-Dieu Hosprtal, Neuroiogy Ser-
vice. Neurobiology Laboratorv, Montreal. Quevec. Canada H2W
IT8.

ies with amantadine and the NMDA antagonist, ket-
amune {14}, in an effort to reverse motor deficits in an
animal mode] of cerebellar disease: furcher mutant mice,
whose main characteristics incjude degenerauon of
Purkinje cells, granule cells and inferior olive cells
[6.20,21]. Ketamine is not a direct dopamine-rejeasing
agent [1,10]. As a dopamine-reuptake mhibitor, it is
10.000 umes less potent than GBR 12909 [10]. How-
ever, dopaminergic mechanisms may be activated in an
indirect way by this drug because NMDA receptor an-
tagomists are potent activators of A 10 (ventral tegmen-
tal) neurons {8]. This mteraction may explain the re-
semblance betrween the behavioral effects of NMDaA
receptor antagomsts and dopamine activators. These
agents cause similar brain field potentials in the rat [

In the ketamine study, ten Jurcher mutant mice (7
females, 3 males, age: 2 months) were used, half being
randomly assigned either 1o a placebo group (0.9¢
saline) or 10 a ketamnine group (10 mg/kg, i.p., from the
base, injection volume = 2 cc’kg, Parke-Davis, Mont-



real). Animals were mjected with ketamine or placebo
every day for 10 days and tested in the coat-hanger test
[12] 20 mun after imjecuon. After this 10 day penod, a
7 day washout period intervened, followed by a second
10 day period in which mice receiving placebo were
administered ketamine and mice receiving ketamine
were admunistered placebo.

The mice were placed in the middle of a thin hori-
zontal bar (length = 40 cm, diameter = 2 mm) of a coat-
hanger of mangular shape made of steel (length of di-
agonal side-bars=19 cm, inclination =45°) and the
ime taken to reach one of the side-bars was deter-
nined. The mice began the test upside down and ap-
>eared mouvated to move across the horizontal bar
ind to antempt to climb one of the side-bars in order
0 achieve a stable nght-side-up position. In a previous
tudy [12], the coat-hanger was held in place loosely
rom a verucal pole. In the present stdy, the coat-
.anger was held firmly in place with masking tape.
‘reliminary studies had indicated that this approach
1aximized performances: the mice could reach the end

f the horizontal bar without having the bar lean down-
rard because of their weight The coat-hanger was
laced at a height of 82 cm from a table with a soft
lanket spread out for the purpose of cushioning their
dls. Four latencies were determined with a stop-watch
y an expenmenter biind in regard to drug treatment.
atencies 1~3 measured the tme elapsed before the
ice reached either side-bar (the mice were always po-
doned toward the right but sometimes turned left)
ith two (latency 1), three (latency 2), or all four paws
uency 3) touching the diagonal bar. Latency 4 was the
ne elapsed before a fall. Thus, low values for laten-
:s 1-3 indicate supenor performance (reaching the
le-bar quickly) while low values for latency 4 indicate
‘erior performance (rapid falls). In addition, the num-
r of successful half-way and complete climbs 10 the
> of the hanger was tabulated. Whenever a mouse
iched the top, a value of 60 s (maximal score} was
‘en for latency 4. The cut-off pownt for any trial was
s. There were 2 trials a day, separated by approx-
itely 5 min, an appropriate rest-ume, as we have
tnd no evidence of tredness on tnal 2 with thus in-
val.

In the amantadine study, preliminary expenments

1indicated that this drug seemed successful in ame-

‘aung the mutants with the Jowest scores 1n the test,

not those with the highest scores. This differennal

€t was not seen with ketamine. Therefore. we se-
ed the 11 lowest performing mutants (6 females, $
es. age:1-3 months) among a group of 22 and as-
ted them randomly to a placebo group (0.99, saline)
‘0 an amantadmne group (40 mg/kg, 1.p.. 2 ce/kg,
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60 mun post-injection. Du Pont de Nemours. Wilming-
ton, DE). Two of these 11 mutants had taken part in
the ketamine study but had not taken that drug for over
one month. As in the previous experiment, animais
were injected with amantadine or placebo every day for
10 days and then after a 7 day washout period, the
pharmacological treatments were reversed for 10 addi-
uonal days. A 7 day washout period seemed appropri-
ate in view of evidence that excretion of amantadine is
complete within 12 h after oral administration in mice
[2]. At these dose levels, neither ketamine nor aman-
tadine caused visible side effects and did not decrease
body weights. Drug doses were determined following
preliminary experimentation and on the basis of previ-
ous behavioral tests in normal rodents [13,18).

In neither study did we detect order of presentation
(drug first vehicie second or the reverse) or pracuce
(spontaneous improvement over time) effects as deter-
muned by the Wilcoxon matched-pairs signed-ranks test
(P>0.05).

In the ketamine study, lurcher mutants had lower
values for latency 1 under ketamine than under placebo
(W+10=11, P=0.05). There were no differences be-
tween drug conditions for the other three latencies or
for the number of successful climbs (half-way or to the
top) (Table I). Latencies and successful climbs in Table
I reflect the total value per day (maximal score: 120 s
for latencies and 2 for successful climbs). Thus, lurcher
mutants reached the side-bar more quickly when in-
jected with ketamine than placebo according to the 2
paw but not the 3 or 4 paw critena. The improvement
for latency 1 (2 paw criterion) was miid {mean differ-
ence: 7.2 s or approximately a 109, improvement), yet
important because the majonty (7/10) of the mutants
had lower latencies with ketamine.

Among the 11 lurcher mutants tested, 9 improved
and there were 2 ties under amantadine (W=+ =0;
df=9; P<0.001) for latency 1. The other latencies and
the successful climbs measure were not altered by the
drug (Table II). There was a 9.5 s or 8.3% decrease in

TABLE!

Mean (5D) laiencies and successful chmps in coar-hanger test for lurcher
mutant muce (n = 10) under 10 mglkg of ketamine or placebo

Drug Latency  Laiency Larency Latency Successful  Successful
! - 3 4 climbs chmbs
fhatf-way; (1o the 10p)

Placebo 75.4 90.4 93.7 1089 06 04
(38.6) (34.1) (3.7 (9.5} (0.8) 0.7
Ketamine 8.2 3§78 91.9 107 4 0.7 0.6
(39.7) (33.4) (33.00 (1l.1) {0.8) (0.7)
" P=0.05.



TABLE [l

Mean(SD) latencies and successyul ciimbs wn coar-hanger test for iurcner
muane muceYn = { ) under €0 mg kg of arancadine or piaceto

Drug Latency Latency Latency Latency Successpul Successyul

! 2 7 4 climos climos
(hatf~way; (1o the top)
Placeoo 1144 1197 1200 1161 O 0
(6.3} (34.1) (0) (3.3) (0) ()]
Amantadine 104.9* [17.1 [18.5 (136 0.l 0

(17.6) (4350 (2.2) (7.9 (0.3) (0)

" £<0.001.

latency | dunng amantadine treatment. Latencies 1-3
are higher in this study than in the previous one because
the lurchers were pre-selected on the basis of low ini-
ual scores.

The resuits mdicare that ketamine and amantadine
permmutted lurcher mutants 1o reach the side-bar more
quickly than placebo. This was true only for the 2 paw
(latency 1) and not the more difficult 3 or 4 paw criternia.
[n this test, the mice appeared mounvated to reach the
side-barin order 10 attamn the right-side-up positon. On
most occasions, they were unable to achieve 2 stable
(all 4 paws) positon on the side-bar, but were never-
theiess often able to climb the side-bar with their two
front paws. Latency | is necessanly always shorter (or
equal when the mice cannot touch the side-bar) than
latencies 2 and 3 because the amimals must first reach
the side-bar with 2 paws befere reaching it wath 3 or 4
paws. Latencies 2 and 3 may be descrbed as more
difficult in the sense that many anmals, although ap-
parently mouvated to do so, had extreme difficulty
achueving a stable nght-side-up positon while being
able at least to touch the side-bar.

In this test procedure, amantadine and ketamine
mproved motor coordinauon in a smilar manner, i.e.
by lowermg latency 1. Since ketamime 1s not a potent
dopamune-reieasing agent or reuptake blocker [1.10],
the mprovement found with amantadine m clinical
studies (4.5,16] and the present expenmental study may
not be completely due to the drug’s enhancement of
dopamunergic transmussion | 1Y), This [s aiso maicateq
by evidence that the amantadine-induced decrease m
reacuon and movement umes In heredo-degeneranve
ataxias occurred irrespecuve of imual homovanullic acid
leveis 10 the cereprospmal fluid (5] Thus. our hypo-
thesis 1s that amantadine improves seasormotor pro-
cesses at least partfy by NMDA recenlor anragonism.
This 1s inaicated bv tne improvement found m the
present study by the NMDA recsptor antagonist. ket-
amne. Because of the within-subject design over the
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course of 10 days, we do not ascribe the improvement
to blocking of the neurotoxic acuwity ot excitatory
ampo acids [9,17]. Instead, we hypothesize that thus
improvement is caused by short-term alterauons of
glutamatergic funcuons in the cerebellum and/or of in-
teracuons between the cerebellum and exwa-cerebetiar
glutamatergic pathways.

NMDA receptors m the cerebellum are found on
granule cells [15]. These ceils are severely depleted
wrcner.mutants [6,20,21]. The NMDA receprors that
remawn may be supersensitive. Antagonism of these re-
ceptors m the cerebellum may activate residual motor
funcuons toward improved performance. It is also pos-
sible that NMDA receptor antagonism of cerebellar-
related pathways at various levels of the neuraxis pro-
moted better coordination. These hypotheses may be
tested by means of intracerebral injections of NMDA
receptor antagonists. Therefore, amantadine therapy
may be effecuve in ataxic patients not only by long-
acung protection of cerebellar granule cells but aiso by
snort-termr mechamisms involving the cerebellum and

glutamatergic pathways. |
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INTRODUCTION

Kawamura and Brodal® outlined two main visual
systems entering the cerebellum from different pontine
regions. The first s the tecto-pontocerebeliar pathway
that termminates in the visual region of the vermis. The
funcuonal significance of this pathway is likely related
to eye movement control and spatial orientanon!®. The
second pathway s the visuocortico-pontocerebellar
pathway that termuinates in the cerebellar hemispheres
(more recent results have indicated pathways from
parietal and supenor temporal regions'*~). Rostral
ponune cells receiving occipital Input are senositve to
movement and onentation and not to shape, and so the
functional significance of this pathway may also be
‘clated to spatial orientation*. There are indications
hat the latter pathway may subserve other forms of
earning such as discnmination learning®. Interruption
f the occipito-pontine pathway impaired shock avoid-
nce discriminauon leaming in the rat™®. Cerebellec.
omy is reported not to cause such a deficit’*'?. How-
ver, this was evaiuated with a single ammal in one
tudy'® and only three animals in the other:’ On the
ther hand, Buchtel? reported deficits in simultaneous
Iscrimunation learming after cerebeliar hemisphere le-

sions under high but not low shock conditions. The
goal of the present study was to evajuate the role of
the cerebellum in discrimination learning by using
lurcher murant mice in a water escape task.

Lurcher mutants are characterized by depietion of
cerebellar Purkinje cells, granule cells and inferior
olive cells™®. Mossy fibers are reported to be intact in
this mutant but deprived of their granule cell terminal
projections®. No retinal defects have been reported.
These mutants have spatial learning deficits in a water
maze escape task!?. Because of this, we added control
conditions in order to ensure that discrirnination errors
are not secondary to navigational skills. In the first
experiment, two visible platforms were available, one
with a wire-mesh that permitted the mice to escape
from the water and the other without the wire-mesh,
preventing the mice from climbing aboard. The pur-
pose of this study was to evaluate whether lurchers
tend to bump against an Inappropriate stimulus in-
volontarily and whether they persevere in making er-
rors. In the discrimination test, the platforms were
invisible but were proximal to visible discriminanda (a
black card and a white striped card). Quadrant entries
and latencies were determined in order to monitor the
navigational skills of the mice.

orresponaence: R. Laionde. Hétel-Dieu Hospual, Neurology Service, Neurobiology Laboratary, Montrea|, Que. H2W IT8. Canada. Fax:

X514)843-2715.
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TABLE I
Visible platform testing (means and S.D.) in lurcher mutant mice (n = 13) and normal mice (n=9) (P = persevening; NP = non-persevenng)
Groups v Quadrant entries Larencies Errors

Days Days Days

b 2 1 2 1 2

P NP 2 NP

Lurcher 315 25.1 825 65.2 38 13 39 1.8
mutants (7.6) (4.4) (37.2) (23.3) (1.8) (L.D (1.4) (1.9)
Normal 31.0 26.9 136.7 91.6 3.2 21 26 1.2
mice (6.5) (5.6) (65.3) (55.6) (1.6) 2.2 (1.3 (1.6)

MATERIALS AND METHODS

Anmmals

Thirteen (6 females, 7 males) lurcher mutant mice and 9 (5
females, 4 males) control mice (B6CBACA-A%"/A) were obtained
at 1 month of age from Jackson Laboratory (Bar Harbor, ME) and
tested at 3 months of age. They were kept in a temperature and
humidity controlled room and tested in an adjacent experimental

room.

Apparatus and procedures

in the first expenment (swiming toward a visible goal), the mice
were placed in a water basin (45x35 cm, height of walls: 13 cm,
temperature: 27°C) starung at all umes from the south posttion. Two
platforms (diameter: 6.5 cm) were visible above the water surface:
one covered with wire-mesh, enabling the mice to escape and the
other uncovered. These platforms were placed in either the north-
west or northeast quadrants, the positions being changed according
to Fellows sequence 1| and 3* There were 8 trials a day for 3 days
with an intertnal interval of approximately 5 min (mice run in squads
of 11). The number of errors (both persevenng and non-persevering)
were determined, together with quadrant entries (the basin being
separated nto 4 quadrants) and latencies. A non-persevering error is
the first error within a tnal, whereas a persevenng error 1s defined as
any subsequent error after the first one.

In the discrimunation test, run in the same basin (with shightly
cooler water (22°C) mixed with powdered milk 10 ensure maximal
performance), the same procedure was applied except that the
platforms were invisible (below water level). The discriminanda were
cards (height: 27.3 cm, width: 8.4 cm) made of cardboard that were
held in place by masking tape directly behind and over the platforms
against a white wall and touching water level, The positive stimulus
(S+) was a white card with black horizontal stnpes and the negatve
stimulus was a black card. This task 1s similar to that descnbed by
Whishaw and Petrie®!. Because the background wall and basin were
white, we considered the use of the stnped white card as the
appropriate S+, since using the black card as §+ would have made
the task too easy. Whishaw and PetneZ! showed that placing a
cuntain around the basin to elimunate spatial cues did not alter the

TABLE I

difficulty of visual discrimination tests, and so none was used here.
The positions of S+ and S— were determined by the same Fellows
sequence as noted above. The test was run until the mice reached
criterion as defined by 14/16 correct responses (87%) over 2 .days.
The number of trials to criterion was measured together with quad-
rant entries and latencies up to 17 days of testing. Whenever an error
occurred, the platform was tipped over by the experimenter’s hand in
order to prevent the mice from climbing aboard, and so there were
no persevering errors in this test.

RESULTS

In the first experiment, there was no difference
between lurchers and normal mice in terms of perse-
Vering or non-persevering errors, quadrant entries or
latencies (Table I). This is not a learning test because
of the low number of errors even in the beginning of
testing. All mice, after a few errors, quickly avoided the
uncovered platform and headed toward the platform
covered with wire-mesh.

In the discrimination test, lurchers had more trials
to criterion than normal mice (f, =2.63; P <0.01)

TABLE Il

Mean (S5.D.) number of triais to criterion in discrimination learning for
lurcher mutant muce (n = [3) and normal mice (n = 9)

Groups Tnais to critenon Number of mice
achieving criterion

Lurcher mutanrs 95.4 (32.7) 9

Normal ruce 59.6* (29.4) 9

" P <001

Mean (5.D.) number of quadran: entries and latencies in lurcher mutant muce and normal mice duning the discriminanon learning rask

Groups Quadrant entrnes Latencies

Days Days

d 2 3 4 5 last day ! 2 J 4 5 last day
Lurcher 9.8 355 342 26.7 23.7 21.0 173.9 102.0 103.0 60.9 443 24.6
mnutants (14.9) (7.9) (1.2) (6.5} (4.8) (3.4} (44.4) (47.4) (47.0) (22.9) (13.9) (5.2)
Normal 39.3 303 323 297 228 20.2 129.0 96.9 96.8 69.1 34.1 21.8
nice (10.3) (9.9) (13.9) 7.9 2.7 (2.7) (58.3) (65.9) (83.2) (42.2) (10.8) (5.3)




(Table II). All controls reached criterion, whereas 4 /13
lurchers did not reach criterion within the allowed
time. A 2 X5 ANOVA (2 experimental groups, 5 days)
with repeated measures on the second factor was per-
formed for the quadrant measure. Day 5 was the first
day where a normal mouse reached criterion. Thus,
only during the first 5 days were all mice performing
the test. The main group effect showed only a tendency
(Fi5; =328, P =0.09) rtoward significance with
lurchers having higher values than mice. The days
effect was highly significant (F,,, = 14.41, P <0.01) as
both groups had lower quadrant entries over days
(normal mice: rg = 11.09, P < 0.01; lurchers: ¢,, = 11.75,
P < 0.01). The groups X days interaction was not signif-
icant (F, g, =139, P> 0.1). There were no group dif-
ferences in terms of errors during the first 5 days of
testing as both groups were at chance levels (only 2/9
normal mice had reached criterion at that point).
Lurcher mutants had higher latencies during day 1
(Z = 1.84, P <0.05, Mann-Whitney) and this was also
the case during day 3 (Z = 1.7, P < 0.05) but not their
final day of tesung (Z = 1.14, P> 0.05). Both groups
had lower latencies on day § in comparison to day 1
(W + =0 for both groups, see Table III).

DISCUSSION

The results of this study indicate that lurcher mu-
tant mice are impaired in simuitaneous discnmination
learning. This impairment is not caused by an impair-
ment 1n navigation skills'® for the following reasons. In
the first expeniment, lurcher mutants were not more
likely to bump against the inappropriate sumulus (the
non-covered platform) and did not commit more perse-
vering errors. Moreover, during discrimination testing,
there was only a tendency toward a higher aumber of
quadrant entries seen in lurchers (Table I1). The higher
latencies seen in lurchers were more manifest but
disappeared eventually at the end of traiming. The
iniual difficulty in finding the correct pladorm is in
agreement with previous results of a visuo-spatial im-
pairment in lurchers'®. With repeated tnals, lurchers
were able to localize the approximate position of the
platforms (always found in one of the two south quad-
rants), but even so were less able to choose the correct
one, whose position varied from tnal to tral in a
context where spatial cues were irrelevant. Therefore,
we [nrerpret these results as an indication of 2 non-
spatial discrimination deficit in lurchers.

It remains 1o be determined whether acguisition of
simultaneous discnmination learning is impaired in
furchers or other cerebellar lesioned animals in tasks
moutvated by food reward. Only by performing those
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experiments would it be possibie to conclude that the
cerebellum is involved in the associative processes re-
quired for such learning. Are the results generalizabie
to other paradigms or are they specific to the water
maze situation? In the present task, the discriminanda
were placed as closely as possible to the platforms in
order to facilitate learning. In addition, since mice
swim with their head up, the discriminanda were elon-
gated to a sufficient height in order to minimize the
visual scanning movements necessary 10 solve the task.
Nevertheless, it is possible that the discrimination
learning deficit reported here is a result of visuo-motor
processes specific to the swimming task. Such questions
can only be resolved with the use of food reinforced
tasks.

The present results are in agreement with the hy-
pothesis that the cerebellum is involved in discrimina-
tion learning®. Although negative results have previ-
ously been presented as to cerebellar participation in
discrimination learning!®!?, this was evaluated with few
animals and only in shock avoidance tests. Water maze
paradigms appear to be a fruitful approach in that
cerebellar lesioned animals swim with some efficiency
and with repeated trials do not necessarily take longer
to reach an escape platform.

The neural basis of discrimination learning includes
the retino-geniculo-occipito-temporal pathway '8,
Mishkin er al® have hypothesized a corticofugal path-
way to the striatum and Thompson and colleagues’™? a
corticofugal pathway to pontine nuciei. The cerebellum
and striatum may be conceived as areas important in
sensorimotor integration, including the form of associa-
trive learnming required in discrimination learning. It
is aiready known that the cerebellum is involved in
classical conditioning of the nictitating membrane re-
sponse‘!#, another sumulus-response type task. In that
task, however, the cerebelium is considered to be es-
senual and necessary!!, whereas in discrimination
learning the cerebellum may only have a moduiating
role in acquisition but not necessarily in retention of an
already acquired response. Whether the deficit in dis-
crimination learning found here may be generalyzed to
other types of cerebellar lesioned animais and other
kinds of tests and whether this deficit is also found in
stnatally lesioned animals should be the object of fur-
ther investigation. It is our hypothesis that the cerebei-
lum and the striatum participate in this form of stirnu-
lus-response learning. The cerebellar hemispheres may
receive visual input for this type of learning from the
cortico-pontine pathway and may send it to the red
nucleus since lesions of the latter area impaired dis-
crimination learning in rats'?, although 2 negative re-
sult has been reported in monkeys?,
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LALONDE. R.. C. C. JOYAL AND M. |. BOTEZ Explorarion and motor coordination in dysronia muscuiorum mice. PHYSIOL
BEHAV 56(2) 277-280. 1994. — Dystonia musculorum (df) mutant mice, characterized by degeneranon of spinocerebellar wacts.
were impaired 1o terms of honzonal and verncal motor actvity, hole poking, exploranon. and motor coordination. In tests of
motor coordinagon. thewr deficits were more severe than those of previously tested mutant mice with degeneranon of cerebellar
ceils. However, unlike other cerebellar mutants. dt mutants alternated above chance levels in a two-mal spontaneous alternanon
test whuch 1s a test of inhibitory tendencies and spanal onentagon, and so dt mutants may not be impaired in these funcaons.

Dystonua musculorum mutant mice

Spinocerebeilar fibers

Motor acuvity Motor coordination

DYSTONIA musculorum (dt) mutant mice are characterized by
degeneranon of two primary sensory fibers (dorsal root afferents
from spinal ganglia and trigeminal afferents ongmaung from the
mgemunal ganglion and the tigemnal mesencephalic nucleus)
and one secondary system. the spinocerebellar projecaon (8.20).
Dyszophuc axons in the spinal cord of dt murants can also be
found in other neurological mutants (4). There 15 a lack of de-
generaove fibers in spinothalamic, medial lemmscus. and m-
gemunothalarmuc tracts (20). General behavioral observanons in-
dicate that these mutants are severely affected in terms of congol
of Lmbs movements, as would be expecied from ammals with
spinocerebellar degeneranon because thus pathway 1s known to
be involved in the conol of limb movements (1.2.5.19). To our
knowledge. there 1s no repont on the behavioral charactensacs of
this mutauon. The purpose of the present study was 1o evaluate
explorauon and motor coordinaon tn these mutants i compar-
1son to normal lintermate controls. Most of the tests performed
have previously been used 1o the evaluanon of mutant quce with
degenerauon of cerebellar cells (9-18).

Spontaneous alternanor and motor acavity i a T-maze was
measured, because these tests are sensiave to cerebellar agopty
(13-15.17). Moreover, hole poking was measured 1n vanous
condinons such as a single-hole {11.15.16) or a mulaple-hoie
apparatus (9,10.12). Motor coordinanon was evaluated by means
of wooden beam. gnd, inclined screen, and coat hanger tests
(9.10.17).

METHOD
Subjects

Nine dystonsa musculorum (B6C3-a/a-dt’) and 18 normal lit-
termate controls were obtained from Jackson Laboratory (Bar

Harbor, ME). In three of the tests (whole T-maze actviry, coat
hanger, and 6-cm wooden beam), six additional mutants were
available. All mice were berween 3 weeks and 3 months of age
ar the beginning of tesung. Most mice were in the 1-2-rmonth
range, but slightly younger or older mice were added because
therr behavioral results did not differ appreciably from the others.
Food and water were availabie at all times in group cages with
bedding made of wooden shavings.

Appararus

A T-maze made of wransparen: plasuc (stem: 82 X 8.5 cm.
arms: 30 X 85 cm, height of walls: 10 cm) separated into 13
equally spaced squares by means of adhesive tape, piaced below
the maze, was used. Hole poking was measured in a steel cage
(18 x 18 cm. height: 25 cm) with a single hole (diameter 2.6
cm) siuated approximately at the center of the fioor. The cage
was placed at a height of 12.5 cm from the table. One side of the
cage was covered by a sheet of wansparent celluloid paper to
permut behavioral observatons while prevenang the mice from
falling off the side. Verucal motor acuviry was evaluated in the
T-maze with pairs of corks placed on either side of a resmcted
part (40 X 8.5 cm) of the stem of the maze. Two of the corks
measured 4.] c¢m in diameter and 2.5 ¢m in height and were
placed side-to-side and the other two were 5.0 cm in diameter
and 2.5 cm in height.

The same wooden beam as descnbed previously (9.10,17)
was used. on top of the wall (height: 34 cm. width: | cm) of a
hole board apparatus (100 X 70 cm). There were four walls com-
pnising the perumeter of the hole board (70 X 70 cm) and a fifth
wall separanng the board from a waiung chamber (30 x 70 cm).

' Requests for repnnts should be addressed 10 Robert Lalonde. Hétei-Dreu Hospual. Neurology Service. Neurobiology Laboratory. Monoeal,

Quebec, Canada H2W T8,



These walls were divided into 41 segments of 10 cm each. There
was a second wooden beam., compnsing a smaight rectanguiar-
shaped bridge (lehgth: 117 cm, width: 6 cm, thickness: 4.5 cm.
height from floor: 100 cm). The bridge was separated into 13
segments by means of line tracings with a feit pen. The gnd was
made of stainiess steel, measured 25 X 18 cm, and was placed
ar a height of 92 cm from the table. The inclined screen (made
of steel with a wooden frame) measured 35 X 35 cm (gnd: five
squares/cm. inclinatuon: 40° from the verucal axis) and was
placed on a table at a height of 92 cm from the fioor. The screen
was separated from top to bottom into five segments of 7 cm
each to caiculate the number of segments the animais slid when-
ever they could not keep their balance. In each motor coordina-
uon test there was a soft blanket spread out on the floor or the
able for the purpose of cushioning the falls of the muce. The coat
hanger of tangular shape consisted of a 2-mm honzontal stee]
bar (length: 40 cm) with two side bars (length: 19 cm) placed at
a beight of 82 cm from the blanket-covered table.

The hole board described above was also used as an explo-
ragoa test. The 70 X 70 cm board was separated into 25 squares
dy a felt pen (16 at the periphery, 9 at the center). There were
uso 16 holes in a 4 X 4 matix. These holes had a diameter of 4
‘m and a depth of 2 cm. wath a distance of 9 cm separanng each
)f them. Twelve of the holes were at the periphery and four were
It the center of the board.

’rocedure

The order of tesung is presented in Table 1. Spontaneous ai-
trnanon 1n the T-maze was first evaluated in a two-tnial and then

four-mal paradigm. In each case, the mucs were firse placed 1n
1e stem of the maze with the nght arm blocked. On mal 2, the
uce, after staying in the left arm for | min, could either return
» the same arm or aiternate. The arm chosen to be blocked was
langed from day to day (left on day 2. nght on day 3, etc.). In
¢ four-mal test. rwo addinonal thals were added. with the ouce
:ptin the arm at the end of each mal, except the last one of the
ty.

Hole poking in the stesl cage condiuon was measured in two
ss10ns of 4-mun run on days 1-2. The inclined screen test was
rTormed for four mals, also on day 1 (intermal interval: 10
tn. cut off: 60 s). The muce were placed 1 the muddle of the
reen face downward and the nrne takeg before turnung, reacn-
g the top of the screen. or falling off was tabulated. The nurnber
vertucal segments that the muce slid when unable to keep thewr
lance was also noted. Whenever a mouse reached the top, a
ore of 60 5 was given for the latency before falling measure.
the coat hanger test, the muce were placed in the middle of the
nzonial bar. Four different latencies were determuned by
‘ans of a stopwarch. Latency | measured the ame elapsed be-
© the two fronr paws of the ammal touched one of the side
s. Latencies 2 and 3 measured the ume clapsed before three

all four paws, respecuvely, reached one of the side bars. La-

Cy 4 measured the ame elapsed before falling. Thus, low val-

 for latencies 1 -3 indicate superior equilibnum. whereas low

ues for latency 4 indicate infenor equlibnum. In addinon.
nbs 0 the top of the hanger and halfway climbs were tabu-

:d. Whenever a mouse reached the lop, a maxymum score of

s was given for latency 4. Whenever an animal fell before

hing a side bar. maumal scores of 60 s were wnnen for

ncies | -3, There were two tnais per day on days 1-2 (inter-

! tnterval: 5 mun).

n the gnd test. the ruce were placed in the muddle of the

zontally placed gnd and the number of falls was recorded

> mals. neertnal interval: 10-15 mun. durauon: 60 s). In
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wooden beam #1 (atop the hole board), the nme taken tll falling
was analyzed. together with the number of segments traversed.
There were two mals of 60 s each with an intermal interval of
15 min. In wooden beam test #2 (rectangular bndge). there were
two mals of 60 s each with an intertnial interval of 10-15 mun.
Latencies dll falling and the number of segments maversed were
also compiled in this version.

On days 3-4, the mice had a 5-min habiruanon penod (per
day) in groups of four to six for the purpose of prevennng freez-
ing responses when tested on day 5 in the hole board. The number
of pokes and squares traversed was noted during a single 4-min
session. Motor acrivity in the T-maze was measured on days 4
and 7. On day 4, the whole T-maze could be explored (13
squares), and on day 7 a restricted region (four squares) of the
stem portion of the maze (40 X 8.5 cm) was used. Vertical motor
acuvity was measured on day 6 in the same resmicted region of
the maze. Pairs of corks were placed on cither side of this region,
either at a height of 2.5 cm (when the round part faced the ceil-
ing), 4.1 or 5.0 cm (wben the round part faced the mice). Rears
on the corks and eisewhere in the stem were tabulated separaiely.

Starisrical Analysis

Group differences were tabulated by means of the unpaired r-
test for paramerric data and the Mann—~Whitney U-test for non-
parametric data (appropriate for ime-dependent measures).

RESULTS

In spontanecus alternation testing, normal mice did not alter-
nate in either the two-mal or the four-trial test (Table 1). The dt
mutants, on the other hand. alternated above chance levels in the
two-mal, x(1) = 6.4, p < 0.05, but not the four-trial test, x(1)
= 1.07, p > 0.05.

Inability to control limb movements on the part of dt mutants
resulted 1n a dectease of horizontal motor acuvity in the whole
T-maze. the resmicted (stem) part of the T-maze, hole board
square crosswngs, and hoie poking in both a multiple-hole and
singie-hole apparatus. Vertical motor acaviry was also reduced
un the mutants (Table ).

Motor coordinanon was severely affected in dt mutanss. In
companson to normal mice, dt mutants fell more rapidly and
more often in the inclined screen, grid, wooden beam, and coat
hanger tests (Table 1). In the inclined screen, they were rarely
able to turn around and begin to climb. They aiso had grear dif-
ficulty 1n retaining balance during wooden beam tests, even with
a beamn width of 6 cm. In the coar banger test, all mutants fell
off the horizontal steel bar and none was able to reach either
diagonal bar,

DISCUSSION

The lack of spontaneous alternation in normal mice is an un-
usual result and may be ascribed to disinhibitory tendencies 1n
tus parucuiar soamn (B6C3-a/a). We do not know why this be-
havioral trait was observed. Their acuvity levels and perfor-
mances 1n motor coordinaton tests were similar to those of other
strains. In that specific test, however, they appeared impulsive
and tended to choose quickly (and abnormally) rather than hes-
itandy. On the other hand, the dt mutants alternated in the two-
mal but not the four-mal test. It is possible that the motor defects
in the mutants prevented these distnhibitory tendencies by siow-
ing them down in the runway, forcing them to make more delib-
crate choices. Neverthejess. this tendency was not observed in
the four-tnal test. where generally normal muce alternate above
chance levels but at a lower rate than the rwo-tal test (13.16.18).



MOTOR ACTIVITY AND COORDINATION IN DYSTONIA MUSCULORUM MICE

TABLE |
BEHAVIORAL RESULTS OF dt MUTANT MICE AND NORMAL MICE
Days of Tesung Tesss Measures Normai Mice dt Munts
1-3.5 two-Tal spontaneous alternation rate 50% 70%*
1-2 expioraton of steel hole pokes:
cage first 2 mun 155 = 8.8 19= L7t
last 2 mun 134= 59 2ol 231
| inclined screen larency dll
mrning(s) 271 = 173 196.6 = 53.9¢
latency tll reaching
the top(s) 79.8 = 65.6 238.7 = 4.t
latency nll
falling(s) 2400= 0 285 = 74.4¢
segments sliding 0 1.8 = 0.6t
1-2 coat hanger latency 1 (in s):
two paw
cTiterion 143.1 = 63.9 240.0 = Ot
latency 2 (in s):
three paw
cntenon 162.6 = 68.4 2400 = 0Ot
latency 3 (in s):
four paw
critenon 175.6 = 67.2 2400 = 02
latency 4 (in s):
all falling 2324 = 177 S4= 21t
2 gnd sumber of falls 0 1.0= 02t
34 wooden beam # | latency dll falling
(I cm) (in's) 1200+ 0 {15 = 30.11
segments crossed 1Ll =127 0= o0t
wooden beam #2 latency ol falling
(6 cm) {in's) 1200 = 0 229 = 30.1t
segrments crossed 299 = 155 03 = 0.8t
4 motor acuviry square CTOSSIngs:
(whole T-maze) first 2 mun 683 =203 8.6 = 88t
last 2 mun 50.6 = 18.4 98z Rl
5 hole board hole pokes:
penpheral 356 = 147 165 = 12.4%
cenaal 94 = 42 4.6 = 44§
square crossings:
penpheral 82.1 =240 47 = 4.1t
cenaal 259 =113 7.5.= 70t
6 verucal activaty on corks 130 38 54 = 28¢
elsewhere 10:3% '3.7 0= 0t
6-7 four-mal sponwaneous alternauon rate 58% 57%
altemanon
7 moIor acuwiry SQUATE CTOSSIDGS:
(stem of T-maze) first 2 un 282 = 74 7.i=,.3.8¢
last 2 mun 5.1 = 56 64 = 57¢

* Versus chance levels, p < 0.05.
t Versus normal muce, p < 0.001.
t Versus normal muce. p < 0.01.
§ Versus normal muce. p < 0.05.

By alternaung above chance levels in the two-trial condiuon, dt
mutants differ from all mutant mice with degeneraton of cere-
bellar cells tested previously (13,15-18). Because tus 1s a test
of infubitory tendencies and spanal onentauon. this result may
indicate that the mutants are not umpaured in these funcuons. Thus
hypothesis 1s supported by the finding that dt mutants are not
impaired n terms of quadrant entnes dunng swimmung directly
toward a visible goal (14). By contrast. other cerebeliar mutants
are impared 1n regard to spaual onentauon (6.7).

Because of their lack of limb conwol. dt mutants were unabie
to keep pace with normal mice in all tests of horizontal and ver-
tical motor acuvity and hole poke cxploraaon. These results re-
sembie those found in weaver and staggerer mice, cerebellar mu-
@ants that have also been found to be hypoactive in most tests
(15.16). However, other cerebellar mutants such as lurcher and
nervous. aithough ataxic, are not hypoacuve. for example 1n T-
maze exploranon (13,18). There is a graded difference in the
ability of the mucants to reach normal levels of acuvity, with



lurchers and nervous being the least affected. and weavers, stag-
geres. and dt the most affecred.

The dt mutants were severely impaired in all tests of moror
coordinauon, reduits sumilar to those of lurcher. weaver. and stag-
gerer mutants (9,10,17). However, dt mutants were much worse
than the other cerebellar mutants in these tasts. For example, in
the coat hanger test. aithough lurcher mutants were slower to
reach the diagonal bar and latencies tll falling were shorter, they
were occasionally able to reach the bar (17). None of the dt mu-
tants did so. because they were unable to mamtain balance for
more than a few seconds. In the casier wooden beam test (width:
| em), lurcher mutants were not impaired in terms of larencies
ull falling (17), whereas dt mutants were severely impaired in
this test and in the even easier wooden beam test with a 6-cm
width.

The dt mutants were never observed to rear against the wall
of the T-maze or in the air, as do normal mice. However, some
reanng acavity was seen when rubber corks were placed in the
maze. If the object 1s small enough, dt mutants wil] climb on top
of it, otherwise they do pot attempt to rear against a smooth

1
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surface such as a2 maze wall. The results of this study indicate
that the spinocerebellar degeneraton reported n dystomic mu-
tants (20) is severe enough to cause important functhonal im-
parrments in terms of motor acuvity, exploranon. and motor co-
ordination. Although severe, these impairments may be improved
with the use of drugs tested in patients with hereditary spinocer-
ebellar degeneranon (3). Neurochemical studies are needed to
idenufy which neurotransmitter systers are most affected in this
mutant, so that replacement therapies may be anempted. It is our
intenton in future studies to evaluate by means of novel thera-
peudc drugs the possibility of improving the motor deficits of the
dt mutants described in the present report. because we believe
that this mutation, as suggested by Sotelo and Guenet (20), can
serve as a useful working mode! of Friedreich's ataxia.
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