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‘Résumeé

Depuis les 25 derniéres années la notion d'une hiérarchie daires
corticales a grandement influencé le contexte théorique dans lequel les études
dans le domaine des neurosciences sont effectuées. Cette notion de hié'rarch‘ie
propose qu'en observant un patron récurrent de couches d'origines et de
terminaisons des projections entre les aires corticales il est possible d’établir un
~ordre relatif entre ces mémes aires. Les aires de bas niveau seraient les
principales afférences excitatrices aux aires de plus haut niveau alors que la
rétroaction provenant de ces derniéres aurait plutét un r6|e de modulateur. Cette
notion permet en effet d'expliquér un. grand nombre d'observations -
physiologiques, telle que »la progression des propriétés visuelles des‘neurones
dans differentes régions corticales. Cependant, certaines propriétés
physiologiques ne correspondent pas a la hiérarchie. Afin d'infirmer ou confirmer
lexistence d'une hiérarchie, trois hypothéses furent testées et Ies:dOnnées
compafées aux prédictions basees sur la hiérarchie. Comme modele d'aire
corticale, le cortex entourant la partie mediane du sﬁlcus suprasylvien latéral
(PMLS) fat choisi. Cette région re§oit des projections directes et massives de
l'aire 17, ce qui permet de faire des prédictions précises qua{nt aux
changements des réponses du PMLS lors d’enregistrements extracellulaires. La
technique d’'enregistrement extracellulaire unitaire avec micro-électroges chezle
chat adulte anesthésié a été utilisée dans les trois études. Dans la premiére

expérience, |'aire visuelle primaire du chaton fit lésée, puis des enregistrements

dans le PMLS furent recueillis un an plus tard. La sélectivité a la direction
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typique de cette région y était toujoUrs présente, malgré I'élimination de sa
principale afférence. Dans uhe deuxieme étude, une comparaison de la latence
des réponses neuronales a révélée une activation simultanée de plusieurs aires
corticales, malgré leur appartenance a d.ifférents‘ niveaux de la hiérarchie. Enfin,
. une étude des profils spatio-temporels des champs récepteurs du PMLS a mis
en évidence que certaines cellules n'étaient pas de type complexe comme
prédit. Les présentes études confirment donc que la hiérarchie anatomique ne
correspond pas toujours aux propriétés physiologiques. Ceci suggére que des
afférences autres que celles incluses dans la hiérarchie sont impliquées dans le

transfert de I'information dans la voié dorsale chez le chat.

Mots clés : mouvement, vision, électrophysiologie, hiérarchie corticale, chat,
voie dorsale, PMLS, latence, Iésion, profils spatio-temporel



Abstract

The notion of a hierarchy of cortical areas based on anatomical data haé
had a considerable influence on theories in neuroscience over the past 25
years. The hierarchies are based on the observation of recurrent _projectidn
~ patterns betWeen cortical areas. Namely the lamina of origin and termination of
projections allows one to establish a relative order between areas. Lower order
areas are thought to be the main input to higher order areas, while higher order
areas would feedback modulatory influences to lower order areas. Th_ié notion
explains a large number of physiological observations, such as the progression
of visual receptive field properties across different cortical areas. However,
some neuronal response properties do not correspond with what would be
expected from a hiérarchically organised system. In order to further test the
notion of a hierarchy, data was obtained relative to three different hypotheses
| and compared to predictions based on the hierarchy. The postero-medial lateral
supras.ylvian sulcus (PMLS) was chosen as a model structure. T.his areé
receives direct and massive projections from area 17, which allows for precise
predictions in changes of neu’ronal responses while recording in PMLS cortex.
The three studies were carried out using single unit extracellular recordings with
micro-electrodes in the adult anesthetised cat. In the first experiment, a neo-
natal lesion of primary visual cortex was performed, followed by recordings in
PMLS cortex one year later. The typical direction selective responses of the
latter were still present despite the removal of PMLS’ putative main input. In a

second study, a comparison of response latencies revealed a simultaneous
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activation across cortical areas, despite the choice of areas that are situated at
different levels of the hierarchy. Finally, a spatio-temporal analysis of. PMLS
receptive fields revealed that a subset of neurons did not have the complex type
receptive fields expected. The three st'udies_confirm that the anatomically based
hierérchy does not always 6orrespond with physiological fesponse properties.
This suggests that affevrents other than those proposed within the classical
hierarchy are involved iﬁ the transfer of information in the dorsal stream of the

cat.

Keywords\: movement, vision, electrophysiology, cortical hierarchy, cat, dorsal

stream, PMLS, latency, lesion, spatio-temporal profiles
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introduction

Le présent ouvrage porte sur le systéeme visuel chez le chat, notamment
sur une région qui est la partie latérale du sulcus suprasylvien postéro-médian
(PMLS). Cette aire corticale extrastriée est généralement associée au
traitement de I'information spécifique au mouvement. L'introduction traitera en
premier lieu de [l'organisation générale du systéme visuel tel que nous le
connaissons, pour se concentrer dans un deuxiéme temps sur le PMLS. Ces
informations permettront la formulation de questions et d'hypothéses sur

lesquelles porte ce travail.

1. Deux voies visuelles

Il a été proposé et généralement accepté qu'a partir de l'aire visuelle
primaire, le systéme visuel se divise en deux voies distinctes, bien
qu’interconnectées (Ungerleider & Mishkin, 1982; Goodale & Milner, 1992). La
premiéere voie étant celle du quoi (what), aussi connue sous le nom de la voie
ventrale, qui serait spécialisée dans la reconnaissance et la discrimination des
objets. La voie dorsale, quant a elle, servirait plutét a 'analyse de la positidn
spatiale des. objets dans I'environnement. C'est sur cette derniére que' nous
nous concentreronvs dans cette these. ‘Cette vqie porte deux noms descriptifs,
soit la voie du ou (where) ou du comment (how), selon la structure considérée

comme le point terminal du systéme. Etant donné que la présente thése se
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limite au systéme visuel, et n'implique pas une sortie motrice, le terme de ou

sera utilisé.

. Bien que le terme ou soit représentafif du rdle joué par cette partie du
systéme visuel, il est important de comprendré que cette voie traite I'information
concernant I'emplacement spatial dans un sens plus large. C'est-a-dire, par
exemple, que dans la mesure ou le mouvement d’un objet est une séquence de
passages par plusieurs positions, il tombé dans la catégorie de ce qui serait

traité par la voie dorsale.

Ce schéme de deux voies spécialisées dans le traite'mént de différents
types d’information était basé sur des travaux chez le primate non-humain et
dans une moindre mesure chez 'humain. La question se pose donc si cette
dichotomie se refléte également chez le chat, qui est le modéle utilisé dans les
présents travaux. Les travaux de Lomber (2001) ou I'inactivation réversible par
refroidissement du cortex a été /utilisée de concert avec des taches
comportementales qui ciblaient spécifiquement soit la reconnaissance de forme,
~ soit 'analyse du mouvement et 'orientation spatiale, ont permis une ségrégation
des aires corticales selon leurs fonctions chez le chat. A cette élégante
démonstration d’une sifﬁilarité entre. le chat et le primate, se joint I'apport
d'autres études qui semblent confirmer cette séparation des voies (Pasternak et
al., 1995; Dreher et al., 1996a; Rudolph & Pasternak, 1996; Vanduffel et al.,
1997b). Cependant, Scannell & Young (1993) ont démontré que les données

anatomiques ne concordent pas avec cette dichotomie des voies visuelles.



2. L'anatomie de la voie dorsale
~ 2.1 La voie géniculo-aires 17, 18 et 19

Suite a la transduction de la lumiére en signal électrique par les
photorécepteurs, l'information est traitée par les diverses couches de la rétine
pour étre relayée par Ies cellules ganglionnaires vers plusieurs structures
visuélles. La voie la plus étudiée est celle ou l'information visuelle est envoyée
par les cellules ganglionnaires de la rétine vers la partie dorsale du corps
genouillé latéral (CGLd) du thalamus et puis vers les aires 17, 18, 19. A partir
de ces aires visuelles, l'information visuelle est redistribuée vers un grand

nombre de structures visuelles, tant corticales que sous-corticales.

A des fins. de concision, nous nous limiterons a la région corticale centrale
aux trois études qui forment cette thése, soit le PMLS. Nous verrons dans une
section subséquente de I'introduction les raisons pour lesquelles cette région fit
choisie. Donc, en ce qui concerne spécifiquement le PMLS, ce dernier regoit
des afférences de la part des aires 17, 18 et 19 (Henry et al., 1978; Symondé &
Rosenquist, 1984a, b; Einstein & Fitzpatrick, 1991; Grant & Shipp, 1991; Shipp
& Grant, 1991; Norita et al., 19.96; Scannell, 1997; Scannell et al., 1999; Grant &
Hilgetag, 2005). La grande maijorité .de ces projections proviennent des
couches supragranulaires des aires 17 et 18 (Figure 1), alors gu’elles sont
issues des .couches supra- et infragranulaire pour I'aire 19 (Figure 1). La plupart
de ces projections aboutissent dans la couche IV du PMLS (Figure ‘1). En

résumé, les neurones du PMLS regoivent des projections directes et multiples
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en provenance du systeme géniculo-aires 17, 18 et 19 et sont a seulement trois

synapses de la rétine via cette voie.

2.1.1 La notion de hiérarchie corticale

La mention ci-dessus de projections cortico-cortiales qui ont leﬁrs origines et
terminaisons dans des couches spécifigues nécessite une explication
particuliére avant de procéder a la description des autres voies projettant vers le
PMLS. Depuis la fin des années 70, la notion de hiérarchie entre des régionsv
corticales est une idée qui influence grandement I'étude du systéme visuel.
Cette notion de hiérarchie provient duvfait qu'il semble y avoir un patron

récurrent de- couches d'origines et de terminaisons des projections entre les
aires corticales (Rockland & Pandya, 1979; Mauhsell & van Essen, 1983; Van
Essen & Maunsell, 1983; Symonds & Rosenduist; 1984b; Felleman & Van
Essen, 1991). Des analyses quantitatives plus poussées de ces résultats
confirment la présence de patrons récurrent et supportent I'idée d'une hiérarchie
des aires visuelles tant chez le primate que chez le chat (Scannell & Young,
1993; Scannell et al., 1995; Scannell et 'al., 1999;}Hilgetag et al., 2000a;
Hilgetagvet al., 2000b; Grant & Hilgetag, 2005’). Enfin, il a été demontré que la -
diminution de la concentration de 2-DG est plus grande dans les aires de héut
niveau que dans celles de bas niveau suite a I'inactivation par cryoprobe d'une
aire de niveau intermédiaire (Vanduffel et al., 1997a). Ceci correspond aux

prédictions faites a partir de la hiérarchie.
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Figure 1

Représentation des projections géniculo-aire visuelle primaire. Les trois voies

-sont en noire, alors que les projections que nous verrons subséquemment sont
en gris. '
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Une schématisation d’une des hieérarchies proposées est présentée a la
Figure 2. La position verticale de chaque région rebrésente son niveau
présumeé dans la hiérarchiei Lés aires 17 et 18 (en gris), qui ont éte decrites
comme projetant essentiellement au PMLS a partir des couches
supragranulaires, sont placées en dessous du PMLS. Alors que l'aire 19 (en\
gris), qui projette au PMLS a partir des couches supragranulaires et
infragranulaires, est ﬁlacée au méme niveau que le PMLS (en gris). Pour ce qui
est de la projection du PMLS vers les aires 17 et 18, celle-ci provient surtout des
couches infragranulaires, essentiellement de la couche VI (Symonds &
Rosenquist, 1984b; Shipp & Grant, 1991) et les t‘erminaisons se retrouvent
généralement dans la couche |. Ainsi les projections des aires 17 et 18 vers le
PMLS seraient de type feedforward, la p‘rojection de laire 19 vers le PMLS
serait de type horizontal, et la projection du PMLS vers 17 et 18 serait
rétroactive (feedback). Il est donc possible d'établir la position relative d’'une aire
corticale dans la hiérarchie dés que des données anatomiques suffisantes sont

disponibles.
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Figure 2

Version schématisée de la hiérarchie corticale basée sur les couches d'origines
et d'aboutissement des projections. Les quatre régions d’intérét sont présentées
en gris. La figure est adaptée de Hilgetag et al. (2000b).



2.1.2 La voie cortico-thalamo-corticale

Quoique discutable comme catégorisation, dans le présent ouvrage la
projection de la partie latéral du noyau thalamique Iatérali posterieur (LP! ; Figure
3) vers le PMLS (Maciewicz, 1974; Berson & Graybiel, 1978; Tong et al., 1982;
" Berson & Graybiel, 1983b; Raczkowski & Rosenquist, 19/83; Miceli et al., 1991;
Norita et al., 1996; MacNeil et al., 1997) sera considéree comme faisant partie
de la voie geniculo-aires 17, 18 et 19. La présente catégorisation est fondée sur
fa contribution principalement corticale au LPI, et non rétinienne (.Bersoh &
Graybiel, 1978; Graybiel & Berson, 1980; Raczkowski & Rosenquist, 1983;
Miceli et al.,, 1991). Parmi les pvrojections thalamiques vérs le PMLS, celle du

LPI est la plus importante en nombre (Tong et al., 1982; Norita et al., 1996).
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Figure 3

Représentation des projections retino-thalamo-corticale. Le code couleur est le
méme que celui de la Figure 1.
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2.1.3 La voie cortico-corticale

Tél que mentionné ci-dessus, une fois que [information visuelle atteint
I"aire .17, celle-ci est re-distribuée vers un grand nombre d’aires visuelles. Parmi
celles-ci, plusieurs projettent vers le PMLS.‘ Brievement, ces aires corticales
sont la partie postero-laterale du sulcus suprasylvien latéral (PLLS), ainsi due la
partie antéro-mediane (AMLS) et la partie ventro-latérale (VLS) de ce méme
sulcus, les aires ZQa et b, les aires 21a et b, la partie visuelle du sulcus
bectosylvien anterieur (AEV), et I'aire 7 (Symonds & Rosenquist, 1984b; Miceli et
al., 1985; Norita et al., 1996). Il est a noter que la plupart de ces aires sont soit
au méme niveau de la hiérarchie visuelle ou & une position supérieure. Ainsi, il
est peu probable que ces airesv contribuent de fagon significative a I'élaboration

~ des propriétés du PMLS, elles contribueraient -plutét a la modulation de leur

activité.

2.2 La voie rétino-thalamo-corticale

I existe une projection de la rétine vers le PMLS qui n'est qu'a deux
synapses. L'information visuélfe passe alors soit par le CGLd, soit par le
pulvinar (Figure 3). Dans le cas du CGLd, il y a de nombreuses éztudes qui ont
su mettre en évidence cette projection, notamment a partir de la couche C
(Raczkowski & Rosenquist‘, 1980; Tong et al., 1982; Raczkowski & Rosenquist,
1983; Norita et al., 1996; MacNeil et al., 1997; Payne & Lomber, 1998b). De

plus, des études électrophysiologiques ont non seulemént confirmées cette
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projection, mais ont égalementAdémontré que ces synapses peuvent avoir un
effet qui va au-dela d’un role de modulation (Berson, 1985; Rauschecker et al.,

1987b).

Enfin une autre projection de la rétiné aboutie au niveau du PMLS en
passant directement par le thalamus, celui-ci implique le noyau du pulviﬁar tel
que représenté dans la Figure 3 (Tekian & Afifi, 1981; Naito & Kawamura, 1982:
Tong et al., 1982; Norita et al., 1996). | Il est impo&ant de noter cependant que
I'importance Afonctionnelle de cette projection est incertaine car le nombre de
fibres est limité tant pour les projections de la rétine vers le pulvinar que pour
celles du pulvinar vers le cortex (Labar‘et al., 1981f Tong et al., 1982; Norita et
al., 1996; Payne & Lomb‘er, 1998b;‘ Boire et al., 2004). Enfin, il existe plusieurs
autres noyaux thalamiques visuels qui projettent vers le PMLS, notammeht le ;
noyau intralaminaire et l'aile géniculée (tous deux font partie du complexe
géniculé), le noyau centro-latéral, ainsi que le noyau postérieur (Tong et al.,
‘Iv982; Norita et al., 1996). Ces projections sont encore moins importantes en

nombre que celles provenant du pulvinar.

2.3 La voie tecto-thalamo-corticale

Une derniere voie projette vers le PMLS, soit la voie tecto-thalamo-
corticale (Figure 4). Cette voie est probablement moins‘importante
fonctionnellement que la voie geniculo-aires 17, 18 et 19 car le collicule

supeérieur (CS) projette vers la partie médiane du noyau latéral postérieur (LPm)
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du thalamus (Berson & Graybiel, 1978; Graybiel & Berson, 1980; Kelly et al,,
2003), alors que le PMLS recoit la grande majorite de ces afférences de la
partie latérale du no‘yau Iatéral postérieur (LPI: Berson & Graybiel, 1978; Tong et
al., 1982; Raczkowéki & Rosenquist, 1983; Tong & Spear, 1986; Norita et al.,
1996; MacNeil elt al., 1997). |l est néénmbins impqrtant de noter qu'une
projection moins importante du LPm atteint également le PMLS. Ainsi, la

contribution de cette voie n’est pas claire et devrait étre élucidéee dans I'avenir.

Une voie qui est souvent passée sous silence mais qui pourraient avoir
une influence importante est egalement d’origine tectale. Cette voie est tecto-
geniculo-extrastriée. Il est connu depuis longtemps que le collicule supérieur
projette vers la couche C du CGL, en particulier les couches C,.3 (Harting et al.,
1991). De plus, avéc une etude d'inactivation au muscimol, il a été demontré
que cette projection module sur I'arhplitude de la reponse visuelle des neurones
dans le CGL (Xue et al., 1994). En particulier, cette voie semblerait impliquee
dans une modulation qui augmenterait la saillance des objets périphériques et
diminuerait la saillance des objets dans le centre du champ visuel. Etant donné
la projection du CGL vers les aires 17, 18, et 19 ainsi que la projection directe
vers le PMLS, il est clair que cette voie tecto-geniculo-extrastriée est bien

placée pour moduler I'activité de cette région corticale.
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Figure 4

Representahon des projections tecto—thalamo corticale. Le code couleur est tel
qu'a la Figure 1.
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3. Physiologie des neurones du PMLS
3.1 Données électrophysiologiques

Maintenant que nous connaissons les régions qui projettent vers le PMLS,
tournons nous vevrs lés propriétés des neufones de cette région. La raison pour
laquelle cette région est le point central de la présente theése est qu’ellé est la
plus étudiée des aires extrastriées visuelles chez le chat. Un consensus clair
ressort des études sur le PMLS concernant ies propriétés visuelles des

neurones duv'PMLS, soit que les cellules devcette aire corticale sont sélectives a
la direction vdves stimuli (Rauschecker, 1988; Spear, 1991). La question qui
demeure cependant, concerne le rbéle de cette aire dahs I'élaboration des
comportements. Les cellules du PMLS soht sélectivves a une diversité de stimuli
contenant du mouvement dans l'axe fronto-paralliéle (Camarda & Rizzolatti,
1976; von Grunau & Frost, 1983; Movshon et al, 1985; Zumbroich &
Blakemore, 1987: Dreher et al., 1996b; Merabet et al., 2000; Borghuis et al.,
2003; Vajda ei al., 2004; Vajda et al., '2005; Vajda et al., 2006; Villeneuve et al.,
2006a) mais également ceux qui simulevnt un déplacement du chat vers 'avant
ou l'arriére dans I'environnement, soit le ﬂvux optique (Camarda & Rizzolatti,
1976; Toyama et al., 1985; Toyama et al., 1986a; Toyama et al., 1986b:
Rauschecker et al., 1987a; Brenner & Radschecker, 1v990; Toyama et al., 1990;
Shevrk et va/., 1995; Kim et al,, 1997; Mulligan et al., 1997; Sherk et al., 1997,
Akase et al., 1998; Broéseau-Lachaine et al., 2001; Sherk & Kim, 2002). Ainsi,
I'aire PMLS est impliquée dans 'analyse du mouvement, cependant la grande '

diversité des mouvements auxquels ses neurones répondent ne permet pas de
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déterminer son rdle spécifique. Ni d'ailleurs de savoir si cette aire a un rdle

spécifique ou général dans I'analyse du mouvement.

Le roéle du PMLS dans I'analyse du mouvement a de plus été confirmé par
la méthode d'imagerie olptique des signaux intrinséques. En inactivant le PMLS,
il est possible de constater que les cartes de sélectivités a la direction des aires
17 et 18 disparaissent, alors que les cartes de sélectivités a I'orientation
demeurent (Galuske et al., 2002; Shen et al.,, 2006a). Bien qu'indirecte, ces
deux études démontrent que le PMLS joue un réle important dans I'analyse .du
mouvement. |l est & noter par contre que dans I'étude de Galuske et al. (2002)
a cause de la méthode d'inactivation choisie (cryoprobes), il n'est pas clair que
I'effet provienne uniquement de l'inactivation du PMLS, mais po_urrait également

étre attribuable au PLLS.

3.2 Données comportementales

Les conclusions tirées des donnees électrophysiologiques sont confirmées
par des travaux comportementaux. Ces travaux, via des d_ésactivations ou
lésions du .PMLS, ont pu démontrer le réle du PMLS dans l'analyse du
mouvement fronto-paralléle (Pasternak et al., 1989; Kruger et al, 1993b;
Rudolph & Pasternak, 1996; Lomber, 2001; Huxlin & Pasternak, 2004). Le point
commun entre toutes ces études est que sans I'apport du PMLS le taux de
réussite a des taches de discrimination de stimuli en mouvement avoisine celui

du hasard. Des déficits sont également observés,aprés de telles manipulations
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dans des taches de déplacement dans I'en'vironnem‘en't (Kruger et al., 19933;
Sherk & Fowler, 2002). Des atteintes sont aussi observables dans des taches
d’attention spatiale reliées a la défection de nouveau stimuli (Lomber & Payne,
1996), quoiqu'avec une tache trés similaire aucun effet ai été observé par un
autre grou’pe‘ (Spear et al., 1983). Supportant les études de lésions, une
augmentation du métabolisme dans le PMLS a été notée suite a une tache de
détection (Vanduffel et al.,, 1997b). Toutes ces données appuient |'idée selon
laquelle le PMLS fait parti de la voie dorsale du systéeme visuel. Il est

intéressant de noter qu'une seule aire puisse avoir des fonctions aussi variées.

3.3 Modéle d’analyse du mouvement

Puisqﬁe les neurones du PMLS sont impliqués dans [l'analyse du
mouvement, tant par les résultats d'études électrophysiologiques que
comportementales, il serait approprié de décrire deux modeles d'analyse du
mouvement. Le modéle d'énergie de Adelson et Bergen (1985) sera présenté
en premier, car il a grandement influencé la recherche dans le domaine de
l'analyse du mouvement visuel. Ensuite le modéle de walan et Sejnowki
(1995) sera abordé car il est probablement une meilleure description du type
d’analyse effectuée par les neurohes du PMLS, et son premier niveau de

traitement est basé sur I'analyse du modéle d'énergie.
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3.3.1 Modéle d'énergie

Ce modéle fat élaboré afin d'expliquer comment des signaux de
mouvement pouvaient étre extraits par .des neurones. Afin de comprendre ce
modéle, commengons par une cellule du CGL qui est de type ON (Figure 5A). I
va de éoit qu'un tel champ récepteur ne peut non seulement pas étre selectif a
la direction, mais aussi que I'encodage de l'orientation est impossible. Une
cellule de type simple, que I'on retrpuve dans l'aire visuelle prima_ire (Figure 5B)
est en mesure d'encoder l'orientation d'un stimulus, ainsi que son axe de
déplacement mais pas sa direction. Cependant avec un stimulus qui est plus
grand que le chamb récepteur, dont la luminance varie spatialement dans une
seU!e dimension comme une modulation sinusoidale de la luminance (ci-aprés
réseau), 'encodage de I'axe de déplacement risque d'étre erroné (Movshon et
al., 1985). Ainsi, des cellules de type simple ne sont paé efficaces dans

I'analyse du mouvement.
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Figure 5

Schématisation du modéle d’énergie. Représentation d'un champ récepteur A)
du CGL et B) de type simple. Les zones blanches et noires sont excitatrices et
inhibitrices respectivement. C) Représentation espace-temps d'un champ
récepteur simple. D) Une unité (bas) qui intégre I'information provenant de deux
cellules simple (panneau C et haut). Le gris représente la perte de la
dépendance au contraste. Adaptés de Adelson et Bergen (1985). ‘
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L’'idée d'Adelson et Bergen (1985) était ‘que le champ récepteur simple,
présénté a la Figure 5B, pouvait se déplécer dans |'espace en fonction du
temps. Nous nous retrouvons alors avec un filtre spatio-temporel, tel que celui a
Ia Figure 5C. Afin de bien comprendre cette figure, notez que l'ordonnée
représente maintenant la dimension temporelle, donc une seule dimension
spatiale est présente. Ainsi, le filtre de la Figure 5C serait sélectif a un-
déplacement vers |la gauche, puisque la partie excitatrice est brientée vers la
gauche dans l'espace-temps. De plus, ce filtre repondrait de fagon optimale
pour une vitesse qui est équivalente a la pente des sous-unités (la Iign_e noire
continue). Cette sélectivité provient du fait qu’une vitesse differente (les lignes
grises pointillées) de I'optimale causerai une stimulation de la partie inhibitricé

du champ récepteur.

Nous nous retrouvons donc avec un filtre qui est sélectif a |a directibn et la
vitesse. Cependant, suite a I'observation de la Figure 5C, il est possible de
remarquer qu'un tel mécanisme est dépendant du contraste du stimulus. Ceci
n'est plas une propriété souhaitéble pour un meécanisme dé sélectivité a la
direction. La proposition et solution de Adelson et Bergen (Adelson & Bergen,
1985) est de prendre la somme des carres de la sortie de deux filtres, et que
ces derniers difféerent quant a leur phase de 90 degrés (Figure 5D). L'unité qui
effectuerait une telle opération serait alors sélective a la direction et la vitesse
sans étre sensible au contraste du stimulus. En résumé, la sélectivité a la
direction peut étre expliquée par une somme des sorties rectifiée d’aussi peu

que deux filtres spatio-temporels. Le résultat (la sortie du modéle) est similaire
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a ce qui peut étre observé lors de I'enregistrement d’une cellule complexe de

I'aire visuelle primaire (Emerson et al., 1992).

3.3.2 Modele de sélection

Puisque la présente thése. porte sur une aire extrastriée, le modéle
présenté ci-haut n'est pas suffisaht afin de bien décrire les propriétés
neuronales dans une aire telle que le PMLS. Le modéle de Nowlan et
Sejnowski (1995) .utilise le modéle d’'énergie mentionné ci-haut et y lajoute un
niveau de traitement. Le but du modéle est d'expliquer la sélectivité a la
direcﬁon telle que nous la voyons dans MT chez le primate, et par le fait méme il
nous donne un apefc;u quant aux méca.nismés sous-jacents a la percebtion. La
mise en évidence d'un lien entre MT et la perception provient d’'une série
d'_études ¢élégantes du laboratoire de William Newsome démontrant que cette
région est a la fois nécessaire et suffisante pour la perception du mouvement
chez le primate (Newsome & Pare, 1988; Newsome et al., 1990, Britten et al.,

1996; Nichols & Newsome, 2002).

3.3.2.1 La rétine

L’entrée du modéle est une matrice (64 X 64) bidimensionnelles qui simule
la rétine (Figure 6D). Notons tout d'abord, qu'au premier niveau de ce modéle

le nombre absolu d’unités est choisit de fagon arbitraire, les proportions entre
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les niveaux étant importantes, cela dicte le nombre d'unités dans les autres
niveaux. Le nombre absolu d'unités & chaque niveau sera mentionné
uniquement afin de mettre en évidence une intégration épatiale qui se produit a
chaque étape du modeéle. Cette intégration spatiale par les champs récepteurs
est également présente dans le systéme visuel tel que nous le verrons a la
section 4.2.1. Dans la représentation du modéle de la Figure 6, chaque niveau
a une zone grise qui‘indique les unités qui seraient excitées par une stimulation

'vis,uelle hypothétique.



Sortie

MT
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Vélocité locale Sélection

Modéle d'énergie

i

V1

Rétine

Figure 6

Schématisation du modele de sélection. Au niveau de MT les fléches
représentent [a dimension sur laquelle la normalisation ce fait.
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3.3.2.2 Le cortex visuel primaire

Le modéle passe alors Iinformation de la rétine vers le cortex visuel
primaire (le CGL n'est p>as mentionné que pour des raisons de simplification
computationnelle, et cela ne reprééente en aucun cas une suggestion de
projection directe entre la rétine et le cortex). Nous nous retrouvons avec
49X49 unités pour représenter le champ visuel. Rappelons qu’il y a moins
d'unités a cause de l'intégration spatiale mentionnée ci-haut. Ce niveau du
modéle est exactement le modéle d'énergie décrit a la section précédente
(3.3.1). Il va de soit qu'une simple représentation bidimensionnelie de I'espace
ne suffit plus, car comme nous l'avons vue les unités de ce niveau sont des
filtres spatio-temporels. Pour étre en mesure d'encoder plusieurs directions et
fréquences, une représentation en trois dimensions est nécessaire tel que
reproduit dans le panneau C de cette figure. Nous nous retrouvons donc avec
36 unités par position dans le champ visuel pour représenter les différentes
possibilités de d‘irecti.on et de frequence. Ceci est donc similaire a la notioh

d'hypercolonne retrouvée dans l'aire visuelle primaire.

3.3.2.3 L'aire MT

La sortie de ce niveau est transmise aux unités sensées étre similaires a
ce que nous pourrions retrouver dans MT. Mentionnons qu'il y a encore une
intégration spatiale de l'information, ce qui donne alors une matrice de 8X8.

Deux types de mécanismes paraliéles sont alors proposés: d'une part des
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unités dont la sortie varie en fonction des évidences indiquant la présence d'un
déplaceméht dans leur direction optimale (vélocité locale) et d’autre part des
unités‘avec des informations reliées a la fiabilité spatiale des évidences relatives
a la direction (selection). La questioh qui se pose alors est comment arriver a
deux sorties différentes V(vélocité locale et sélection) a partir d’'une méme entrée
qui est celle du modele d'énergie? La réponse est fort simple, il suffit de
normaliser les sorties sélon des dimensions différentes (représentées par les
fleches). Pour le mécanisme de la velocité ’Iocale la normalisation se fait dans
chacune des hypercolonnes indépendamment. Nous nous retrouvons donc
avec un estime de la combinaison direction-fréquence pour chaque point du
champ visuel. Pour ce qui est du mécanisme de sélection, la normalisation ce
fait plutét selon les dimensions spatiales, les combinaisons de diréction-
fréquence sont donc indépendantes les unes des autres. |l en résulte donc un
estimé de la fiabilité du signal pour chaque combinaison direction-fréquence sur
la totalité du champ visuel. Bien que ce mécanisme puisse paraTtre surprenant
a premiére vue, il est critique pour le bon fonctionnement du modéle avec des

stimuli dont les vecteurs de mouvement [ocaux ne correspondent pas au

mouvement global (pour I'exemple classique voir: Adelson & Movshon, 1982).

Le lecteur aura sdrement noté qu'une simple normalisation est
complétement inutile afin d'extraire |'information voulue. Dans le modéle de
Nowlan et Sejnowski (1995), la normalisation ce fait avec ce qu'ils appellent la
‘fonction soft-max, qui n'est pas une fonction linéaire. En fait, elle donne une

plus grande pondération aux valeurs les plus élevées (présumément les plus
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fiables) au détriment des autres, ce qui facilite I'extraction des paramétres du

stimulus qui est le’plus probable d’avair été présenté.

' 3.3.2.4 La sortie

Enfin, le dernier niveau ne correspond pas a une région corticale &
proprement dit mais serait plutot une représentation du percept ou la sortie du
systeme. |l y a donc une intégration spatiale qui couvre tout le champ visuel
(panneau 6A), nous avons donc une matrice de 1X1. Cependant, le model
conserve une représentation de toutes les combinaisons de direction-fréquence
(d’'ou la profondeur). - Ceci permet donc d'extraire un estimé de la combinaison
de direction-frequence basé sur I'amplftqde dé la sortie. Ce qui méne a unev

perception du mouvement global sans égard a des vecteurs locaux.

Il est vraie que le modele reproduit de fagon relativement fidéle les
réponses neuronales de MT et des courbes psychophysiques (Nowlan &
Sejnowski, 1995). Le modéle est également intéressant car cest la
démonstration'que I'extraction de la direction globale peut étre obtenue de fagon
relativement simple et physiologiquement plausible. Ceci permet donc de poser .
des questions a partir de ce modéle et de Iutiliser comme cadre afin

d'interpréter des données physiologiques.
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4. L'aspect paralléle du systéme
4.1 Lésion de l'aire visuelle primairé
4.1.1 Lésion chez I'adulte

Tel que mentionné dans la section sur I'anatomie de la voie dorsale, il y a
plusieurs régions visuelles qui proje‘ttent vers le PMLS. Ces voies sont forts ,
importantes afin d'expiiquer la littérature concérnant les effets des Iésioﬁs de
I'aire visuelle primaire chez le chat. Résumons rapidement les résultats obtenus
lors d’'une lésion effectuée chez I'adulte. Bien que l'aire visuelle primaire Soit la
principale afférence cbrﬁcale' du PMLS, une lésion de celle-ci modifie peu les
propriétés’ neuronales du PMLS. Le changement le plus notable est une
réduction de la proportion de cellules sélectives a la direction (Spear &
Baumann, 1979; Spear, 1988; Guido et al., 1990b). Dans une moindre mesure,
ilvy a aussi une réduction de 'amplitude de la réponse (en‘potentiel d'action bar '
seconde) et de la sensibilité au contraste. Cependant, la sélecﬁvité aux
fréequences spatiale et temporelle n'est essentiellement pas modifiée, tout
comme l'organisation rétinotopique, et I'intégratizon spatiale: En résumé donc,
les propriétés du PMLS sont peu modifiées si 'on considére que l'aire visuelle
primaire est sa principale source d'afférences. Ceci suggére donc que d'autres
voies sont suffisantes po'ur évoquer des réponses quasi-normales de la part des
neurones du PMLS. Soit parce que ces afférences so»nt en mesure de prendre
le relais des neurones de laire visuelle primaire, soit pércé que ces voies
alternatives sqnt déjé responsables des réponses dans le PMLS chez I'énimal

normal.
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4.1.2 Lésion che_z le chaton

Etant donné la grande plasticité du jeune cerveau, il n'est pas surprenant'
que les études dans lesquelles une lésion a été effectuée trés té6t démontre un
effet encore moins important sur les propriétés des neurones du PMLS (Tong et
al., 1984; Guido et al., 1990a, 1992). Lors de telles lésions, le changement
principal se situe encore une fois au niveau de.|a sélectivité a la direction. Tout
comme chez I'adulte, il y @ une réduction de la proportion de neurones qui sont
sélectifs a la direction. Cependant la proportion de neurones qui sont encore
sélectifs est nettement plus élevée que lors d'une Iésion chez I'adulte (Tong et

al., 1984).

4.1.2.1 Nature des stimuli

Dans le contexte de la présente thésé il est important de considérer le
stimulus utilisé lors des études ci-haut, et ce tant lors de Iésions chez I'adulte
que chez le chaton. Deux catégories de stimuli sont généralement utilisées Ic;rs
de ces études. La premiere catégorie étant des stimuli Iuﬁwineux d’une forme
donnée, souvent un rectangle ou un éercle, déplacé manuellement. La
deuxiéme étant le réseau dyhamique décrit ci-haut (section 3.3.2.1). Pour ces
deux types de stimuli, la direction peut étre extraite par un mécanisme qui

n'utilise que des informations locales (exception faite de l'aperture problem -
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Movshon et al., 1985). Ainsi, la direction de tels stimuli peut étre encodée par

un mécanisme relativement simple.

Comme nous l'avons vu dans la section sur le modele d'energie, les
cellules co.mplexes de l'aire visuelle primaire sont en mesure d'encoder la
direction de ces stimuli. |l s'en suit, que ces stimuli ne representent pas
nécessairement le choix Ié plus judicieux pour élucider les effets de.s Iésions de
I'aire vi.suelle primaire sur les neurones du PMLS. Surtout dans la mesure ou.
nous avons vu (voir la section : Physiologie des neurones du PMLS) que les
neurones du PMLS chez I'adulte hormal encodent une diversité de stimuli, dont
plusieurs ne pourraient étre analysés par des neurones d’aires corticales de
plus bas niveau. Dong, il eth possible qu"un effet important soit présent lors de
lésions chez le chaton mais que les stimuli utilisés jusqu'a présent soient

incapables de le révéler.

4.1.2.2 Fondement anatomique

Parmi les études électrophysiologiques mentionnées ci-dessus, aucune
ne fournit des indices suggérant quelle(s) afférence(s) du PMLS pourrai'ent
prendre le relais de l'aire visuelle primaire. Par contre, plusieurs étud.es de
trégage de voies anatomiques suggerent que I'apport viskuel principal (suite a
une lésion) au PMLS provient du CGLd. En effet, il a été démontré que la
projection de la couche C du CGLd vers le PMLS est supérieure a la normale

suite a une lésion de l'aire visuelle primaire chez le chaton (Tong et al., 1984;
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Kalil et al., 1991; Tong et al., 1991; Payne & Cornwell, 1994; Spear, 1995;

Payne & Lomber, 1998b).

Ceci étant dit, la projection qui existe du LP-pulvinar vers le PMLS chez
I'animal normal (Maciewicz,. 1974ﬁ Berson & Graybiel, 1978; Tong et al., 1982,
Berson & Graybiel, 1983b; Raczkowski & Rosenquist, 1983; Miceli et al., 1991;
Norita et al., 1996; MacNeil et al., 1997) pourrait égalemént permettre la
sélectivité résiduelle. En effet, les afférences de la rétine vers le LP-pulvinar
augmentent suite a une lésion (Labar et al., 1981; Payne et al., 1993; Boire et
al., 2004), cependant la projection du LP-pulvinar vers le PMLS n’augmente pas
ou peu suite a une telle lésion (Kalil et al., 1991). Enfin, la projection tecto-
thalamo-corticale mentionnée dans la section 2.3 pourrait également étre
impliquee. Cette derniére possibilité semble moins probable car la proportion de
~ cellules séleqtives a la direction diminue de beaucoup suite a une |ésion de I’airé
visuelle primaire (Mize & Murphy, 1976). Il est alors peu probable que la
sélectivité a la direction observée dans le PMLS provient de cette voie. En
résumé, bien que plusieurs possibilités existent afin d'expliquer la sélectivité
résiduelle aux stimuli en mouvement, I'importancé'fonctionnelle de chacun‘e des

ces voies est encore peu connue.
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4.2 Profil temporel des réponses
4.2.1 Les latences neuronales

Revenons rapidement & la notion de hiérarchie présentée dans la section
2.1.1, ainsi qu'une de ses implications. Nous avons vu qu’en considérant les
couches corticales d'origine et de terminaison des projections, il est possible
d’établir uné hiérarchie des aires corticales. La notion de‘ hiérarchie, dans le
contexte d'un systéme qui traite l'information, irﬁplique qu'une aire au troisieme
niveau (par exemple) de la hiérarchie est directement déependante d'une aire au
deuxi€éme niveau avec Iaquélle elle est connectée, et indirectement dépendante
des aires de premier niveau. Ainsi, il devrait y avoir une progression des
propriétés des neurones qui suit I'emplacement dans la hiérarchie de I'aire sous

étude.

Lorsque nous observons les propriétés des charﬁps récepteurs dans
difféerentes aires corticales, nous remarquons justement une progression qui
concorde avec la position de chaque aire dans la hiérarchie. Prenons comme
exemple I'aire 17 et le PMLS, ce dernier étant de plus haut niveau que le
premier. La taille des champs récepteurs du PMLS est nettement sdpérieure a
celle de l'aire 17 (Hubel‘ & Wiesel, 1969; Camarda & Rizzolatti, 1976; Movshon
et al., 19783, b; Sherk & Mulligan, 1992; Brosseau-Lachaine et al., 2001). De
méme, les neurones du PMLS sont sélectifs a des stimuli en mouvements qui
ne peuvént étre encodés par les neurones de l'aire 17 (par exemple : Kim et al.,

1997, Villeneuve et al., 2006a).
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Bien que ces données soient compatibles avec le traitement de
l'information dans-uhe hiérarchie bien établie, elles ne sont en rien la preuve de
I'existence d'une telle organisation. Le lien de causalité entre les patrons de
projection et I'évolution des propriétés des champs récepteurs n'a pas été
démontré. Il est donc plausible d'avoir une telle évolution dans un systéme
paralléle. Nous pouvons tenter de résoudre la question en nous basant sur une
autre notion qui émane du concept d'un traitement sériel de linformation : les
latences neuronales dans les différentes aires de la hiérarchie devraient refléter
la position de éhaque aire. Cependant les résultats des études de latences, tant
chez le primate que chez le qh.at, suggerent qu'il y ait, dans la voie dorsale, un
traitement paralléle de l'information visuelle (quinson & Rugg, 1988; Maunsell
& Gibson, 1992; Dinse & Kruger, 1994; Nowak et al., 1995; Séhmolesky et al.,
- 1998; Schroeder et al., 1998; Raiguel et al., 1999; Lamme & Roelfsema, 2000;
Bullier, 200.1; Azzopardi et al., 2003; BuIIier,. 2004a). Ceci étant dit, quelques

unes de ces études soutiennent plutét I'hypothése d'un traitement sériel.

Il est a noter néanmoins que dans ces études, trois probléemes
méthodologiques~reméttent en question les conclusions. ~ Dans un premier
temps, plusieurs de ces études n'ont été effectuées que dans une ou deux aires
a la fois. i de.vient alors difficile d’'obtenir une vue d'ensemble du décours
temporel du traitement dans les aires corticales\. Il est, par ailleurs, difficile de
comparer les divers études: pour obtenif le décours temporel du systéme au

complet car les paramétres des stimuli utilisés pour évoquer la réponse

neuronale modifient les latences mesurées (Creutzfeldt & Ito, 1968; Lennie,
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1981). Deuxiemement, dans la quasi-totalité kdes études les stimuli utilisés sont
stationnaires. |l est clair que de tels stimuli ne sont pas idéaux pour évoquer
des réponses dans uhe‘ aire comme le PMLS, et la voie dorsale de fagon
générale. Les latences ainsi mesurees éta‘ient donc pour un stimulus ‘sous-
optimal, ce qui pourrait biaiser les résultats. Enfin, dans les études qui
rapportent des differences significatives les auteurs ont comparé les Iatences
moyennes. Hors, les latences n'étant pas distribuées de fagon normales, il s'en
suit que la mediane est une mesure plus fiable.  Ainsi, des problémes
méthodologiques limitent la portée des conclusions des differentes études de

latences.

Les latences, comme outil pour établir la position hiérarchique d'une
région, ont un intérét particulier et complémentaire a I'anatomie. Nous avons vu
que la hiérarchie est établie en fonction de la position laminaire des origines et
des terminaisons des projections. Ceci pose un probleme majeur pour des
regions telles que le LP-puIvinar, qui n'ont aucune organisation laminaire. Dans
de tels cas I'anatomie nous renseigne peu, mais les latences pourraient étre un

outil tout indiqué pour ces régions.

4.2.2 D'autres me‘sures\temporelles

D'autres mesures permettent également de croire que I'organisation
hiérarchique ne se refléte pas par un traitement sériel de l'information. Des

enregistrements unitaires simultanés dans l'aire 17 et le PMLS ont été effectués
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par Katsuyama et al. (1996). Avec cette technique, les a_uteurs ont démontré
qu'il y avait soit une réponse synchrone entre les deux aires ou les réponses
des neurones du PMLS précédaient ceux de l'aire 17. |l y avait peu de paires
de neurones qui\correspondaient a une prédiction basée sur la hiérarchie, soit
qu’'une réponse de |'aire 17 précédérait celle du PMLS. De plus, en utilisant une.
stimulation orthodromique il a été démontré que la projection monosynaptique
du CGL veré le PMLS est suffisamment forte pour évoquer une réponse a elle
.seule et que la latence de la transmission du potentiel d'action est similaire a
celle du CGL vers l'aire 17 (Rauschecker et al., 1987b). Ces deux technliques
semblent donc confirmer les conclusions des études de latence mentionnées ci-
haut, c'est-a-dire que la hiérarchie alnatomique ne se refléte pas au niveéu

fonctionnel. .

4.3 Profile spatio-termporel des champs récepteurs

Un outil méthodologique fort intéressant afin de mieux comprendre
I'intégration de l'information visuelle par~les neurones, est la description du
profile spati.o-temporel du champ récepteur en utilisant la technique de la
corrélation rétrograde (reverse correlation). Cétte technique permet d'obtenir
une description du champ récepteur dans I'espace-temps, similaire a ce que
nous avons vue a la Figure 5B-C. Puisque cette technique est peu commune et
qu'elle est un outil important dans une des trois études décrites dans cette

thése, commengons d'abord par une explication de ce qu'est cette technique.
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4.3.1 La corrélation rétrograde

D’abord, Ia corrélation rétrograde n'est en fait que la moitié d'une
corrélation croisée, dont seule la partie négative est utilisée. Abordons le sujet
par un exemple simplifié (représenté a la figure 7), soit une entrée binaire qui
provoque une sortie également binaire (sortie 1) suite & un délai de 2 unité
temporelle (en unité arbitraire). Dans le cross-corrélogram résultant nous
pouvons observer un pic unitaire au temps -2, qui résulte du fait que I'entrée
s'est produite deux unités temporelles avant la sortie. Dans le cas d'un
neurone, il va de soit que nous nous n’intéresserons pas aux situations ou la
sortie précéde I'entrée, ainsi toute les valeurs 'positives (partie en gris) dans le
cross-corrélogram peuvent étre ignorées. Le fait de n'observer que les valeurs
négatives du cross-corrélogram explique donc le nom de cette technique © nous
procédons de reculons dans le temps a partir du moment de 'occurrence de la

sortie afin d'identifier 'entrée le plus probable d'avoir provoquée la sortie. .



Systémes fictifs

Entrée

Sortie 1

Sortie 2

Cross-corrélogram 1

9 8 -7 6 5 -4 3 2 -1

Cross-corrélogram 2

9 -8 -7 6 -5 -4 -3 -2 -1

Figure 7
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Schématisation d’'une version simplifiée de la corrélation rétrograde. Le temps
est représenté en unité arbitraire. La partie grise est ignorée car elle représente

un lien non-causal entre I'entrée et la sortie.
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Approchons nous maintenant d'une situation plus réaliste, soit un
systéme avec la méme fonction entrée-sortie que le précédent exemple mais
avec du bruit (}sortie 2). En observant maintenant le cross-corrélogramme qui
en résulte, il est possible de voir que deux incidences sont présehtes. Ne
connaissant pas a priori la fonction entrée-sortie d'un neurone (le but de
I'exercice étant d'identifier cette fonction) il est impossible de savdir si c'est
l'incidence a -2 ou -4 qui a été provoquée par I'entrée. Ce probléme est facile a
contourner en utilisant plusieurs répétitions de l'entrée (stimulus). Ainsi, la
lnature aléatoire du bruit devrait se refléter par des incidences réparties de fa’g:on :
égale dans le cross-corrélogramme, alors que la fonction entrée-sortie devrait
étre visible en tént qu’'un pic significatif. C’est ce que nous pouvons voir a la
Figure 8, qui est basé sur 100 répétitions d'un stimulus présenté a un systéme
bruité. Bien qu'il y ait des incidences a tous les délais a cause du bruit, il y a
'seu|ement un pic clair a -2. Dans le cas ou nous ne connaitrions pas la fonction

entrée-sortie, cette figure nous permettrait d'en déduire le délai.
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Cross-corrélogram suite a cent répétitions. Le systéme est le méme que celui a
la Figure 7, mais avec du bruit ajouté. Il est clair que malgré le bruit il est
possible d’identifier un pic unique grace a la répétition du stimulus.
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Enfin, pour utiliser cette'technique de facon efficace pour cartographier

un champ récepteur visuel nous devons ajouter deux dimensions spatiales. |l
n'est alors pas uniquement question de déterminer le délai dui sépare l'entrée et
la sortie, mais aussi d'identifier que‘l stimulus (en occurrence sa position} a
évoqué un pic significatif. Dans la figure 9A, nous voyons un exemple simplifié
dans la mesure ou le champ visuel a été divisé en 4 X 4 sections et qu'il y a un
seul contraste de stimulus. Dans la rangée du haut nous avons une
représentation du Champ visuel, et la positidn du stimulus est représentée paf le
“carré noir. En dessous, nous voyoné une représentation binaire d'un potentiel
d'action évoqué par une de ces positions. |l est impossible de déterminer la
“position stimulee qui a eévoqué le potentiel d'action, & moins de connaitre la
latence precise du neurone a ce stimulus spécifique. A:fin d’eétimer cette
latence, nous devons a>Iors incrémenter chacune des positions ou un stimulus a
été présenté précédemrﬁent. Il va sans dire que ce type d'analyse s'effectue
dans une fenétre temporelle trés courte (généralement 250-300ms), qﬁi refléte
le temps necessaire pbur que le signal sé rende a la cellule, le temps

d'intégration de cette derniére, ainsi qu'un temps tampon.
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Cross-corrélogram

Figure 9

Schématisation de la corrélation rétrograde. La rangée du haut représente
I'emplacement spatial du stimulus. La deuxiéme ligne montre I'emplacement
temporel du potentiel d’action relatif au temps de présentation des stimuli. La
troisiéme rangée est la matrice bidimensionnelle qui représente I'emplacement
spatial le plus probable d'avoir évoqué le potentiel d'action, et ce pour chaque
ms pré-potentiel d'action. Les rangées 4-6 sont identiques mais lors d'une
apparition subséquente du potentiel d'action.
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Pour déterminer laquelle des quatre positions a évoqué le potentiel
d’action, il est nécessaire de présenter une autre séquence aléatoire de
positions pour le stimulus. Lors du prochain potentiel d'action (Figure QB), no‘u,s
effectuons a nouveau des incrémentations aux positions étimulées. Nous
pouvons maintenant observer une tendance,} bien que loin d’étre‘significative,
qui suggére que I'endroit oU‘iI y a déja deux incidences soit la partie du champ

visuel qui évoque une réponse de notre neurone.

A la fin du processus, nous nous retrouvons donc avec une matrice en
~ deux dimensions, et ce pour chaque période de tempé <0 ms(la panie> négative
du cross-corrélogram). Autrement dit, une matrice tridimenéionneHe, dont la
troisiéme dimension est le temps. Nous nous retrouvons donc avec une
estimation de la fonction entrée-sortie dg neurone dans I'espace-temps (pour
des traités exhaustifs sur les présomptions et les fondements statistiqugs de la
méthode voir : de Boer & Kuyper, 1968; Eggermont et al., 1983; Marrﬁarelis et

al., 1986).

4.3.2 Les profils de I'aire 17

Jusqu'a présent la quasi-totalité des études portant sur les profiles spatio-
temporels neuronaux, qu'elles soient effectuées avec des corrélations
rétrogrades ou des techniques similaires, ont été des descriptions des champs
récepteurs des neurones de 'aire 17 (Movshon et al., 1978b, a; Palmer & Davis,

1981b, a; Citron & Emerson, 1983; Emerson et al., 1987; Jones & Paimer, 1987;
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Ohzawa et al., 1990;'Szﬁlborski & Palmer, 1990; DeAngelis et al., 1993;
McLean et al., 1994; DeAngelis et al., 1995a, b; Ohzawa et al., 1997; Ringach et
al., 1997b). De fagon générale, nous pouvons dire que ces profiles ont permis |
de cbnfirmer de fagon quantitative les descriptions jusqu'alors qualitatives des
champs récepte;Jrs de cette région. C'est-a-dire la présence de champs
récepteuré de type simple et complexe. De plus, les profiles spatio-temporels
" de certains néurones évoluent dans le temps (tel que dans le modéle d'énergie),
et ce changement permet de prédire la direction préférée d'une cellule. En
effectuant une analyse de Fourier sur ces mémes profiles, il est. possible de
p‘rédire les sélectivités aux fréquences spatiale et temporelle des neurones
(DeAngelis et al., 1993). Cette te_éhnique a également permis une meilleure
comprehension de la sélectivité a la disparité binoculaire (thawa et al., 1990;
DeAngelis et al., 1995a; Ohzawa et al., 1997). De plus, ces données pefmettent
de spéculer quant aux afférences des neurohes sous étude. Par exemple, dans
ies travaux de Movshon et al. (1978a) il a été démohtré que les champs
_récepteurs des cellules complexes sont formés a bartir de sous-unités qui
intéegrent l'information de fagon linéaire. Ce n’est que I'interaction et l'intégration
de plusieurs sous-unités qui provoquent une réponse non-linéaire

caractéristique des cellules complexes.

4.3.3 Les profils du PMLS

Il'y a eu beaucoup moins d'étude de corrélations rétrogrades dans le

PMLS (Borghuis et al., 2003; Vajda et al., 2004, Vajda et al., 2005; Vajda et al.,



42
2006), et toutes celles qui existent proviennent du méme laboratoire. La
technique de ce groupe de recherche est utile afin de déterminer jusqu'a quel
point le champ récepteur d'une cellule est spatialement homogéne quant a sa
direction préférée. Elle est aussi utile pour déterminer des interactions
temporelles entre des stimuli directionnels. Le résultat le plus intéressant, car il
vaa I‘encontre\de ce que nous pourrions prédire a panir de la litterature, est que
les interactions temporelles dans le PMLS sont trés rares (Vajda et al., 2006).
Alors que de telles interactions sont plutét communes dans l'aire 18 (testé par le
méme groupe dans la méme étude). Si nous nous référons a lé représentation
de la hiérarchie des aires visuelles (Figure 2), nous constatons que ['aire 18 est
en dessous du PMLS, ce qui correspond a une projection feedforward. Ainsi,
les neurones du PMLS devraient refléter, au moins partiellement, les propriétés
des neurones de l'aire 18. En d’autres termes, il y a donc une inversion de ce
qui pourrait étre attendu quant a la présence ou non de traitement temporel non-

linéaire (interaction) de I'information visuelle dans I'aire 18 et le PMLS.

Bien que fort intéressant, les résultats de Vajda et al. (2006) ne peuvent
étre comparés avec ceux obtenues dans l'aire 17 car les deux techniques
utiisées ne donnent pas les mémes informations. Les études sur les profiles
spatio-temporels, telles que celles mentiovnnées pour l'aire 17 n'‘ont pas été
effectuées sur des cellules du PMLS en partie pour des raisons
méthodologiques (voir discussion)l. Nous ne corinaissons donc pas la fonction

entrée-sortie linéaire des neurones du PMLS. C'est-a-dire comment ces

neurones integrent l'information visuelle a partir leurs afférences.
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5. Objectif et hypothése

Suité a la section 2, il devrait étre clair qu'une investigation du role
fonctionnel.des régions afférentes du PMLS est nécessaire. Ceci découle du
fait que seul I'apport de l'aire visuelle primaire est abordé dans la plupart des
travaux. Les trois études qui forment la présente thése abordent cette question

de différentes fagons.

5.1 Premiére étude

Dans la premiére étude, le but était de savoir si les afférences autres que
I'aire visuelle primaire étaient suffisantes pour permettre une sélectivité a la
direction dans les neurones du PMLS, et ce suite & une Iésion chez le nouveau
né. Le lecteur notera que selon les informations fournies dans la section 4.1, de
telles études ont déja été effectuées. Cependant, tel que mentionné dans la
méme section, ces études utilisaient des stimuli qui requiérent trés peu
d'intégration spatio-temporelle. Il est donc envisageable que les neurones du
PMLS démontrent des déficits dans la sélectivité a la direction mais que cela ait
été masqué par le type de stimuli. Cette sélectivité arﬁoindrie pourréit provenir
du fait qu'une analyse initiale effectuée par I'aire visuelle primaire n'est plus lieu,
ce qui pourrait entraver l'intégration du mouvement dans le PMLS. L'hypothése

veut donc que la sélectivité a la direction des neurones du PMLS ne devrait plus
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étre présente lors de la présentation de stimuli qui requiérent une intégration

spatio-temporelle importante.

Cependant, une deuxiéme hg./pothése contradictoire peut également étre
formulée. Une étude de Pasternak et al. (1995) a démontré que lorsqu'une
lésion de l'aire 17 est effectuée chez 'I'adl‘JIte, la capacité de discriminer la
direction augmente pour des stimuli "qui requiérent une intégration spétio-
temporellef Si cette augmentation est attribuable aux neurones dubPMLS, alors

leur sélectivité a la direction devrait éire plus prononcée.

5.2 Deuxieme étude

La question des afférences a été abordée d'une autre fagon dans la
deuxieme étude. Rappelons qu'un des postulats d'une hiérarchie teIIeAque
décrite dans la section 2.1.1 est le traitement sériel de I'information. |l s’en suit
que les latences des aires les plus elevées devraient étre supérieures a celles
des niveaux inféfieurs, puisque l'analyse effectuée dans le premier dépend de
I'apport du deuxiéme. L’hypothese est donc qu'il devrait y‘avoir une relation
entre les latences obtenues dans les diverses aires corticales et leur niveau
dans la hiérarchie. Nous avons donc étudié les latences dans quatre aires
corticales, mais également dans le thalamus extra-géniculé. L'intérét de ce
dernier est que cette structure& n'a pas d'prganisation Iamir;aire et il est donc

impossible d'en déduire sa position dans la hiérarchie en utilisant des
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informations anatomiques. Pour les aires corticales, les latences devraient

croitre en passant de l'aire 17, au PMLS, a 'AMLS et finalement 'AEV.

5.3 Troisieme étude

Dans la troisieme étude, la corrélation rétrograde a été utilisée afin de
décrire les champs récepteurs spatio-temporels et de mieux identifier Ieé
afférences impliduées lors de la réponse initiale dans le PMLS. Si les
principaux apports du PMLS sont les éires 17 et 18, alors Iés champs
récepteurs du PMLS devraient refléter ces apports. Donc bour cette étude,
I'hybothése est que les champs récepteurs du PMLS seraient presque
entierement de type complexe étant donné :q‘u’ils regoivent des projections
surtout des couches supra-grénulaires (Symonds & Rosenquist, i984b; Einstein
& Fitzpatrick, 1991; Norita et al., 1996). Si d'autres afférences ont un role
important dans I'élaboration des champs récepteurs du PMLS, alorg ceci ldevrait

se refléter dans le profil spatio-temporel.

5.4 Résumé de I'objectif

Comme nous I'avons vu plutét dans ce texte, le systéme visuel du chat
est hautement parallele. Des aires extrastriées telles que le PMLS regoivent
des afferences de plusieurs régions corticales et sous-corticales. L'apport

fonctionnel au PMLS de chacune de ces afférences est peu connu. Les travaux
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de la présente thése cherchent donc a déterminer, en utilisant trois méthodes
différentes, le role fonctionnel des multiples afférences du PMLS mentionnées

ci-haut. Spécifiquement, les afférences autres que les aires 17 et 18.
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Abstract

In the cat, the analysis of visual motion cues has generally been attributed
to the posteromédial lateral suprasylvian cortex (PMLS) (Toyama et al., 1985;
Rauschecker et al., 1987a; Rauschecker, 1988; Kim et al, 1997). The
responses of neurons in this area are not critically dependent upon inputs from
the primary visual cortex (VC), as lesions of VC leave neuronal response
properties in PMLS relatively unchanged (Spear & Baumann, 1979; Spear,
1988; Guido et al., 1990b). Howevef, previous studies have used a limited range
of visual stimuli. In the present study, we assessed whether neurons in PMLS
cortex remained direction selective to complex motion stimuli following a lesion
of VC, -particularly to complex randofn dot kinematograms (RDKs). Unilateral
aspiration of VC was performed on post-natal daYs 7-9. Single unit extraceilular
recordings were performed one year later in the ipsilateral PMLS cortex. As in
previous studies, a reduction in the percentage of direction selective neurons
was observed with drifting sinewave gratings. We report a previously
unobserved phenomenon with sinewave gratings, in which there is a greater
modulatioﬁ of firing rate at the temporal frequency of the stimulus in animals with
a lesion of VC, suggesting an increased segregation of ON and OFF sub-
regions. A significant portion of neurons in PMLS cortex were direction selective
to simple (16/18) and complex (11/16) RDKs. However, the strength of direction
selectivity to both stimuli was reduced as compared to normals. The data
suggest that complex motion processing is still present, albeit reduced, in PMLS

cortex despite the removal of VC input. The complex RDK motion selectivity is
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consistent with both geniculo-cortical and extra-geniculate thalamo-cortical

pathways in residual direction encoding.
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Introduction

In the cat, the analysis of visual motion cues has generally been
attributed to the areas surrounding the lateral suprasylvian sulcus, spekcifically
the cortex of the posteromedial lateral suprasylvian sulcus (PMLS: vbn Grunau
& Frost, 1983; Toyama et al., 1985; Rauschecker et al., 1987a; Rauschecker,
1988). Neurons in PMLS cortex are known to respond to s‘impleAand complex
motion cues (Kim et al., 1997; Villeneuve et al., 2006a) and their destruction
yields direction discrimination deficits (Rudolph & Pasternak, 1996). In kitténs,
lesions of primary visual cortex (VC) lead to minor deficits in direction
processing in PMLS cortex as assessed by neuronal response properties (Tong
et al, 1984, Guido et al., 1990a, 1992) and behavioral testing (Wetzel et al.,
1965; Tucker et al., 1968; Murphy et al., 1975; Cornwell & Payne, 1989). This
spari‘ng may be due to an increase of and/or novel projections to PMLS cortex
~ from the lateral geniculate nucleus (LGN) and the lateral posterior-pulvinar
complex (LP-pulvinar: Labar et al., 1981; Tong et al., 19@34; Kalil et al., 1991,

Payne et al., 1993; Spear, 1995; Payne & Lomber, 1998a).

To date, the effects of early VC ’Iesi'ons on the motion processing
capabilities of neurons in PMLS cortex have begn determined with simple
motion stimuli (Spear & Baumann, 1979; Tong et al., 1984; Spear, 1988; Guido
et al., 1990a; Guido et al., 1990b; Guido et al., 1992), but not complex motion
stimuli. Two " contradictory hypotheses regarding complex motion sensitivity
motivated this study; 1- Following an early lesion of VC, PMLS neurons no

longer receive projections relaying local direction signals. This .may hinder
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complex motion integration in PMLS cortex, since these local signals may be
" necessary for global motion processing. 2- Following a lesion of area 17 in adult
cats, Pasternak et al. (1995) demonstrated that complex motion processing is
increased in a discrimination task. This suggests that area 17 impedes
processing carried out in motion sensitive areas. Hence, a lesion of VC may
actually increase complex motion processing in PMLS cortex. The aim of the
pfesent study was to determine if complex motion selectivity is present among

PMLS neurons following early VC lesions.

Methods
Lesion protocol

All procedures were in accordance With the directives of the Canadian
Council for the Protection of Animals and the ethics review board of the
Universite de Montréal. Seven kittens (post-natal days 7-9) received injections of
Atropine (0.04mg/kg) and Atravet (0.5mg/kg) and were anesthetized with
Halothane (5%), in a 50:50 mixture of O; and N2O. Anesthesia was reduced to
2% Halothane during the operation. Heart rate and blood O, saturation levels
were monitored with an oxymeter. A craniotdmy exposed the marginal and
posterolateral gyri, allowing unilateral lesions of areas 17 and 18 by subpial
aspiration. Sterile gelfoam was placed in the lesion site and covered with
Surgicell before the bone flap was replaced. Kittens received Buprenex

(0.001mg/kg) for two to three days and Tribrissen (15mg/kg) for 10 days. For the
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purposes of comparison, raw data for PMLS cortex in normal animals came from

work presented in Villeneuve et al. (2006a).

Animal preparation

Recordings were performed one year after the lesions. Animals were pre-
anesthetized and anesthetized as described above. Pressure points and
incisions were treated with a local anesthetic (Lidocaine'HydrochIoride 2%).
Cannulation of the céphalic vein allowed for muscle relaxation of the animal with
gallamine triethiodide (10rﬁg/kg/hr) in lactated ringers solution. The animal wés
artificially _ventilated,' via a tracheal adaptor, with N,O/O, (70/30%) and
Halothane (0.5-1%). Levels of CO, were maintained between 28 and 32 mmHg
by adjusting stroke volume and respiratory rate. _The EKG and EEG were
monitored and rectal témperature was maintained at + 37.5 C°. Atropine (1%)
and phenylephrine hydrochloridé (2.5%) were applied to dilate the pupils and
retract- nictifating membranes respectively. Contact lenses with appropriate
refractive power were applied. Unilateral craniotomies were performed over
- PMLS cortex, as defined by Palmer et al. (1978), ipsilateral to the lesioned
cortex. The dura was reflected to expose the cortex. Varnished tungsten

microelectrodes (A&M systems, Carlsborg, WA) were angled at ~ 40deg.
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Recordings and visual stimulation

Single unin recordings were isolated from thé signal with a window
discriminator. Using an analdgue digital interface (CED 1401 plué), signals were
fed to a PC running acquisition software (Spike 2, CED, Cambridge UK). Peri-
stimulus time histograms (PSTH) with a binwidth of 10 r\ns were created and

saved for further analysis.

An ophthalmoscope and a hand held projectorr wére used to map
receptive fields on a screen covering BOdég X 107deg placed 57cm in front of
- the animal. Computer generated stimuli Vsubtending 75° x 92° of visual angle
were back projected onto the screen, at a mean luminance of 25cd/m?. Stimuli
were generated, at 67Hz, by a G3 Macintosh computer running VPixx 1.5
(Sentinel Medical Research, Ste-Julie, Quebec,‘ Canada). Each condition was
presented at least 4 times in a random order for a duration of 4 seconds per

presentation and separated by a one second interval.

Receptive field properties

The size and location of receptive fields and ocular dominance were first
assessed qualitatively. Quantitative assessment of receptive field prdperﬁes was
performed using 60% contrast drifting sinusoidal gratings. Preferred direction,

spatial and temporal frequencies were determined.
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Plaid patterns

Two identical (differing only by 120deg) superimposed drifting sinewave
gratings were presented at their previously determined preferred spatial and
temporal frequency. The contrast of each grating was set to 30%, so that the

contrast of the plaid was equal to that of a single grating.

Random dot kinematograms

Two types of RDKs were presented, simplé‘ and complex. Detailed
descriptions of these stimuli have previously been published (Dumbrava et al.,
2001; Quellette et al., 2004b; Villeneuve et al., 200'6a). Briefly, RDKs were 1deg
white dots on a black background (100% contrast). Simple RDKs were a rigidly
translating random dot field. For complex RDKs, the dots had a lifetime of two-
frames, that is, they moved only once before being randomly repositioned. At
any one time, half the.dots were displaced in the coherent motion direction while
the other half was repos_itioned randomly. Complex RDKs require the temporal
integration of many dots over a large spatial extent in order to extract the
veridical directioh of the stimulus. Supporting the complex nature of this
stimulus, almost all simple RDK direction selective neurons in area 17 were
unable to code the direction of complex motion RDKs (Dumbrava et al., 2001;

Villeneuve et al., 200_68).
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Data analysis

A detailed description of data analysis has previously been published
(Ouelletfe et al., 2004b). A modulation index (MI), traditionally used to
discriminate simple from complex cells (Skottun et al., 1991 b), was computed for
sinewave gratings bresented at the preferred di'rection at optimal spatial and
temporal frequencies. Cells with an Ml abbve 1.0 exhibited a high modulation of
their response amplitude to the temporal frequency of the grating (i.e. distinct
ON and OFF sub regions), while cells with an M| below 1.0 show a less
pronou'nced modulation of their discharge réte. Direction selectivity among
PMLS neurons was determinéd with a direction index (DI). Neurons with a DI
value above 0.5 were considered to be direction selective. Direction bandwidth
was caiculatéd as the half-width at half-height at the preferred direction.
Ne.urons were classified as either pattern or component motion selective,
according to the method of Movshon ef al. (1986, corrécted). The resulting
partial correlation coefficients were converted to Z scores using a modified
version of Fisher's transform (Majaj et al., 1999'; Ouellefte et al., 2004b; Smith et
al., 2005). Comparison_s of lesioned and normal animals were carried out using

student’s t test or a chi-square test (a = 0.05).

Histology

Animals were intravenously administered pentobarbital sodium (Euthanyl:

240 mg/ml, 110mg/kg) and then perfused transcardially with phosphate buffer
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solution and fixative (3% péraformaldehyde and 0.1% glutaraldehyde). Using a
cryostat, coronal serial sections (40um) of the lateral geniculate nucleus (LGN)
were cut, stained with cresy! violet. The degeneration of the LGN was compared
to the retinotopic maps of Sanderson (1971) to determine the extent of the visual |
field affected by the Ieéion. It has previously been reported that neurons with
receptive fields entirely outside the lesioned part of the visual field exhibit
response properties which differ frpm normals (Tong et al., 1984). Despite this
result We limited our analysis to receptive fields which had an overlap of at least
75% with the lesioned part of the visual field. This criterion seems reasonable as

the stimulus of interest, complex RDKs, require a large scale spatial integration

of motion cues.

Results
Extent of the lesions

All primary visual cortex lesions presented here caused cellular
degeneration throughout most of the visual field representation in the LGN as
can be seen for one. anihwal in Figure 1. For the case presented, the
degeneration in the LGN ipsilateral to the lesion makes it difficult to establish
both the layers and borders of the nucleus. The"bottom panell shows that the
receptive fields were predominantly situated within the part of the visual field that
was affected by the lesion. Six of the seven animals had lesions that clearly

covered all the visual field up to an azimuth and elevation of at least 40 degrees
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eccentricity, while in the seventh animal the preserved visual field representatio|n

began at an azimuth greater than 30 degrees.

Schematic representations of deQeneration are shown in Figure 2 for q|l
seven animals. The mapping of the degeneration has been superimposed on
~ standardised retinotopic maps (Sanderson, 1971) in order to estimate the visual
field representation affected by the lesions. Due to the non-uniform nature of V!C
lesions on the LGN, the degeneration has been divided into three su5-
categories: normal (white), degenerated (light gray), and éevere’ly degenerated
(dark gray). An example of' the degenerated and severely degeneratgd
nomenclatures may be observed. for case.GBKOSOG (third row) which is the
animal for which photornicrographs were presented in Figure 1. The second
map from the left (dark gray) and the rightmost map (light gray) afe
approximately at the same antero-posterior positions as the photomicrographs |n

the second and third rows of Figure 1 respectively.
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Figure 1 ‘

Example of degeneration of the LGN in one animal. Cresyl violet staining was
heavier and the definition of the three cellular layers was clearer in the thalamus
contralateral to the lesion. The bottom panel represents the extent of visual field
representation (out to 40 degrees) that was affected by the lesion. The gray
shading represents the extent and the saturation represents the magnitude of
degeneration in the LGN. Note that the photomicrographs in the left and right
panel were taken from the same coronal slice. '
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Figure 2

Representation of degeneration of the LGN following the cortical lesions. The
cases shown are from the least to the most severely degenerated. Intact,
degenerated and heavily degenerated sections of the LGN are represented by
white, light gray, and dark gray respectively. The sole representation of the LGN
where the outline is light gray is a case where no stained sections exhibited -a
form similar to that represented, likely due to distortion attributable to the lesion.
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Basic receptive field properties

Testing was carried out in the PMLS cortex of seven cats and ohly data
obtained from neurons with more than 75% of their receptive fields within the
lesioned part of the visual field are presented here (45 neurons). The mean (+
S.D.) maximum response amplitude to optimized sinewave gratings did not
significantly differ from normal animals (lesioned: 25.4 + 24 spikes/s, n = 41;
normal: 26.1 + 19.6, n = 48; t = 0.15, p = 0.88). Spontaneous activity m;as weak,
as in normal cats, and no significant difference was observed (lesioned: 5.8 +
7.9 spikes/s, n = 41; normal: 5.5 + 11.9, n = 48; t= 0.17, p = 0.87). Among
neurons whose receptive fields could clearly be mapped, the mean receptive
field areas were comparable (lesioned: 363.2' + 2727 degz, n = 29; normal:

334.0 + 262.5deg?, n =47:t=0.46, p = 0.644).

Sinewave gratings

In animals with and without a lesion, the spatio-témpofal response
characteristics to sinewave gratings were similar. No significant difference was
observed for mean optimal spatial frequencies (lesioned: 0.15 + 0.22 c/deg, n =
41; normal: 0.16 + 0.17c/deg, n = 30; t = 0.21, p = 0.84). Mean optimal témporal
frequencies were not significantly different either (iesion: 39+ 23Hz n=29;

normal: 3.6 £+ 1.2, n =23; t = 0.46, p = 0.65).

Although there was a lack of effect of lesion on spatial and temporal

frequencies this was not the case for direction selectivity. The proportion of



62
direction selective neurons was smaller in lesioned versus nofmal’ animals
(lesion: 25/41 or 61%; normal: 39/45 or 87%), this was a statistically significant
reduction ()(2 =7.44,p <0.01). Accon;dingly, the mean DI was significantly lower
in animals with lesions (lesion: 0.61 £ 0.32, n = 41; normal: 0.86 +0.21, n =45; t

= 4.1, p < 0.001;).

A yet undescribed difference in the response to sinewave gratings was
observed. In animals with a lesion, neurons exhibited a greater modulation of
their discharge rate as evidenced by the MI (lesion: 0.80 + 0.55, n = 38; normal:
0.54 £ 0.35, n = 28; t = 219, p = 0.03). A distribution of Mls in normal and
lesioned cats is presented in Figure 3. Note thét the MI distribution is skewed to
the left among neurons recorded in normal animals (only 3/28 neurons have a
MI > 1), while this asymmetry is less pronounced for animals with lesions (12/38
neurons had a M|l > 1), however this shift in the distribution is not significantly

different (x? = 2.4374, p > 0.05).
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Figure 3

The distribution of modulation indices for neurons in normal (white bars) and
lesioned (black bars) animals. Note that the distribution for normal animals was
skewed to the left, while it was more homogeneous for animals with a lesion.
The mean MI for the lesioned and normal groups are presented as filled and
open triangles respectively.
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Plaid patterns

F’Iaid pattern Seléctivity was assessed among the 24 neurons that were
direction selective to sinewave gratings. All cells that were clearly responsive to
plaid patterns were component motion selective. The response profile of such a
neuron is presented in Figure 4A and is similar to what is found in animals
without a lesion. The distribution of response profiles for the sample of neurons
is presented in p'anel B. Among the 24 sinewave grating direction selective cells
tested, 15 were component motion selective, six were unclassified, while an
additional three neurons were non-responsive (not shown). The ratio of
unclassified and component motion cells was not significantly different_in the
PMLS cortex of animals with (6/15) and without (3/26) a lesion (x* = 2.74, p>
0.05). The three non-responsive neurons did not discharge above spontaneous
activity levels (panel C) to plaid patterns, de(Villeneuve et al., 2006a)spite being
direction selective to drifting sinewave gratings (panel D) before and after tests
with plaid patterns. Note the very narrow direction tuning bandwidth in panél D,
which was present in the three cells. The rriean bandwidth for these three célls

was 10.47 deg as conipared to 22.96 deg for the whole sample.
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Response to plaid patterns. A) Typical sinewave grating (dashed lines) and plaid
pattern (black circles) response profiles. B) The distribution of response profiles
for plaids was presented for animals with (black circles) and without lesions
(white circles). C & D) An example of a neuron that was non-responsive to a
plaid pattern (panel C) despite being direction selective to a sinewave grating
(panel D). This type of cell was not included as an unclassified neuron in panel
B. Full lines represent response amplitude, spontaneous activity is too low to be
seen.
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RDKs

Direction selectivity for simple RDKs was present in 16 out of 18 neurons
that had previously been assessed to be direction selective for sinewave
gratings. A tuningl curve of a typical direction selective neuron is presented in
panel A of Figure 5. Generally, neurons were nbt as direction selective as in
normal animals (a 21% decrease in mean DI) as revealed ‘by a significantly
lower mean DI for lesioned animals (lesion: 0.79 + 0.31, n = 18'; normal: 1.0 i‘
0.23,n=35;t=2.79, p= 0.007). In panel B, the decreased direction selectivity
is reflected as a leftward shift of the DI distribution, however a majority (89%) of
neurons nonetheless remained direction selective with a criterion of .0.5. Mean
direction bandwidths for simple' RDKs were similar between both groups (lesion:
64 + 23.7 deg, n = 10; normal: 50.9 + 21.2 deg, n = 37; t = 1.69, p = 0.097). The
mean optimal speed was 131.3 + 74.2 deg/s (n = 8) and 106.1 £ 59.4 deg/s (n =
33) for lesioned and normal animals respectively, these méans were not

significantly different (t = 1.02, p = 0.311).
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Direction selectivity for RDKs. A) A typical response curve for different directions
of a simple RDK stimulus. The full line represents the response amplitude,
spontaneous activity was too weak to be represented. B) Histogram of simple
RDK direction indices measured in PMLS following a lesion of VC (black bars)
and in normals (white bars). C) Typical response of a complex RDK selective
neuron. This is the same cell as in panel A. D) Histogram of direction indices for
complex RDKs in lesioned (black bars) and normal (white bars) animals. The
vertical and horizontal dashed lines represent the cutoff between non-direction
selective (NDS) and direction selective (DS) neurons. The means for lesioned
and normal groups are presented as filled and open triangles respectively.
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Among the 16 neurons that were direction selective to simple RDKs, 11

also signaled complex RDK direction. The direction tuning curve for a complex
RDK selective cell is presentéd in Figure 5C (same cell as in panel A). Complex
RDK directior; selectivity was significantly |6wer among lesioned cats (lesioned: -
Dl =0.64 + 0.27, n = 16; normals: DI = 0.83 + 0.34, n = 33; t = 2.04, p = 0.047).
This is a 33% reduction in mean DI énd can be seen as a leftward shift in the
distribution of DI values in panel D. The majority (69%) of neurons however, are
direction selective to complex motion RDKs (DI > 0.5). Complex RDK direction
bandwidth did not significantly differ (t = 0.76, p = 0.453), the means were 62.8 £
44 .9 deg (n=8) for lesioned and 72.8 + 28.9 deg (n=28) for norrﬁal animals. The
optimal speed for complex RDKs did significantly differ (t = 2.05., p = 0.048), with
means of 79.3 £ 57.1 deg/s (n=7) and 178.3 + 123.9 dég/s (n=31) for lesioned

and normal animals respectively.

Stimulus'dependent direction selectivity

Direction selectivity was significantly reduced for sinewave gratings,
simple and complex RDKs in lesioned animals. When observing the behavior of
a single neuron, this reduction of direction selectivity could either be stimulus
dependent or independent. To distinguish between these two possibilities, three
correlations were calculated between Dls for different stimuli (Bonferroﬁi
corrected familywise error of 0.05). There Was no significant correlation of
sinewave grating DIs with those of simple (r = 0.33, p = 0.19) or complex RDKs.

~(r=0.21, p = 0.41). Direction selectivity was significantly correlated (r = 0.61, p =
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0.01) between simple and complex RDKs. The: same pattern was observed in.
normal animals, for which there wés no significant correlation between sinewave
gratings and simple (r = O.'06, p = 0.81) or complex RDKs (r = -0.12, p = 0.61),
while Dls for simple a_nd complex RDKs were significantly correlated (r - 0.55,p
=»0.01 ). Thus direction selectivity, at the single cell level, is stimulus dependent

both in lesioned and normal animals.

Discussion
General observations

Following neonatal lesions of VC few functional properties were altered
among neurons in PMLS cortex. Basic response properties were unchanged
except for an increased MI and a reduction in direction selectivity; the latter
finding is similar to that of previous investigators (Tong et al., 1984; Guido et al.,
1990a; Guido et al.,, 1990b; Guido et al., 1992). Regardless of stimulus type
there was a reduction of the strength of direction sélectivity among PMLS
neurons. However, the direction selectivity of a single neuron to one stimulus
was not a good predictor of selectivity to another stimulus. The main finding'of
the present study is that complex motion processing persists in PMLS cortex

despite early lesions of VC.
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Unilateral nature of the |lesions

One could suggest that the incomplete reduction of direction selectivity is
attributable té the unilateral nature of the lesions. This seems improbable as
unilateral and bilaterél lesions have similar effects on response properties
(Guido et al., 1990a). Similarly a lesion of the corpus callosum has little effect on
the modification of response properties following a VC lesion wheh performed in
very young kittens (Tong et al., 1987). It is therefore unlikely that the intact
contralateral VC played a role in the residual direction selectivity of PMLS

neurons.

Proportion of direction selective cells

A general reduction in direbtion selectivity for ail stimuli was observed. Of
particular interest is the decrease in direction selectivity for complex RDKs. This
is in keeping with the first hypothesis that motivated this study, in which the
~ elimination of local motion processing in the VC hampers complex motion
integration in PMLS cortex. It i‘s important to note however, that the decrease is
not as severe as what could be expected based on the first hypothesis. The -
decrease in complex motion selectivity ‘suggests that | the increase in .
discriminability observed by Pasternak et al. (1995) is attribUtabIe to visual areas
that are higher up in. the hierarchy relative to PMLS. A direct comparison with
the work of Pasternak et al. (1995) is difficult as the lesions were not carried out

at the same ages. We reasoned that increased complex motion selectivity would
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be more likely following a long standing early lesion, due to neuronal plasticity. A
study similar to the present one would be necessary to definitjvely eliminate the
possibility that PMLS was responsible for the increased discriminability of

complex motion selectivity in animals with lesions in adulthood.

Possible pathways

Despite the aforementioned reduction in the strength of direction
selectivity, a majority of PMLS neurons Were nonetheless direction selective for
simple, and to a lesser extent complex motion (i.e. complex RDKs). Previous
authors have suggested that the relatively normal response properties observed
in PMLS cortex are due to increased and/or novel projections from either the A
or C layers of the LGN (Figure 6Aa), a tecto-thalamo-cortical circuit' (Ab), a
fetino-thalamo-cortical pathway (6Ac), or novel computations that occur within
PMLS (Labar et al., 1981; Tong et al., 1984; Spear, 1988; Kalil et al., 1991;
Tong et al., 1991; Guido et al., 1992; Payne et al., 1993; Spear, 1995; Long et
al., 1996; Payne & Lomber, 1998a; Moore et al., 2001; Boire ef al., 2004). All of -
these mechanisms are likely to be involved in residual direction selectivity in |
PMLS. However the present results, in conjunction with previous studies,
éuggest that the LGN has a éentral role in fhe transfer of information to PMLS, at

least for the initial response of the latter neurons.
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Figure 6

Simplified schematic representation of pathways in neonatal lesioned animals
(A), equivalent pathways in normal animals are presented in B for comparison.
For ease of viewing, subcortical pathways that project to cortex are represented
by black lines, while pathways emanating from cortex are in gray. In panel A, the
thickness of the lines represents the relative importance of the pathway as
compared to normals. Dashed lines represent pathways which are no longer
present and empty circles signify pathways with at least one synapse.
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A geniculo-cortical route could potentially explain the increase in spatiaIA
segregation of ON and OFF sub-regions among PMLS neurons, which would
arise from clearly segregated ON-OFF LGN receptive fields. The latter are
known to augment their projections to PMLS cortex following early VC lesions
(Kalil et al.,, 1991; Spear, 1995, Payne & Lomber, 1998a). In th‘e present
experiments, ocAcasionaI sampling of data from AMLS was carriéd out and an
increase in Ml was also observed (lesion: 1.80 £ 1.59, n = 12; normal: 0.84 %
0.49, n = 116), déspite the fact that projections from the LGN to AMLS do not
increase following VC lesions (Payne & Lomber, 1998a). A similar increase in Mi
has been reported in the LP-pulvinar (Desautels & Casanova, A2001). This
increased segregation vof ON and OFF sub-regions in both areas could be
inherited from PMLS, as the latter sends driyer inputs to the LP-pulvinar (Huppé-
Gourgue et al., 2006b), and feedforward projections to AMLS cortex (Symonds

& Rosenquist, 1984b; Grant & Hilgetag, 2005).

Similarly, LGN projections may explain the residual complex motion
selectivity observed in the present study for two reésons. 1- LGN neurons have
been shown to acquire non-linear response characteristics (Tumosa et al.l, 1989)
following VC lesions, which may partially compensate for the removed cortex. 2-
Although area 17 neurons, which receive their major Vexcitatory input from the
LGN, do not signal complex RDK direction (Dumbrava et al., 2001; Villeneuve et
al., 2006a), PMLS neurons could usé this input to create direction selectivity de
novo. Work by Thiele et al. (2004), suggests that the initial part of the directional

response in MT (a possible homolog of PMLS) is attributable to intra-cortical
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inhibitory processes which tune non-direction selective inputs. Moreover,
response timing is not compatible with an initial PMLS response driven by area
| 17 neurons (Dinse & Kruger, 1994; Katsuyama et al., 1996; Ouellette &
Casanova, 2006b). An initial LGN based response of PMLS neurons may lead |
to directional responses via intra-cortical processes. It seems reasonable that
inhibitory processing, as proposed by Thiele et al. (‘2004), could occur as Huxlin
and Pasternak (2001) have demonstrated that GABAergic neurons are
maintained in PMLS following a VC lesion (lesions in adults). Thus 'ew)en in
norrﬁal animals, the initial PMLS response may be inherited from the LGN |
(Figure 6Ba). Furthermore, a lesion of the LGN subsequent to a neonatal VC
lesion temporarily elifninates orient.ing behavior in cats (Payne, 2004), arguing

for the importance of geniculo-cortical pathways after cortical lesions.

It could be argued However, that if the LGN were responsible for the
residual selectivity in PMLS, the receptive fields of the latter should be smaller
than that observed in; normals. This need not be the case for tw§ reasons.
Firstly, following lesions of VC the remaining neurons in the LGN have larger
than average receptive fields (Murphy & Kalil, 1979; Tumosa et al., 1989).
Secondly, the size of receptive fields in PMLS have been shown to be
independent of their input (lllig et al., 2000), which suggests that large receptive

fields are an intrinsic property of PMLS neurons.

The above argument for LGN input to PMLS has focused on the initial
response. The subsequent direction selective response in PMLS may remain

dependent upon the LGN, but may also use retino-thalamo-cortical (implicating



75
the LP-pulvinar complex) and/or tecto-thalamo-cortical input. This possibility
does not require the assumption of any supplemental novel intra-cortical
computations. Anatomically, the known reorganization of the visual system could
permit such pathways to contribute to spared response properties observed in
PMLS. In normal anifnals, PMLS neurons receive projections from the LP-
pulvinar (Figure 6Bb,c&d: Updyke, 1981; Tong et al., 1982), and this inpuf
increases following a VC lesion (Figure 6Ab,c&d: Labar et al., 1981; Tong et al.,
1984; Payne et al., 1993; but see Boire et al., 2004 who have shown that retino-
LP-pulvinar projections méy be present even in normals). Although less
conclusive, the results of physiological studies also suggest that information
passing via the LP-pulvinar is involved in PMLS respohses. For example,
complex RDK selectivity is present in the LP-pulvinar of normal animals
(Dumbrava et al., 2001; Villeneuve et al., 2006a). While this has yet to be
assessed in early VC lesioned animals, encoding of simple motion is preserved
(Desautels & Casanc;va, 2001) in the LP-pulvinar following such a lesion.
Destruction of the tectum changes the response properties of neurons in PMLS
cortéx (Smith & Spear, 1979), specifically there is an increased responsiveness
to stationary and slowly mé)ving stimuli which does not occur for stimuli moving
at higher velocities. Taken together these data suggest that past the initial
response, residual direction. selectivity in PMLS cortex may be partially
attributable to an extra-geniéulate thalamo-cortical pathway involving the LP-
pulvinar complex. It remains to be determined whether the input to this t/halamo-

cortical route is preponderantly a retinal and/or retino-tectal in nature..
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Regardless, the mechanisms necessary for motion processing in lesioned

animals may already be present in normal animals (Figu_re 6B). -

Role of feedback connections

It seems unlikely that feedback connections could, on their own, evoke
robust responses in PMLS due to their mUItisynaptic nature. However,‘ they
could account for the residual direction selectivity in PMLS by 'imposing a
directional map in the absence of highly organized VC input. The importance of
feedback connectiohs from PMLS for the emergence of direction selectivity
maps in aréas 17 and 18 has been previously demonstrated (Galuske et al.,
'2002; Shen et al., 2006b), however both areas remain visually responsive
despite the loss of direction selectivity. Similarly, the direction selective maps in
PMLS may arise from feedback projections from higher-order éreas (Figure
6Ae) that are not as dependent upon VC input. For example, the tecto-thalamo-
cortical route to the lateral bank of the posterior lateral suprasylvian sulcus
(PLLS: Naito & KawamUra, 1982) could impose direction selectivity to residual
responses in PMLS:.via feedback connections (Granf & Hilgétag, 2005). Visual
response latencies also suggest a role for feedback connections, as the profile
of onset latencies in PMLS following a lesion bea.r a greafer resemblance to
those seen in AMLS and AEV than in normal PMLS (OQuellette & Casanov-a,

2006b).
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Comparison with primate

A direct comparison of the present data with previous work in the primate
is difficult due to the paucity of studies in which lesions were bonducted at a
young age in primates (Moore et al., 1996). The few existing studies do suggest
certain similarities with the literature in cats. Early lesions of VC lead to lesser
behavioral deficits than when conducfed in adulthood (Moore et al., 1996) and
there is selective survival of larger caliber LGN neurons than that found in
normal \animals (Hendrickson & Dineen, 1982). In the adult, the effect of
elimination of VC input on MT neurons is controversial, with reports ranging from
quasi-nvo.rmal to non-existent visual responses (Rodman et al., 1989, 1990;
Girard et al., 1992; Kaés & Krubitzer, 1992; Rosa et al., 2000; Azzopardi et al.,
2003; Collins et al, 2003). Interestingly, neither the VC nor the superior -
colliculus are necessary for direction selective responses in MT (Rodman et al.,
1990), while the eIimination of both abolishes neuronal activity in MT. It is thus
tempting to attribute residual responses in MT following VC lesions to a tecto-
thalamo-cortical route. However a direct transfer of information from the superior
colliculus to MT via the bulvinér must be }discarded (Bender, 1983; Stepniewska
et al., 1999) since the main tecto-recipient portion of the pulvinar does not
project to MT. Moreover, removal of VC silences the pulvinar (Bender, 1983)
makinglit an unlikely candidate for the transmission of information from the
tectum to cortex in primates. Alternatively, a direct projection from the LGN to

MT is scarce to non-existent (Benevento & Yoshida, 19.81; Fries, 1981;
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Benevento & Standage, 1982; Sorenson & Rodman, 1999; Stepnfewska et al.,
1999), and hence unlikely to explain residual responsiveness. The most likely
explanation is that connections from other cortical areas which réceive input
from the tecto-recipient koniocellular iayers of the LGN are responsible for the
obéerved responsiveness in MT (Stepniewska et él,, 1999). Supporting this,
deactivation of the LGN eliminates responses in MT (Maunsell et al., 1990), an
effect thét cannot be attributed solely to the silehcing of VC (see above). Hence,
feedforward and feedback projections between cortical areas. may play an

instrumental role in residual responses in MT.

Implications for motion processing

Multi-stage models of motion processing have proposed an initial analysis
of local motion cues and a subseqﬁent stage that uses the extracted information
to detect the real motion of a stimulus (Adelson & Bergen, 1985; Nowlan &
'Sejno_wski, 1995). The first stage has usu.all'y been .attributed to primary visual
cortex and the second to MT or PMLS in the primate and cat respectively. The
reduction in thé direction selectivity of neurons in the presént study (i.e.
decreased mean D!) suggests that the removal of a preliminary sfage does
indeed hinder motion .processing in PMLS cortex. On the other hand, the mere
preéence of residual direction selectivity to compvlex stimuli in PMLS suggests
that the first stage is not an absolute necessity. The normal visual system
probably operates according to the principles of multi-stage models, while this is

not the only functionally .viable organisational principle for motion prbcessing.
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Similar to what was proposed by lllig et al. (2000) for receptive field size, motion
selective responses observed in PMLS may be relatively independent of the

afferents giving rise to them.

Within the framework of PMLS neurons receiving inputs from a relatively
fixed area of the visual field regardless of the origin of inputs (lllig et al., 2000),
the large receptive fields in PMLS would remain ideally suited to extract the
motion cues even from complex motion stimuli. A simple Reichardt type modei
(Reichardf, 1961b) may be sufficient to explain the residual direction selectivity
in PMLS ‘based on LGN inputs. This less efficiént form of motion analysis
provided by a Rleichardt model may partially explain the decrease in direction
selectivity (i.e. DI) of PMLS neurons. A Reichardt type model was created to
determine whether such a mechanism could explain the observed direction
selectivity. The direction‘and velocity tuning curves presented in Figu're' 7
(panels A&B) clearly show that such a model is capable of extracting directional
information, suggesting that PMLS neurons could use LG.N input to extract

complex RDK direction.

Alternatively, the first stage analysis may simply be taken over by another
* region. Note that this first stage analysis may partially be taken over by the LGN
itself, as some LGN neurons take on non-linear response properties following
VC lesions (Tumosa et al., 1989). A study of PMLS cortex in VC lesioned
animals during deactivation of thé LGN would be necessary to determine which

of these two possibilities is correct.
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Figure 7

Direction (A) and velocity (B) selectivity of the Reichardt model. The model
consisted of inputs which mimicked ON and OFF LGN responses to complex
RDKs. A frame by frame 2-D cross-correlation of the image was then carried
out. Such a model would produce approximately equal output values regardless .
of direction or velocity. In order to impose selectivity on the model, certain
regions of the ternporally’ summed cross-correlogram were filtered. This is
computationally equivalent to giving greater synaptic weight to certain spatial -
shift amplitudes (i.e. a displacement 1-2 versus 1-3 in panel C) and directions
(i.e. 1-3 versus 3-1). The imposed filter can be seen in panel D. It is composed
of an annulus whose intensity has a Gaussian distribution along radial lines
extending from the center, multiplied by a uni-dimensional exponentially
increasing function. The position of the peak of the Gaussian equals the
preferred spatial shift (i.e. velocity, if interframe interval is kept constant), while
velocity bandwidth increases with the width of the Gaussian. In other words, if
the filter were a single central point, the neuron would respond maximally to
static stimuli. As the annulus moves away from the center, the preferred velocity
"increases proportionally. The exponent of the uni-dimensional function controls
the direction selectivity, while the orientation of the latter function determines the
preferred direction of the neuron. -
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Conclusions

The present data demonstrates that complex motion selectivity is still
bresent, albeit reduced, among PMLS neurons following neonatal Iesions_ of VC.
Previously observed increases in direction 'discrimination (Pasternak et al.,
1995) are not likely attributable to changes in response properties in PMLS
cortex. This improvement in discrimjnation likely rest on changes higher up in
the cortical hierarchy. Although the data do not offer a definitive answer, the
presence of complex RDK selectivity supports the role of both geniculo-cortical
and extra-geniculate thalamo-cortical pathlways in maintaining near normal

response properties in PMLS cortex, coupled with intracortical processing.
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Abstract

The visual system of the cat is considered to be organized in both a serial
and parallel manner. Studies of visual onset latencies generally sugg_est that
parallel processing occurs throughout the dorsal stream. These studies are at
odds with the propdsed hierarchies of visual areas based on termination
patterns of cortico-cortical projections. In previous studies a variety of stimuli
have been used to compute latencies, and this is problematic as latencies are
known to depend on stimulus parameters. This could explain the discrepancy
between latency and neuroanatomical based studies. Therefore, the first aim of
the present study was to determine, whether latencies increased along the
hierarchy of visual areas when the same stimuli are used. In addition, the effect
of stimulus complexity was assessed. Visual onset latencies were calculated for
area 17, PMLS, AMLS, AEV, and PMLS neurons following lesions of primary
.~ visual cortex. Latencies were also computed from neurons in the LP-pulvinar
complex given the importance of this extrageniculate complex in cortical
intercommunication. Latency distributions from all regions overlapped
substantially, and no significant difference Was present, regardless of the tybe of
stimulus used. The onset latencies in the LP-pulvinar cdmplex were comparable
to those seen in cortical areas. The data suggest that the initial processing of
information in the visual system is parallel, despite thé presence of a
neuroanatomical hierarchy. Simultaneous response onsets among corﬁcal areas
and the LP-puIvi.nar suggest that the |atter is more than a simplé relay‘station for

information headed to cortex. The data are consistent with proposals of the LP-
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pulvinar as a center for the integration and distribution of information from/to

multiple cortical areas.
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Introduction

A large number of visual 'cortical areas have been identified in both cat
and monkey. Despite known parallel processing: pathways (Stone et al.; 1979;
Lennie, 1980; Mishkin et al., 1983), there is ample evidence that visual
information is processed in a hierarchal manner across these areas.
Neuroanatomical studies.have revealed a repetitive axonal termination pattern
between cortical areas (Rockland & Pandya, 1979; Symonds & Rosenquist,
1984b) that has allowed the establishment of hierarchical organizations of these
visual areas (Maunsell & van Essen, 1983; Felleman & Van Essen, 1991,
Scannell et al., 1995; Scannell et al., 1999; Hilgetag et al., 2000b). Evidence of
hiérarchical processing also comes from single unit recordings, which revealed
that the receptive field properties 6f neurons vary in a predictable manner along
the hierarchy. For example, receptive field size gets progressively larger at
increasing levels of the hierarchy (Lamme & Roelfsema, 2000; Bair & Movshon,
2004) and there is an i.\ncre.ase' in complex motion select‘ivity from lower to

higher-order areas (Movshon et al., 1986; Scannell et al., 1996; Villeneuve et al.,

2006b) .

Implicit in the proposed hierarchy model, is the notion that each
subsequent level inherits processed visual information from lower areas and is
involved in additional processing of its own. It follows that neuronal response
latencies should increase at hi‘gher echelons of the visual system. A comparison

of latency distributions in dorsal stream cortical areas reveals a substantial

overlap in both monkey (Robinson & Rugg, 1988; Raiguel et al., 1989; Nowak et




94
al., 1995; Schmolesky et al., 1998; Schroeder et al., 1998; Lamme & Roelfsema,
2000; Bullier, 2001, 2004b) and cat (Dinse & Kruger, 1994; Bullier, 2004b),
inconsistent with a strictly organized hierabrchy. Moreover, based on the analysis
of cross-correlograms it has been suggested that, in cats, some postero-medial
lateral suprasylvian sulcus (PMLS) neurons may drive area 17 heurons
(Katsuyama et al., 1996). Thus there is an apparent contradiction between
neuroanatomically based hierarchies and neurophysiological data.

This contradiction may be attributable to a Iimi’tation of previous work.
Studies pf response latencies have rarely involved more than two or three areas.
To get a glimpse of the temporal order of visual information processing adross
the dorsal stream, latencies from different studies must be compared. Thus the ~
data originates from different laboratories, each using a unique set of stimulus
parameters. This is problematic as visual latencies are known to vary '
‘considerably with stimulus parameters (Creutzfeldt & Ito, 1968; Lennie, 1981).
Furthermore, visual stimuli have generally been limited to flashes and static
contrast gratings, which are not likely to evoke a strong fesponse in areas
known to be strongly motion sensitive such as area MT in primétes and PMLS
cortex in cats. Until latencies are calculated from responses to motion stimuli, it
will be difficult to deterrhine if neufoanatomical data énd visual Iatenéie.s truly are
contradictory.

The above mentioned latency studies have all focused oﬁ the timing of -
information processing across cortical visual areas. Although informative, these
“studies have neglected thé extra-geniculate thalamus. Theoretical papers have

emphasized the functional importance of reciprocal connections between the
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cortex and extra-geniculate thalamus (Mumford, 1992; Miller, ﬁ996; Sherman &
Guillery, 1998). Within the context of motion processing mentioned above, the
cat’s thalamic lateral posterior-pulvinar nucleus (LP-pulvinar complex) has been
shown to cbntribute to complex motion analysis (Merabet et al., 1998; Dumbrava
et al., 2001). Yet how response onsets in extra-geniculate nuclei compare to
reciprocally connected cortical areas is unknown. Estimating the hierarchical
position of a region that does not have th;a prototypical laminar organization
found in cortex is difficult based solely on neuroanatomical data (Scannell &
Young, 1993).

The present study had the following goals; 1- to ascertain whether onset’
latencies across visual areas reflect the anatomically based hierarchy when
measured under identical physical conditions (luminance and contrast) using
motion stimuli. 2- to determine if, within a single visual area, complex motion
stimuli would éone responses with longer latencies than simple stimuli,
reflecting a greater level of prdcessing. 3- to seek where the LP-pulvinar
complex is situated, according to onset latencies, és compared to cortical areas. .
Parts of these findings have been presented elsewhere in abstract form

(Ouellette et al., 2004a).
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Methods
Single unit recordings

Single unit recording data was obtained from previously published data in
our laboratory (Dumbrava et al., 2001; Ouellette et al., 2002; Zabouri et al.,
2003; Ouellette et al., 2004b; Villeneuve et al., 2006b). Methodological details

concerning the recordings can be found in the above cited work.

Stimuli

Visual onset latencies were calculated. at each cells preferred direction for |
four different motion stimuli, namely drifting sinewave gratings, plaid patterns,
simpl_e and complex random dot kinematograms (RDKs). Drifting sinewave
gratings were presented with optimal (eliciting a maximal response) spatial and
tempo'ral frequencies, determined for each cell. Plaid patterns consisted of two
sinewave g'ratingsldiffering' only in orientation (120° separation), the total
contrast (60%) was equivalent to that of the lone éineWave grating. Simple
RDKs consisted of a rigidly translating field of white dots on a black background
(100% contrast). Complex RDKs differed in that each dot was displaced only
once before beihg randomly repositioned. For stimulus details see Dumbrava ef
al. (2001). For both simple and cbmplex RDKs, the latencies were computed

from test in which the optimal dot speed and density were used. Stimuli were

presented at least four times, each presentation lasting 4 seconds.
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A pre-stimulus blank screen of equal mean luminance to that of the
| stimulus was presented for 1 second. Although similar to the spontaneous
activity (SA) condition (blank screen lasting 4 seconds, as per the stimuli), the
pre-stimulus blank was separate, and its level of activity was not used for
analysis’ purposes. The pre-stimulus blank avoided an initial onset response

evoked by a rapid change in luminance upon stimulus appearance.

Visual onset latencies

Visual onset latencies were calculated using the cumulative sum
technique (Ellaway, 1978; Vogels & Orban, 1990; Raiguel et al., 1999). As
mentioned above, analyses were carried out on the preferred direction (Figure
1A). The pefi-stimulus time histograms (PSTH) for the preferred direction and
that for the SA were calculated over the four second trials with a bin width of
1ms (Figure 1B). Although previous studies using the cumulative sum technique
have employed longer bin widths (10-25ms), the choice of 1ms allowed for a
greater temporal resolution. This choice is even more. appropriate given that
Raiguél et al. (1999) have demonstrated that varying bin width does not greatly
modify the reliability of the computed values. The standard error of the mean for
the SA condition was then calculated. Thereafter, the temporally corresponding
bin of the SA condition PSTH (bottom panel) was subtracted from that of the
preferred direction (top panel). At eagh millisecond post-stimulus onset, a
cumulative sum of the above mentioned subtraction was then calculated (Figure

1C,). Positive and negative values indicate that the preferred direction stimulus
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evoked respectively more or less of a response than the SA condition. The time
at which the cumulative sum went above é preset threshold was considered to
be the onset latency (Figure 1C;). The threshold i/i(as defined as 1 standard
error of the mean above the SA condition.. This value is below that chosen by
previous authors (Vogels &.Orban, 1990, 1994; Raiguel et al., 1999) as fewer.
repetitions were carried out in the current study, increasing measures of
variability. Thus using the same threshold as previous authors would have led to
.unrealistii:aily long latencies. Preliminary analysis using a threshold of 2
standard deviations indeed revealed late response onsets. Morerer, absolute
latency values should not be compared as they are known to be dependent
upon stimulus parameters (Lennie, 1981), rather the difference in latencies

between visual areas should be considered (Raiguel et al., 1989).

Latencies were calculated for 28 neurons in area 17, 51 in the PMLS
cortex of normal animals, 34 in the anteromedial lateral suprasylvian cortex
(AMLS), 43 in the anterior ectosylvién visual cortex (AEV), and 39 in the lateral
subdivision of the LP-pulvinar complex (LPI). In addition, latencies for 40 PMLS
neurons in animals with a neonatal lesion of primary visual cortex (PMLS-lesion)
were computed. Note that as almost all area 17 neurons were not direction |
selective to complex RDKs (Dﬁmbrava et al., 2001; Villeneuve et al., 2006b),
these latencies were calculated on the direction that evoked the strongest
response (as if they were direction selective). Visual onset latencies were not

normally distributed, comparisons were thus carried out using Mann-Whitney

and Kruskal-Wallis tests and a 0.05 significance level was used.
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Cumulative sum technique. A) An example direction tuning curve. Latencies
were calculated using the direction evoking the highest response rate,
. regardless of stimulus type. The dashed line is spontaneous activity. B) The
PSTH over a one second period for the preferred direction (top) and
spontaneous activity (bottom) are shown. The bin width is of 1 ms. C4) The
spontaneous activity PSTH was subtracted from that of the preferred direction. A
cumulative sum of the result was then calculated. The shaded grey box is
expanded in C,, the white dashed line is the threshold. C;) Expanded view of C;.
The dashed line is the threshold for calculating latency, the point at which the
cumulative sum crosses this line corresponds to the onset latency.
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Results
Differences across areas

Latencies were compared for all regions, separated according to the type
of stimulus presented (Figure 2A-D). The general result is that response onset
|atenéy was similar across regions. This is reflected in fhe considerable degree
of overlap between the distributions in panels A-C (except PMLS-lesion data in
panel C, see the appropriate section below). This o_verlap is even present
between area 17 and AEV data, the two areas which would be expected to have
'the greatest difference in latencies based on the neuroanatomical hierarchy. The
similarity between the data from these two regions is present .rega‘rdless of the
stimulus under study. Visually, there does appear to be a difference in panel D,
where complex RDKs evoke longer Iatencies. in AMLS and AEV cortex.
However, both of these regions only distinguish themselves from the other areas
once 70-75% (approximately) of neurons have already responded. When data
was collapsed over ‘stimulus type, no sigrlificant difference in latency was
present across regions (H = 5.366, p = 0.252). Note that this test was carried out
without the PMLS-lesion data, as were subseque‘nt test. Measures of central
tendency are given in Table 1. To aid in the visualisation of the quasi-
simultaneous responses across areas, the values from Table 1 are reproduced

in Figure 3A as histograms.
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Latencies in different areas, separated according to stimulus. A-D) Shown is the
cumulative percentage of latencies. For all types of stimuli, there is a clear
overlap of onset latencies in different areas until approximately 70% of neurons
have responded, at which point a slight distinction can be observed with RDKs
(panels C and D).
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Latencies in different areas, separated according to stimulus. A-D) Shown is the
cumulative percentage of latencies. For all types of stimuli, there is a clear
overlap of onset latencies in different areas until approximately 70% of neurons
have responded, at which point a slight distinction can be observed with RDKs

(panels C and D).
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Mean and median latencies; in A) data are grouped according to stimulus
condition for different areas, in B) they are grouped according to area for all
stimulus conditions. Each bar shows mean values (+ S.D.) that are presented in
Table 1. Similarly each empty circle corresponds to median latencies given in
Table 1.
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Table 1

Measures of central tendency

Region Grating Plaids Simple Complex
~ RDK RDK
Area 17
Mean 0.084 0.117 - 0.099 0.103
(£ S.E.M.) (0.023) (0.031) (0.017) (0.021)
Median 0.044 0.064 0.096 - 0.085
N 21 16 15 12
PMLS ' : _
Mean 0.089 0.107 0.108 0.087
(£ S.E.M.) (0.013) (0.024) (0.013) (0.014)
Median 0.061 0.073 0.084 0.081
N _ 42 . : 25 32 24
PMLS-lesion : _
Mean 0.115 0.095 0.202 0.110
(£ S.E.M.) (0.019) (0.021) (0.056) (0.028)
Median 0.081 0.056 0.112 0.123
n 36 29 16 . 6
AMLS '
Mean 0.105 0.077 0.134 0.171
(£ S.E.M.) (0.034) (0.009) (0.023) (0.050)
Median : 0.052 0.073 0.115 0.103
N 31 - 14 ‘ 18 19
AEV o
Mean 0.093 0.084 0.118 0.136
(£ S.E.M.) (0.016) (0.015) (0.021) (0.023)
Median 0.077 0.066 0.100 0.091
N 27 20 : 29 28
LP-Pulvinar
Mean 0.070 0.070 0.118 0.101
(£ S.E.M.) (0.021) (0.019) (0.027) - (0.017)
Median 0.048 0.085 0.073 - 0.082

N ‘ 35 7 - 30 18
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Differences between stimuli

Onset iatencies to different stimuli, regardless of region, are presented in
Figure 4. The type of stimulus had a clear effect on the latency of the nenronal
response, as revealed by a statistically significant difference (H = 19.233, p <
0.001). The neuronal responses can be divided into threé distinct groups based
on latencies; short latency responses to gratings, medium latencies to plaids
and longer latencies to dot based stimuli. Post hoc analyses partially confirmed
this observation, response latencies were shorter for gratings than simple (U =
7098, p < 0.001) and cornplex RDKs (U = 5946, p = 0.001) but not shorter than
those of plaids (U = 5470.5, p = 0.067). Plaids did not evoke significantly shorter
latencies than simple (U = 4349.5, p = 0.079) o-r complex RDKs (U = 3517, p =
0.080). Although the main effect of plaids versus RDK based stimuli was not
significant, we took the liberty to test this separately for each region (see below).
This seems justified as the very notion of a hierarchy suggests that different
regions may énalyse information differently, thus averaging data over regions‘

may mask the effect of stimulus.
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Figure 4

The cumulative percentage of latencies, separated according to stimulus
regardless of area. The type of stimulus has a clear effect of the onset latency.
The data for the PMLS-lesion neurons are not included in this figure,
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When the region was taken into account, the neufonal response was still
shorter for gratings than for RDK based stimuli, but this was not the case in all
regions (Figure 5A-F). Upon visual inspection, three profiles can be seen in
Figure 5. In area 17 and the LPI, gratings appear.to evoke somewhat shorter
responses than the three other stimuli. In the LPI, this was supported by a
significant difference between gratings and simple (U = 360.5, p = 0.030) and
complex RDKs (U = 187.5, p = 0.017). Other comparisons between gratings and
RDKs wére not significant in both area 17 and LPI. The second set 6f response
profiles, were found in AMLS and AEV cortex, were both gratings and plaids
appeared to have shorter latencies than RDKs. Significantly shorter latencies
Were observed in AMLS for gratings as compared to simple (U = 127.5, p =
0.002) and complex RDKs (U = 189.5, p = 0.036), plaids were also found to
have shorter latencies than simple (U = 69.5, p = 0.030) but not complex RDKs
(U = 91, p = 0.126). The same comparisons conducted in AEV revealed no
significant differences. This may be due to the fact that the curves for grating
and dot based stimuli diverge later than those seen in AMLS cortex. The final
response profile was observed in PMLS cortex, where latency distributions to all
stimuli appear to overlap throughout the time course of the response. However,
statistical analysis rey'ealed that gratings had shorter latencies than simple
RDKs (U = 492.5, p = 0.050). Although slight, this difference in the latency
distributions is consistent throughout the 'range of response onsets. In other
comparisons, significant differences were not observed. Measures of central

.tendency are given in Table 1. These values have been reproduced in Figure 3B
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as histograms to aid in distinguishing differential stimulus dependent response

latency patterns among areas.

Effect of primary visual cortex lesions

Motion processing in PMLS neurons has been examined following
neonatal lesions of primary visual cortex (ex: Tong et al., 1984; Guido et al.,
1990a, 1992). These studies demonstrated that direction selectivity was
relatively intact following such a lesion. One element that has not been

considered is the response latency of PMLS neurons.

The latencies following lesions can be seen in panel F of Figure 5. The
profiles of the curves bear more of a resemblance to AMLS and AEV rather than
normal PMLS cortex. Specifically, a distinction between grating based and dot
based stimuli seems present. This dichotomy was limited to latencies to plaid
patterns, which occurred earlier than to simple RDKs (U = 138, p = 0.026). Other

comparisons between the two stimulus types were not significant.
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Latencies obtained when different stimuli are presented, separated according to
area. A-D) Shown is the cumulative percentage of latencies.
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Despite a lesion to primary visual cortex, PMLS-lesion neurons did not
have significantly different onset latencies as compared to PMLS neurons in a
normal cortex (Figure 2A-D). Although simple RDKs appéar to have longer
onset latencies in PMLS-lesion than normal PMLS (panel C), this was not
confirmed statistically (U = 211, p= 0.325). The lack of significance may be
explained by the fact that the curves begin to deviate only once approximately
70% of neurons have already resp_ondéd. No significant differences between
PMLS-lesion and normal PMLS were found for gratings (U = 635.5, p = 0.227),

plaids (U = 345.5, p = 0.768), and complex RDKs (U = 54.5, p = 0.364).

Discussion
General findings

Overall, the data obtained with more appropriate stimuli for extra-striate
neurons support previous findings that have demonstrated a substantial overlap
of onset latencies between cortical visual areas in the dorsal stream, and this
has been extended to the LPI. THe overlap of cortical. and . thalamic onset
latencies is consistent with the possibility that the LPI receives and integrates
information from a large number of cortiéal areas and then relays this pre-
processed information (Casanova et al., 2001). Finally, the removal of primary
visual cortex does not significantly alter the timing of information processing in

extrastriate cortex (specifically PMLS), suggesting that the initial responses in
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PMLS may not be entirely dependent upon projections from primary visual

cortex.

Methodological considerations

Stimulus parameters are known to inﬂuenc'e response onset latency
(Creutzfeldt & Ito, 1968; Lennie, 1981). Although a number of parametérs
among our stimuli were identical when presented in different regions, some
elements varied since the parameters (e.g. velocity) were set to elicit the
strongest direction selective response for each cell, similar to a previous study
(Raiguel et al., 1999). While this variation of pérameters is problematic, no
feasible alternative seems évailab|e. For example, one less desirable option
would have been to set éll stimulus parameters to the preferred values for one of
the regions. In such a case, the latency to the preferred stimulus for one region
would be compared to that of a non-optimal stimulus for another region. This
appears as a greater confound than using the optimal parameters for each cell.
The presént study measured the latency to the optimal stimulus for a cell, which
should presumably produce the shortest possible latency to a particular class of
stimuli. Knowing the shortest possible latency in turn allows the détermination of
degree of overlap between latency distributions for different areas.

It could be argued that the preAsent study did not measure onset latencies
to motion stimuli but rather to the initial appearance of the stimulus, before any
integration could occur. This seems unlikely for four reasons. Firstly, a 1 second

pre-stimulus blank of equal luminance to the stimulus was presented. This
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avoided any mean increase in luminance upon stimulus onset which could
evbke a non-motion induced response. Secondly, if the latencies measured
were truly triggered by the ﬂash‘ of the stimulus one would expect area 17
neurons to respond sooner than extra-striate cortex neurons, no such difference
was observed. Thirdly, previous studfes using fléshed stimuli in the cat have
found onset latencies that were shorter than those measured here (Best et al.,
1986; Dinse & Kruger, 1994), suggesting that more processi’ng was required in
the present experiments. Finally, when averaged across regions onset latencies
to gratings and plaids differed dvespite having the same mean luminance (Figure
3), Which was also true when area 17 and LPI are considered separately. Such a
difference should not exist if the initial response is purely stimulus onset driven.

Careful examination of Figures 2, 4, and 5 reveéls tha't a small proportion
(on average 5.8% of cells) of computed latencies were unexpectedly short (i.e <
~ 10ms). It is unlikely that any cortical neurons can respond with such short
latevncies, as Levick (1973) has shown that retinal ganglion cells generaily
respond with latencies above 20ms, and cortical areas have rarely been
reported to exhibit latencies ‘below 30ms (Creutzfeldt & Ito, 1968; lkeda &
Wright, 1975; Best et al., 1986; Eschweiler & Rauschecker, 1993; Dinse &
Kruger, 1994). In all likelihood the shortest latencies here reflect ‘'measurement
error’ inherent to the méthod used. Although the data from these cells could be
removed, the dilemma of subjectively choosing a cut-off Iatenby arises. Such a
cut-off would inherently bias the data. It seems more appropriate to admit a
certain number of measurement errors, which should be equally distributed in all

conditions, thus not affecting the relative latency-based position of each area.
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Despite very short latencies, comparison of the overall data with previous
findings reveals that mean and median latencies are consistently greater in the
present study (Creutzfeldt & Ito, 1968; lkeda & Wright, 1975; Best et al., 1986;
Eschweiler & Rauschecker, 1993; Dinse & Kruger, 1994). This discfepancy is
not surprising given that the nature of the stimuli varies across studies and that
stimulus parameters are known to greatly influence latency estimates
(Creutzfeldt & ‘Ito, 1968; Lennie, 1981). Comparing latencies obtained with

identical stimulus parameters was indeed one of the initial motivations for this

study in order to allow direct comparisons between areas.

Differences across areas

Visual information was found to be treated in a parallel manner along the
established hierarchy of visual areas. The present dat‘a demonstrate a -
considerable overlap in response onset latencies between dorsal cortical areas,
as wellﬁ as the extra-geniculate thalamus, consistent with previous work
(Eordegh et al., 2005). Howeve}r, the present study is at odds with the only study
'in cat reporting latencies from several cortical areas (Dinse & Kruger, 1994),
-which found significant differences among certain regions, including aréa 17
(mean of 52.7 ms) and PMLS cortex (66.7 ms). Their stimulus however was a
flicker that was unlikely to elicit fast responses in PMLS, which could explain the
differences they observed. Similar to the present study however, Dinse and
Kruger (1994) found an important overlap of latency distributions and concluded

that processing likely occurs simultaneously throughout the visual pathways.
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This is further supported by the work of Katsuyama et al. (1996) who have
" demonstrated that among area 17 - PMLS cell pairs, a significant proportion of
PMLS cells putatively drive the former.

The data from the present study resemblés findings reported in monkeys,
where overlapping latencies were commonly reported (for example mean
latencies range from 53-72ms for V1 and from 58-87ms for MT: Robinson &
Rugg, 1988; Raiguel et al., 1989; Nowak ef al., 1995; Schmolesky et al., 1998;
Lamme & Roelfsema, 2000; Bullier, 2001, 2004b), at least for areas which may
be ponsidered homologous to those studied here. Parallel processing is not
necessarily at odds with a hierarchically organized system, as demonstrated by
a model based on neuroanatomical connections (Petroni et al., 2001).
Simultaneous responses could permit an early global analysis in higher-order
areas which Would modulate local analysis in lower-order areas (Bullier, 2001).
This is .supported by a variety of studies which have demonstrated the role of
higher-order areas on mtotion analysis by lower order areas, even ‘at the very
earliest parts of the neuronal response (Hupe et al., 2001'; Pascual-Leone &
Walsh, 2001; Galuske et al., 2002), and cross-correlation data (Katsuyama et
al., 1996). Thus quasi-simultanedus response onsets, possibly reflecting parallel
procesvsing, oceur within a neuroanatomical hierarchy in many cortical and sub-
cortical areas (but see Lamme and Roelfsema (2000) for an alternate proposal,
based on parallel pathways that successively follow the classical hierarchy).

Although no significant differences were vfound beMeen Vareas, the
profiles of the latency distributions seemed to show trends which couvld

distinguish different régions. In Figure 5, it can be seen that the lowest area
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along the hierarchyV(area 17) responded rapidly to gratings, as did the LP| which |
receives direct driver input from area 17 (Vidnyanszky et al., 1996; Huppé-
Gourgue et al., 2006a). In contrast, the two highest areas according to the
neuroanatomical hie'rarchy (AMLS and AEV) differed in two wayé. Firstly, the
latency distributions to plaids in the latter two regions were identical to those for
gratings. Secondly, the distinction between grating based and dot based stimuli
was much stronger than in area 17. This suggests that although information is
generally being treated simultaneously throughout the visual system, it may not
be done in the same fnanner. The local nature of the analysis carried out by
area 17 neurons (e.g. the above mentioned lack of selectivity to complex RDKs)
is reflected in the stimulus independent latencies observed here. As opposed to
area 17, neurons in AMLS and AEV are capable of global integration (Scannell
et al., 1996, Quellette et al., 2004b), which may be necessary in order to encode
the direction of non-oriented sparse stimuli such as RDKs. This is reflected in
the greater latencies observed for these stimuli, as compared to grating based
stimuli. This suggests that future studies should concentrate on trends of latency

distributions for muitiple and distinct stimuli in order to better appreciate the

differences in processing across cortical (and subcortical) areas.

Differences across stimuli

The initial hypothesis in regards to stimulus type was that simple stimuli
would have shorter onset latencies than compiex stimuli (in complex motion

selective areas). This was not found to be the case, as stimuli composed of the
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same underlying elements (sinewave gratings and p}Iaids or simple and.complex
RDKs) evoked responses with Iateﬁcies that did not significantly differ. Recent
work (Smith et al., 2005), may explaih this counterintuitive finding. They
demonstrated that the initial response of a pattern motion selective neuron was
in fact component motion selective. In complex motion éelective regions
therefore, the latency measdred with our complex stimuli (plaids and complex
ROKs) may be attributable to an initial simple motion analysis.

"It could be sﬁggested that the similar simple and complex RDK latencies
argue that the Iatier are not so complex. If this were the caée, then the other
complex stimulus (plaids) should have evoked longer latencies than sinewave
gratings in higher-order areas were pattern motion selectivity has been
observed. This was not the case, suggesting that the similarity between simple
‘and comple* RDK latencies is related to their underlying properties rather than
the type of motion per se.

The largest difference was between latencies for sinewave gratings and

RDK based stimuli, the former being shorter than the latter. This difference could

be attributable to higher contrast levels for the RDK based stimuli, although this

leads to the prediction of shorter latencies for RDKs than for gratings and plaids.

The present results demonstrate the opposite. The longer RDK latencies may be

"a conservative estimate of the extra processing time required for RDK stimuli,
perhaps due to their laék of oriented information or due to the gréater spatial

integration required. This conclusion should be taken lightly however, as the

mean luminance of the sinewave grating stimuli was greater than that of the

vRDKs. It could thus be suggested that shorter latencies would be expected for
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sinewave grating based stimuli, precisely the result found here. However,
gratings in area 17 and the LPI tended to evoke shorter responses than plaids-

despite equal luminance.

Cortical versus thalamic latencies

The Iatencieé measured for the LPI were found to occur at the same time
as those in cortical areas. This precludes that the LPI could act as a relay
station, simply passing information oh to cortical areas. If this were the case,
then onset latencies in the LPI should consistently precede those in cortical
areas, especially compared to higher-order cortical areas. However, the LP-
pulvinar is known to entertain reciprocal connections with a large number of
cortical Visual areas (e.g. Graybiel & Berson, 1980; Updyke, 1981; Berson &
| Graybiel, 1983a; Abramson & Chalupa, 1985; Norita et al., 1986; Norita et al., -
1996), this has led to the proposition that it is ideally placed to integrate and
_continuously update information befbré redirecting the information .back to cortex
(Mumford, 1992). The overlapping Iat_ency distributions observed for the cortex
and the LPI are consistent with this notion. It is interesting to note that Eordegh
et al. (2005) have found a similar latency overlap between suprageniculate
nucleus and AEV responses, suggesting a general rule of functional connectivity

between higher-order thalamic nuclei and cortical areas.
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PMLS-lesion

If responses in PMLS were heavily dependent upon classical feedforward
channels, one would predict a change in latencies in PMLS following a lesion of
primary visual cortex. Two conflicting predictions seem possible: 1- Due to a
lack of processed informaﬁon from primary visual cortex, neurons in PMLS may
compensate by carrying out a greater level of processing to extract directional
informatioh, thereby increasing response latency. 2- Direct projections from the
LGN to PMLS expand following these neonatal lesions (Tong et al., 1984; Kalil
et al, 1991; Payne & Lomber, 1998b), which may decrease fesponse latencies.

It is i‘nteresting that latencies in the PML_S-Iesion condition were similar to
normal PMLS cortex. This result does not fit either of the two predictions. The
data lend furt‘her support to the notion of an initial global analysis prior to a local
analysis in normal animais (Bullier, 2001). The initiai response in normal PMLS
not being dependent upon the lesioned cortex but rather the LGN, the removal
| of the former would not influence the early part of the response of the PMLS-

lesion neurons.

Conclusion

'A substantial  overlap between latency distributions in different areas was -
observed. This effect was present regardiess of which of four stimuli was used
to measure résponse onset latencies. More importantly however, the latencies
measured in the LPI ailso overlapped with those in cortical areas. This suggests

that simultaneous responses across regioné are not limited to cortex. As



118
mentioned above, this supports the LP-pulvinar’s role in integrating and updating
information from a wide variety of cortical areas. Overall, the data demonstraté a
dichotomy between the classical neuroanatomical hierarchy and the timing of
response onset across visual areés. Thus parallel processing occurs within
hierarchically organized neuroanatomi¢a| pathways. This suggest that the
predictable progression of'receptive field propeniés along the hierarchy may be
attributable to intra-cortical processes rather than being successive
modifications of feedforward input. The temporal evolution of these properties
should be examined in greater detail to determine whether parallel processing is
limited to the initial résponse or .if it is maintained throughout the response

period.
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Abstract

The cortex surrounding the lateral portion of the postero-medial
suprasylvian sulcus (PMLS) receives major projections from area 17 and 18
neurons which exhibit complex receptive fields (RF). Based on this input, -
complex like receptive fields are also expected in PMLS cortex and this
corresponds to hand mapping data. . However a motion reverse correlation
mapping paradigm (Va]da et al., 2006) revealed that few neurons in PMLS
exhibit any tempofal interactions, suggesting linear ihtegration. The present
study squght to determine whether such quear properties were also present in
the spatial domain. Single unit extracellular recordings were conducted in the
PMLS cortex of anesthetised adult cats. Coarse white noise stimuli were
employed to elicit responses analysed using reverse correlation in order to
obtain first-order spatio-temporal profiles. Profiles were successful‘ly obtained
for 72/107 neurons. Six of these cells responded to only one contrast. The
majority of neurons (52/66) exhibited spatially overlapping receptive fields.
However the size of the subfields was asymmetric to opposite contrast stimuli.
Analysis of thé temporal profile also revealed contrast dependent responses.
The difference in peak latency between contrast differed by more than 10ms for
40/66 cells. The mulfiple contrast dependent measures suggest that afferents
other than area 17 and 18 may drive responses in PMLS neurons, at Ieaét for
stimuli evoking short responses such as in the present stqdy. The data are
consistent with a functionally important projection from the LGN and possibly

other thalamic structures.
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Introduction

The processing of visual information across cortical areas is thought to be
carried out in a serial manner, althbugh parallel pathways exist within this serial
system. This has been formalised by cortical hierarchies which have been
established based mainly on neuroanatomical findings. Along the putative
dorsal stream in cats, the posteromedial lateralls'uprasylvian cortex (PMLS).
receives large projections from area 17 (Symonds & Rosenquist, 1984a). The
majérity of area 17 neurons projecting to PMLS originate in the supragranular
layers and terminate in layer IV (Maciewicz, 1974; Symonds & Rosenquist,
1984b; Einstein & Fitzpatrick, 1991; Lowenstein & Somogyi, 1991; Shipp &
Grant, 1991; Norita et al., 1996). The vast majority of these suprahular iayer
area 17 neurons are known to be complex (Gilbert, 1977; Martinez et al., 2005).
Similarly, area 18 supragranular neurons also project to layer IV of PMLS
(Symonds & Rosenquist, 1984b; Norita et al., 1996) and almost all neurons are‘

complex (or so called hypércomplex), regardless of laminar position (Hubel &

Wiesel, 1965).

Based on hierarchical positions, one would expect to find receptive field
(RF) properties in PMLS that build upon those in areas 17 and 18. Physiological
| investigations of PMLS neurons support this, _és larger RFs have been described
in PMLS than in area 17 (Hubel & Wiesel, 1969; Spear & Baumann, 1975;
Zumbroich & Blakemore, 1987). Similarly, global motion stimuli evoke direction
selective responses in PMLS while this is not the case in area 17 (Toyama et al.,

1990; Kim et al., 1997; Mulligan et al., 1997, Brosseau-Lachaine et al., 2001;
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Villeneuve et al., 2006a). However, motion reverse correlation has shown little
difference between}responses in area 18 and PMLS '(Vajda et al., 2004).
Moreover, Vajda et al. (2006) found that few PMLS neurons exhibited non-linear

temporal integration, while a large proportion of area 18 neurons did exhibit

second-order kernels.

Although there need not be a strict relationship, the presence of linear
temporal integration among PMLS neurons raises the question as to the
existence of linear spatial integration among these same neurons. This would
be surprising as linear spatial summation in cortex is exclusively found among
simple cells in area 17 (Movshon et al., 1978a, b), whereas PMLS RFs have
been described as complex like based on hand mapping (Hube! & Wiesel, 1969;
Spear & Baumann, 1975; Zumbroich & Blakemore, 1987; Danilov et al., 1995).
However, a number of PMLS neurons have been found to modulate their
response to the F1 component of sinewéve gratings, consistent with linear
integration, and segrégated ON and OFF regions (Zumbroich & Blakemore,

1987; Guido et al., 1990b; Ouellette et af., 2007).

Whﬂe the respohse prop‘erties of neurons in PMLS have been extensively
described (for a review: Spear, 1991; for more recent work: Sherk‘ & Mulligan,
1992; Sherk et al., 1995; Kim et al., 1997, Mulligah et al., 1997; Sherk ét al.,
1997; Minyille & Casanova, 1998; Merabet et al., 2000; Brosseau-Lachaine et
‘al., 2001; Sherk & Kim, 2002; ViIIenéuve et al., 2006a), the spatio-temporal
structure underlying their RFs is relatively unknown (Borghuis et al., 2003).

Conversely, the structure of area 17 RFs has been studied repeatedly (among
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others: Palmer & Davis, 1981a; Palmer & Davis, 1981b; Emerson et al., 1987;
Jones & Palmer, 1987; Szulborski & Palmer, 1990; DeAngelis et al., 1993;
McLean et al., 1994; DeAngelis ef al., 1995b; Ringach et al., 1997b; Martinez et
al., 2005; Rust et al., 2005; Nishimoto et al., 2006). The present study aimed to
determine, whether the observed temporal linear integration of PMLS neurons
could also be observed in the spatial domain. We sought to determine whether
PMLS receptive fields are best described as simple- or complex-like based on
spatio-temporal response profiles obtained with reverse correlation. Parts of

these findings have been presented in abstract form (Ouellette et al., 2005,

2006).

Methods
Animal preparation

.. Al procedures were in accordance with the directives of the Canadian
Council for the Protéction of Animals and the ethics review board of the
Université de Montreal. Adult cats weighing between 2.5 and 4.5kg were used
in this study (data was also collected for other projects). Animals received
injections of Atrqpine (O.1mg/kg) and Atravet (1mg/kg), 30 minutes thereafter
animals were anesthetized with Isoflurane (5.%), in @ 50:50 mixture of O, and
N,O. Anesthesia was reduced to 2% Isoflurane during surgical procedures.
Heart rate and blood O, saturation levels were monitored with an oxymeter. A

local anesthetic (lidocaine hydrochloride 2%) was applied to incision and
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pressure points. A canulation of the cephalic vein and a tracheotomy were

performed prior to transferring the animal to the stereotéxic apparatus.

F.oIIOWing administration of gallamine triethiodide (10mg/kg/h) in lactated
Ringers solution, the animal was artificially ventilated with Isoflurane (2%) in a
mixture of N,O/O (70:30). Expired levels of CO, were maintained between 28
and 32 mmHg by adjusting the stroke volume and respiratory rate. Rectal
temperaturé was monitored and maintained at approximately 38.0°C. The ECG
and EEG were continuously monitored. Pupils were dilated and nictitating
membranes retracted with atropine (1%) and phenylephrine hydrochloride
(2.5%) respectively. The eyes were then protected with contact lenses with the
appropriate refractive power. A craniotomy (Horsley-Clarke coordinates AP:-3
to +4, ML: 10 to 15) exposed a portion of the medial lateral suprasylvian sulcus
as defined by Palmer et al. (1978). Varnished tungsten microelectrodes (3-
5MQ, H-J Winston, Winston-Salem, North Carolina) were angled at
approximately 40° in order to follow the slant of the sulcus. The craniotomy was
filled with warm agar and covered with meited wax in order to create a sealed
chamber. During recordiﬁgs the anesthetic agent was changed to Halothane

and administered at a concentration of 0.5-1%.

Electrolytic lesions were performed at several points along each
successful penetration. Upon termination of the experiment, the animals were
intravenously administered pentobarbital sodium (Euthanyl: 240mg/ml,
110mg/kg) and then perfused transcafdially with phosphate buffer solution and

fixative (4% paraformaldehyde). Using a cryostat, coronal serial sections
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(40pm) of PMLS cortex were cut and Nissl stained. Under microscopic

- inspection, penetrations were verified to ensure that the electrode did not cross

over into the lateral bank of the lateral suprasylvian sulcus.

Recordings

Once amplified and bandpass filtered (300Hz-10kHz), a window
discriminator (WPl 121) was used to isolate action potentials from the
surrounding neuronal activity. The analogue sighal, digitized action potentials,
and stimulus presentation time stamps were fed into a CED 1401 plus and
* acquired with Spike2 v5 (CED, Cambridge, UK). Data sampling was performed
at 25kHz and saved for later analysis, although online analysis was also carried

out in order to direct further tests.

Visual stimulation

Prior to stimulation, RFs and ocular dominance were - qualitatively
assessed with a hand held light sourcé displaced on the screen. Subsequent
stimulation was carried out monocularly. Stimuli were back projected onto a
translucent screen placed 57cm in front of the animal and the stimulated area
covered 75°X92° of visual angle (aItthgh the screen was sometimes advanced
in order to increase spatial resolution). Hence, the reverse correlation stimulus

was not limited to a small area in and around the RF, but rather covered a large
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portidn of the visual field. This had the adva»ntage of not assuming that the hand
plotted RF was sufficiently accurate to limit the area of stimulation. This is
especially important as many PMLS neurons have large RFs which do not

respond reliably, complicating hand mapping.

Stimuli were generated by custom software written under Python v2.3.4

(www.python.org), running on a Pentium Il 930MHz with-a NVIDIA GeForce2

GTS graphics card. Stimuli consisted of a 25cd/m? gray background, upon
which single white (hereafter bright: 50cd/m?) or black (hereafter dark: =0cd/m?)
squares were presented. Each neuron was tested with a series of stimuli in
which the .size and duration got progressively and independently smaller/shorter
in successive stimulation blocks. Stimulation ceased when the neuron no longer
responded to the sfimulus in a robust manner (Mata & Ringach, 2005).
. Presentation duration varied in steps of 16ms from 16-48ms, while the size of
the squares varied from 1.85 to 9.41° (test with smaller squares were colnducted
but theée never elicited a robust and reproducible response). In extreme cases
this lead to 1200 positions for each contrast. A m.inimum of 30 presentations at
e.ach position and of eaph contrast were carried out for each block. The position
and contrast of the stimuli were presented in a completely randomized order so
as to avoid that any specific sequence of stimuli was evef repeated within thé

range of finite presentations used in the present experiment.

A subset of neurons was also tested with drifting sinewave gratings
(hereafter gratings). The gratings were projected in the same manner as

described above, however the stimulus was generated by a Macintosh G3
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computer using VPixx 1.8 (Sentinel Medical Reseérch, Ste-JuIie; Quebec,
Canada). Gratings were presentéd at 60% contrast at a mean luminance of
25cd/m2, The optimal d.irection, spatial (SF) and temporal (TF) frequencies were

determined for each cell.

Data analysis
Reverse correlation

A slightly modified version of a previously used reverse correlation technique
was performed (Jones & Palmer, 1987; DeAngelis et al., 1993). The diﬁerence
between the present and prior methods is threefold. "Firstly, a spatial linear
interpolation was carried out in order to increase the spatial resolution of the
estimates of RF boundaries. Linear interpolation, as opposed to a 2-D Gaussian
(for example), was chosen sinbe the underlying shape of PMLS RFs has not yet .
been deécribed. We therefore wished to avoid biasing the data with non-linear
interpolation methods. For future reference, different possible functions which
could describe PMLS RFs were fit to the data (see subfield fits section in the
re;ults). |

The second modification was the use of a 2-D adaptive pixelwise linear
Wiener filter (Matlab Image Procéssing Toolbox, Mathworks, Natick, MA, USA)
using a 3X3 window, applied to the pre-interpolated data. An example of the
effect of this filter can be seen in FigUre 1, where the pre-filter (upper left) and

post-filter (upper-right) images of a RF are presented. Clearly, the filter leaves
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thé general profile of the RF intact, while eliminating the noise from the image.
~The |ower panel shows the subtraction of both images. It can be seen that there
is very little change occurring in. the vicinity of the RF. In brief (for a detailed
description see Lim, 1990), this is a low pass filter whose attenuation is inversely
related to the local variance in the data.' It is adaptive in the sense that the
attenuation of the filter is adjusted for each pixel, according to the variance
within a window surrounding that pixel. This has the advantage of only slightly
modifying the high variance areas of the image (i.e. the part of the visual field
which evoked a robust response) while eliminating noise from low variance parts

of the image (i.e. parts of the visual field evoking little to no neuronal response).

The third modification was to asc.ribe a possible evoking stimulus to all
pre-spike times, rather than to intervals which were multiples of the stimulus
presentation frame rate (McLean et al., 1994; Bair & Movshon, 2004). This is
similar to temporally boxcar filtering the data, with the advantage that an
estimate of the tempdral time course of the neuronal response is possible with a

1 ms resolution.
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Figure 1

Adaptive pixel-wise Wiener filter. A non-filtered spatial map of a PMLS receptive
RF (upper left) and the filtered result (upper right). Note that the robust response
remains relatively unaltered, while the noise in the left hand image is no longer
present. Bottom center: the subtraction of both images presented above. It can
be seen that there is very little change due to the filter in the vicinity of the robust
response.
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Since PMLS neurons receive their main projection from complex cells in area
17, one would expect the former to exhibit cémplex RFs as well. Due to the
non-linear spatial int_egration properties of complex cells (Movshon et al., 1978a,
b), bright and dark résponsive subfields were analyzed separately. Carrying out
a subtraction, as is usually done with simple cells (for example: Jones & Palmer,
1987; DeAngelis et al., 1993), would have mutually canceled out the contribution

of each subfield, while an addition would mask any differences between the

subfields.

Different authors have expressed the output of reverse correlations in a
variety of ways. In the present study, the spatio-temporal maps were visualized
as probability surfaces. To obtain these maps, the number of spikes in each
pixel of the map was divided by the total number of spikes recorded during the
stimulus ensemble. Hence the reported probability is that of a specific stimulus
(spatial position and contrast), at a specific pre-spike time to evoke an action
potential. Note that this probability is dépendent upon the number of positions -

used, and is therefore a relative measure.

Once the reverse correlation waé carried out,. the extent of the RF was
defined as that part of the responsive area whose probability exceeded 1.96
S.D. ébove that expected by chance. Although chance level can be accurately
calculated by 1/number of conditions, it was estimated by taking the positive
times (Borghuis et al.,, 2003) from the cross-correlation, over a range equivalent
to that for the reverse correlation (i.e. negative times). The formér simply

calculates the probability that a particular stimulus, which occurred after an



138
action potential, evoked that action potential. In such a case there is clearly no
causal link. This had the advantage of allowing the calculation of a S.D. which
could be used for the above mentiohed threshold. The parameters of the RF
(azimuth, elevation, width and height) were t_akeﬁ from the pre-spike time with
peak probability. Latencies were measured as the first and last significant
response, that is the time at which the probability exceeded chance plus 1.96
S.D. for»at least 5 consecutive ms (i.e. the first or last of the five consecutive ms
for the first and last significant responses respectively). The time of peak
probability was also taken as a measure of latency. Wilcoxon’s signed rank test
was carried out on this data as the latencies were not norrﬁally distributed as
determined by a. Kolmogorov-Smirnov test. Occasionally, a neuron would
exhibit more than one response peak. A respohse was considered as a
secondary peak when the response fell below threshold for at least 5
consecutive ms and went back above the threshold for another 5 consecutive
ms. The secondary peak was considered as the response with the lesser

probability, regardiess of the temporal order of the responses.

Assessment of overlap

In order to determine whether PMLS RFs exhibit simple-like RFs, an
overlap index (Ol) was calculated. In order to calculate this index, the pre-spike
time of the responsive subfield wés based on the peak probability, chosen
indépendently for each contrést. The Ol was defined as the total area of overlap

of the responsive subfields to bright and dark stimuli divided by the total area of
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the smaller of the two. As Ol values progress from 0 to 1, the percentage of the
area of the smaller of the two responsive subfields is increasingly overlapped by
that of the larger responsive subfield. It could be argued that this Ol is
inappropriate as the peak response probability may'not be the point at which
maximal overlap occurs, and therefore biases the data towards lower Ol values
and therefore underestimates the complexity of PMLS RFs. As this is crucia_l to
the question being asked, two alternate dls Were calculated. Details of these

methods may be found in the appendix.

One may note that the Ol is an incomplete measure, since a neuron
which responds poorly to one of the two stimuli (say bright) will have an index of
1 if the smaller RF is centered within the larger. This is the case of the cell
presented in Figure 2, which had an Ol of 1. Clearly fhis value alone doee not
accurately capture how the cell responds to, eaeh contrast. To overcome this,
an independence index was calculated (llI). It was defined as the total non-
overlapping area of both responsive subfields divided by the total non-
overlapping and overlapping area (i.e. the overlapping aree was only included
once in the calculation). A value of 0 signifies that there is complete overlap,
when the index is below 0.5 there is a greater proportion of the subfield areas
which overlap, and as the value tends towards 1 there is a larger fraction of the
area which is non-overlapping. For the cell presented in Figure 2, the Il was
0.79 indicating that almost 80% of both subfields do not overlap with each other.
Finally a subfield size inde)? (SSI) was calculated, it was defined as the total

area of the bright minus dark responsive subfields divided by their sum. When
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the dark responsive subfield is larger, values vary from -1 to 0 and values range

" from 0 to 1 when the inverse occurs. The SSI for the cell in Figure 2 was -0.66.

Cellular classification

Based on the three indices just described, the RFs of neurons could be
divided into two classes; those with and without spatial overlap of their subfields.
Those cells with overlapping subfields were further subdivided into three groups
accordin'g to the following criteria. Supefimposed cells had almost identical
responses in the spatial domain to both contrasts, and were defined. as having
an 0I>0.9, 11<0.3, and SSI< 0.3, a representative example is presented in Figure
7A. Partially overlapping cells exhibited a lesser degree of spatial register but
their receptive fields nonetheless overlappéd, as may be seen for the example
cell in panel B. These cells were defined as having an O1>0.2, an Il and SSI of
any value. NQte that the criteria for superimposed and partially overlapping
neurons are not mutually exclusive. Therefore a cell that met all the criteria for
superimposed was considered as such, and not classified as partially
overlapping. The third subgroup, spatially unbalanced cells had one subfield
which was 'smaller than and entirely overlapped by the other subfield (Figure
7C). The criteria for this category was an Olé1, [1>0.3, and an absolute
SSI1>0.3, with the extra constraint that thé position along the azimuth and
elevati.on of the subfield center must not differ by more than 10% of the width or
height of the smaller subfield. Among the non-overlapping cells,. juxtaposed

cells exhibited minimal overlap however the subfields were in close proximity to
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each other as per the cell in Figure 7D. The criteria for these cells were an
01<0.2, 11>0.9, an SSI of any value, and subfields separated by no more than
50% of the smaller of the two subfields along each axis. Finally, distant neurons
had subfields which did not overlap at all such as in ‘Figure 7E. The criteria for
this subgroup was an OIl=0, lI=1, SSI of any value, and subfields separated by

more that 50% of the smaller subfields width or height.

Quantification of responses to gratings

For those cells that were tested with gratings, direction indices (DI) and
modulation indices (MI) were calculated. The DI was defined as 1 minus the
firing rate at the anti-preferred direction divided by that of the preferred direction
(Minville & Casanova, ‘1998), following subtraction of spontaneous activity.
Neurons with values below and above 0.5 were considered .non-di-rection and
direction selective respectively, while values above 1 signify that the neuron was
direction selective and responded below spontaneous activity in the anti-
preferred direction. The MI is classically employed to distinguish éimple from
complex cells (Skottun et al,, 1991a) based on the sinusoidal modulation of
neuronal firing rate at the TF of the grating. This is an indirect measure 6f the
overlap of ON and OFF sub-regions of the RF. Values below 1 are indicative of
a cell which does not exhibit strong modulation of its response, while the

opposite is true when the value is above 1.
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Figure 2

Overlap of subfields. Representation of the area of the visual field from which a
significant response could be elicited from this cell. The black region represents
parts of the visual field which responded to either contrast, while gray regions
were uniquely responsive to dark stimuli, and white regions did not respond
above threshold. The overlap index was 1, as can be seen however the
response pattern is only partially described by this metric. :
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Predicting RF parameters

If the RFs of PMLS neurons exhibit more Iineafity than previoqsly thought
one should be able to accurately predict the preferred SF of neurons based on |
the first order reverse correlation defined RFs (Movshon et al., 1978a, b; Gaska
et al., 1994). This was assessed with‘three models. The first assuAmed that the
width of a subfield would span half a cycle of the optimal SF, this is conceptually
similar to the comparisons carried out by Movshon et al. (1978b). Hereafter this
will be referred to as the subfield based model. The second methdd (hereafter

‘product model) assumed that Iafger responses would be elicited froh1 stimuli
whose time varying spatial contrast profile corresponded to the spatio-temporal
probability map of thé neuron. The normalized luminance values of gratings
with different parameters (direction, SF, TF, and phase) were multiplied by the
spatial profile of the RF at each. pre-spike t. Noté that the RF profile had already
passed the above mentioned threshold at this point and all values below
threshold were set to zero. Thereby, those parts of the visual field which did not
evoke a robust response did not contribute to the output of the model. The
output was summed over spatial and temporaIA dimensions, as well.as' eight
phases (to compensate for the short responses due to the impulse stimulation

leading to the spatio-temporal maps). This provides, in arbitrary units, a

prediction of the tuning curve for a given set of directions, SFs and TFs. Finally,

a more flexible variation of the second method consisted of a 2-D correlation of
the spatio-temporal profile and the normalized luminance of the grating, carried

out at each pre-spike time. Again summation was carried out over the temporal
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d_imension and over phase. The use of correlation makes this method invariant
to absolute luminance (in the case of a stationary process). For the product and
correlation models the grating parameters used were identical to those

presented to the cell during testing.

Surface fitting

As a final rapid verification of thve linear processing of visual information
by PMLS neurons, the spatial map of the neuronal subfields at peak probability
were fit with Gaussian and Gabor functions. The bright and dark subfields were
either summed or subtracted form each other and then fit with a Gaussian or
Gabor function respectively. In this case the use of addition and subtraction
does not reflect an assumption of the precise integrative mechanisms at work in
the neuron’s RF, but rather it is used as a coarse test of the superposition of
subfields and therefore of linearity. The fits were carried out using a least mean
square (LMS) procedure using the Nelder-Mead method of unconstrained
nonlinear optimization (Mat_lab Optimization Toolbox, Méthworks, Natick, MA,
USA). The LMS of the best fit was then used to calculate an index linear = (Egabor
- Ecaussian)/ (EGabQr + Egaussian), where the variable E is the calculated LMS error
of each fit. As linear @approaches 1, the Gabor represents the best fit, while

values close to zero indicate a better fit with the Gaussian.
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Results

Extracellular single unit recordings were carried out on 107 neurons in
PMLS cortéx. Neurons which were unresponsive to the sparse noise stimulus
were further tested (gratings and/or random dot kinematograms) to determine
whether the cells were non-responsive to this particular stimulus or to visual
stimuli in general. Putative visually unresponsive neurons (25) were eliminated
from further analysis, whereas an additional 10 visual neurons were not
responsive to the sparse noise stimulus. The following analyses apply to the
remaining 72 neurons, of which 6 responded to only one of the stimulus

contrasts.

- The two examples presented in Figures 3 & 4 are repfesentative of the
maiﬁ response profiles observed. The cell in Figure 3 had bright (left) and dark
(right) responsive subfields which overlapped in both the spatial and temporal
domains. This is what one would expect of neurons that have a complex like
RF. The other major observed profile was similar to the cell presented in Figure
4. For this type of neuron, the response to the dark (right) subfield occurred
prior to the bright (|ef() subfield. The opposite temporal order was also
observed. In this particular case, the response to the bright stimulus did not
commence until the response to the dark stimulus had terminated. the
however that there was a spatial 'éuperposition of both subfields. Furthermore,
in both cases (Figure 3 & 4) the response to the dark stimulus was of greater

probability than that to the bright stimulus.
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In both figures, no cleaf region of suppression was observable
surrounding the excitatory region. In no cése was significant suppression
measured (i.e. random probability' minus 1.96 S.D.), indicating that these
neurons are best des'cri.bed by push-push mec;hanisms. Finally, these two
neurons are répresentative of the sample in regards to their response duration,
which is much shorter than what has been observed previously ih area 17 (e.g.

DeAngelis et al., 1993).

Spatial organization of the RF
Basic RF parameters

Based on thé reverse correlation data, the geométric center of the RFs
ranged from 3.7 to 37.7deg eccentricity, regardless of stimulus contrast. Thus
the RFs were sampled from a large extent of the visual field and are likely
representative of fhé region as a whole. - The mean subfield size was
significantly larger in response to dark as opposed to bright stimuli (t = 3.09, p .=
0.0029, n = 66), this can be o'bserved in the number of points above the line of
unity in panel A of Figure 5 (see overlap section below). There was nonetheless
a éignificant correlation betWeen the area of the subfields evoked by each

contrast (r = 0.58, p > 0.0001, n = 66).
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Figure 3

Spatio-temporal RF. Series of spatial probability maps taken from selected pre-
spike times for temporally coincident responses for an example cell. Note that
the response to one contrast was stronger than that to the other.
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Figure 4

Spatio-temporal RF. Series of spatial probability maps taken from selected pre-
spike times for temporally out of phase responses for an example cell. Note that
as per the neuron in Figure 3, the response to one contrast was stronger than
that to the other.
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PaneI.B of Figure 5 shows the relationship between responsive subfield

(i.e. same contrést)_ length and width. For both the bright and dark contrast
conditions, the length is approximately one and a half times greater than the
width of the RF (bright: 1.66 £ 0.49, dark: 1.53 + 0.41), and this difference was
statistically significant (tprignt = 9.36, p < 0.0001; tgarc = 9.62, p < 0.0001, n = 66
for both). Despite the preceding difference between length and width there was
nonetheless a statistically significant correlation of these two values (Toright =

0.83, p < 0.0001, n = 70, rya = 0.85, p < 0.0001, n = 66 for both).

Overlap

In order to determine whether some PMLS neurons have simple-like RFs,
a correlation between the eccentricities of the geométric centers of the
responsive subfields to each contrast was carried out. This revealed a
significant relationship between these two values (r = 0.99, p < 0.0001)

suggesting that there may be a large amount of overlap betvsfeen the subfields.
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Figure 5

Receptive field parameters. A) The area of visual field that elicited a significant
response when stimulated with bright and dark stimuli. The black dashed line is
_a linear regression and black arrows indicate mean area. The gray dashed line
is with one outlier removed (gray dot at right), the correlation coefficient is then r
= 0.68, p < 0.0001, n = 65. B) Comparison of the length and the width of PMLS
RFs. Gray and black dashed lines represent the regression for bright and dark
stimuli respectively. Empty and filled arrows represent means for bright and dark
stimuli respectively. : ‘




151
In order to determine the extent of overlap betweén the responsive
subfields for ea__ch contrast, an Ol was calculated. The mean peak Ol was 0.63
+ 0.40 (mean £ S.D., n = 72), thié significantly differed from a value of 1 (t =
6.95, p < 0.0001), suggesting that there is a substantial portion of the RFs which
do not overlap. However, the mean value is not representative of the sample. |
The distribution of the peak Ols can be seen in Figure 6A, where there were
clearly two subsets of neurons, those with either substantial or no overlap.
Among those with an Ol of 0-0.2, it is important to note that there were 6
neurons which reSponded to only one stimulus contrast (gray). The remairiing
14 neurons generally responded weakly to one of the two stimulus contrésts._
Hence the majority (52/72) of neurons which responded to both stimulus
contrasts could best be described as spatially ov.erlapping (Ol > 0.3), such as

the two examples shown in Figures 3 & 4.

As mentioned in the methods .section two other Ol measures were
calculated (see appendix). A significant correlation between these measures
and the above mentioned peak latency Ol revealed a good corréspondence
between these values (r2p cor = 0.66, p < 0.0001 and rsymmation = 0.55, p <
0.0001) despite the fundamentally different manner in which they were
calculated. .This suggests that the value of the index is not heavily dependent

upon the method used to calculate the Ol.
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RF homogeneity. A) Distribution of the overlap index for the sample of neurons.
- The portion of the left most bar that in gray represents those neurons which
responded uniquely to one contrast. B) Relationship between overlap and
independence indices. Note that all neurons lie above the line of unity because
the Ol applies to the smaller subfield, while the Il applies to the area of both
subfields. C) Histogram of SS| which was biased towards negative values for the
sample, however a large range of values were observed. D) Three dimensional
plot of the indices presented in panels A-C. It can clearly be seen that the
parameter with the greatest discriminating power is the overlap index. Cells tend
to fall into two large groups. The juxtaposed and distant cells seem
indistinguishable since the main discriminating characteristic is the distance
between the centers of the subfields, which is not represented. Arrows represent
mean values, and the dashed stroke in B is the line of unity.



153

As the response area to each stimulus contrast was not identical, which

could bias the Ol (see methods), an Il was calculated which reflects the extent to
which the percentage of subfield area does not overlap. As the scatter plot in
Figure 6B reveals, these indices measure two different aépe’Cts of the
superposition of the subfields. A subset of neﬁrons present the profile expected,
as the Il increases the Ol decreases. However, for another subset of cells no
strict relationship exists between these two values. This is due to the fact that
one subfield is much larger than the other. This was quantified using the SSI
(see methods). The histogram in Figure 6C shows that for the majority of
neurons, there is no large difference in the size of the subfields. fhis can be
seen by the peak of the distribution which is centered close to 0, indicative of
subfields of equal size. However, a non-negligible proportion (17/72) of neurons
had one subfield that covered at least 50% more of the visual field than the other
subfield. Moreover, the distribution was not centered at zero (t = 2.23, p =

0.0289),Vdue to a bias towards larger dark responsive subfields (mean SSI of -

0.12).

Cellular classification .

When the three above indices are combined, as in Figure 6D, there are
two subgroups which can clearly be distinguished. The Ol is the metric which
distinguishes these two groups of cells. As 'mentioned above (panel 6A), the
vast majority of cells (52/66) demonstrate a substantial degree of overlap

(circles),‘while the other cells (14/66) exhibit little to no overlap (tria’ngles;'hote
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that the 6 monoconfrasts cells have been excluded from this panel). Three
examples of neurons with overlapping RFs may be seen in the left panels of
Figure 7, while two no-overlap examples are presented in the left panel. The
two groups have been further divided into three and two subgroups respectively
(see m‘ethods for criteria). - -In Figure 6D, the filled black circles represent
neurons for which the subfields were superimposed and almost perfectly
matched (n = 4; see Figure 7A for a representative example). Filled gray circles
in Figure 6D are cells that exhibited overlap however the match was not as good
(n = 37, example Figure 7B). Empty circles (Figure 6D) represent neuroné for
which one subfield was much smaller than the other, and which was centered
within the larger subfield' (n = 10; example Figure 7C). Two subgroins were
distinguished for the cells with little to no overlap, juxtaposed (dark triangles; n =
8; example Figure 7D) and distant (empty'triangles; n = 6 example Figure 7‘E).
Juxtaposed cells had subfields which minimally overlapped (Ol < 0.2) but which
were invclose proximity, while distant cells had non abutting subfields. Note that
although the description of the juxtaposed neurons may prima facie seem like a
simple cell, they are in fact different. A simple cell would show a push-pull
mechanism, while the juxtaposed neurons exhibited push-push response

profiles.
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Examples of receptive field organization. A-C) Examples of RFs which exhibit
varying levels of overlap, while examples in D & E) show little to no overlap.
Presented are; A) superimposed, B) overlapping,.C) spatially unbalanced, D)
juxtaposed, and E) distant RF types. The lightest, mid-range and darkest
regions are indicative of areas that responded to bright, dark and both contrast
respectively.
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Temporal response profile
Response latencies

The cumulative sum of response latencies is presented in Figure 8A for
the first and ‘last significant response, as well as the peak. Note that neurons
‘that did not respond to one contrast have been excluded. It can be seen that
the response to dark stimuli slightly precedes that to bright stimuli for the first
and peak responses, while the opposite applies to the last significant response.
Statistical analysis using a Wilcoxon _signed rank test revealed that both the
median peak (bright: 93ms, dark: 91.5ms) and last (bright: 133ms, dark: 135ms)
' Iafencies were not significantly different between contrasts (W = 4586.5, p =
0.3699, n = 66, W =4296, p = 0.6737, n = 66). However, the median first latency
was signi.ﬂcanﬂy shorter for dark sﬁmuli (bright: 69.5ms, dark: 58ms; W = 4857,
p = 0.0333, n = 66), this is 'thevonly measure for which the difference was
present from the first almost to the last neuron. Given these results one would
expect most neurons to respond in a manner similar to that seen in Figures 3
and GA, that is to say with identical temporal response profiles. However this

was not the case.
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Response latencies. A) Cumulative sum of response latencies for both bright
and dark stimuli. Note that for this and following panels the neurons with longer
latencies may be responsive to stimulus offset rather than exhibiting a very long
delay to stimulus onset. B) Peak latencies to bright stimuli (empty dots)
arranged in ascending order, for which the bars represent first and last latencies.
Each point along the abscissa is paired with its respective latencies to dark
stimuli (filled dots). This demonstrates that a large proportion of neurons exhibit
variability in peak response timing. Note that most neurons had peak responses
to bright stimuli within a short time window (50% of cells had peak responses
within a 44ms period). The same figure sorted according to peak dark responses
had a similar profile (50% of cells peaked within a 35ms window). C) Scatter plot
of the three latency measures demonstrating the variability mentioned in panel
B. D) Distribution of f max values (see methods) which reveals that the observed .
variability cannot be attributed to the method used to access the latencies
presented above. Arrows represent median values.
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There is variability in the latencies between contrasts for each cell which

is masked by the pooling of the data in 8A. This may be visualised in Figure 8B,
where the peak latencies are presented in ascending order for the bright
subfield, and the corresponding dark subﬂe1d latency is presented at the same
position on the abscissa. It can be seen that a number of neurons had latencies
which were stimulus contrast‘ dependent. These are the non-overiapping data
points. This may also be seen by the non negligible proportion of neurons which
Iye‘away from the line of unity in the scatter plot in panel C Hence, despite the.
lack of significant differences described above (panel A), the response latencies
of a single cell to different contrasfs may be 'asyhchronous, sucﬁ as the cell in
Figuré 9B. Therefore the timing of the responses was compared once again,
but maintaining the pairing of bright and dark latencies for each cell in 6rder to
determine whether the asyﬁchronous responses significantly differed from zero.
This was achieved by reflecting all data points that lie above the line of unity, in
Figure 8C, below it (i.e. equivalent to reclassifying the data, on a neuron by
neuron basis, according to th.e longest and shortest iatency). This analysis
revealed that the median response latency did indeed differ for first and last
reéponse, as well as peak latency between stimulus contrasts (Wgt = 3166, p <
0.0001, Wiast = 3455.5, p = 0.0001, Wyea = 3268.5, p < 0.0001, n = 66 for all).
This difference is reflected in the fact that a majority of néurons had a difference
in response latency superior to 10ms for first (45/66), last (53/66) and peak
(40/66) latencies. Median absolute .differences were 18, 28, and 16ms.

respectively.
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Although these latency measures differed in a contrast dependent
manner for some cells, the relative timing of first, last, as well as peak responses
may be irrelevant for the system. An alternative possibility could be that the
subfields which exhibited maximal overlap would occur at the same pre-spike
time. The time of maximum overlap (¢t max) for each subfield was therefore
compared for each cell and is presented in Figure 8D. There Ié clearly a large
degree of scatter in the data with no linear relationship. Although a number of
neurons lye close to the line of unity, this is not the case for all cells. If a
difference of 10ms (consistent with the value used above) either side of the line
of unity is allotted to compensate for measurement error, there are only 13/66
neurons which have maximally overlapping RFs‘at similar pre-spike times. The
median absolute difference in t max was 31ms. This is consistent with the

temporally asynchrdnous responses observed with the latency data above.

Response phase

The preceding section demonstrated that some of the heurons exhibited
temporal responses which were asynchronous, however the importance of a
delay (say 15ms) between first responses to each contrast is dependent upon
the duration of the response. We quantified the extent to which the response to
both contrasts were phase shifted. To achieve this, the longer of the two
response duvrations was considered as one cycle. The longer duration was

chosen as it provides a more conservative estimate. Dividing the difference
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between two contrast latencies (say first significant response) by response
duration gives values between + «, for which negative values .indicate that the
dark stimuli evoked a response X phasés éarlier than the bright response, and
the opposite ho|ds for positive values. In order to help visualise the significance
of this value two examples can be found in Figure 9A&B. The cell presented in
panel A has a phase shift of approximately 0 for all three latencies (first: -0.13;
peak: 0.02, last: -0.02), while the cell in panel 'B has a shift of approximately 1
(first: -1.13; peak: -0.93, last: -1.02). The distribution of neurons as a function of
the phase shift between two responses is p'resented in the insert of Figure 10A.
The mean phase shifts were close to zero (for first, peak and last responses
they were -0.08; -0.02, and 0.03 respectively) and none of the measures
si‘gnificantly deviated from zero (tast = 0.83, p = 0.4121, tpeax =0.24, p = 0.8132,
tast = 0.27, p = 0.7863, n = 66 for all three). In order to better appreciate the |
proportion of neurons which had phase shifted responses, the negative values
have been reflected about the ordinate (Figure 10A). The phase shifts were
similar across the three measures, as evidenced by the 1%, 2" and 3rd quartiles
for the first (0.08; 0.18; 0.59), peak (0.09/0.18/0.65) and last phase shifts
(0.17/0.27/0.67). These values clearly demonstrate that an important proportion

of neurons had a phase shifted response, regardless of how it was assessed

(first/peak/last).
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Temporal response profiles. The curves were taken from the point in the spatio-
temporal profiles which exhibited the maximal response. All probabilities from
that spatial position throughout the analysis period are presented. A)
Synchronous response to bright and dark stimuli. For this and following panels,
the calculated random probability has been subtracted in order to help visualise
suppressive effects had they been present. B) Temporally out of phase
response. In this case the latency for the bright stimulus is greater than that for
the dark stimulus. C) Example of a typical bi-lobed response to bright stimuli. D)
Typical bi-lobed response for dark stimuli. Note the small non-significant
deflection of the profile in response to bright stimuli. The timing is snmllar to that
of the curve for dark stimuli. :
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Temporal characteristics of the response. A) Distribution of neurons according
to the temporal phase shift of the response. Inset is the same data prior to
collapsing positive and negative values. Values have been collapsed for ease of
viewing. B) Relationship between temporal phase shift and the modulation
index. C) Duration of the response (first to last latency) to stimuli of both
contrasts. Arrows and dashed lines represent means and regressions.
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Despite spatially overlapping subfields, neurons with large phase shifts
Would be ideally suited to exhibit hiéh MI's in response to gratings as is
sometimes seen in PMLS (Zumbroich & Blakemofe, 1987; Ouellette et al,,
2007). If this were the case, the‘n these previous reports would not have
revealed spatially separate ON and OFF RFs (or tested with overly low spatial
. frequencies), but rather. would have observed temporally displaced contrast
dependent responses. The capacity of the phase shift to predict the Ml was
assessed with a correlation. This was carried out for the phase shift for first,
peak and last latencies. Only one significant correlation (Figure 10B) was
observed betweén the first response phase shift (absolute value) and Ml (r =
0.43, p = 0.034, n = 24). The values for peak were r= 0.34, p = 0.1067, n = 24
while that for the last response was r = 0.34, p = 0.1052, n = 24. This suggests
that PMLS neurons, at least via the timing of their initial response, act as
temporal filters, which in turn explains the occasional high Ml values repoﬁed in

thié region.

Response duration

In order to better grasp the temporal dynamics of the response, the
duration was assessed for the two contrasts. The mean response duration fo
dark stimuli was greater than that to bright stimuli (-bright: 75.2ms + 51.5, dark:
89.4ms £ 66.2; t = 2.79, p = 0.0069), which is reflected by the greater number of
data points (40/66) above the line of unity in Figure 10C (25/66 lie below, and

one neuron is on the line of unity). The proportions did not significantly differ
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however (x2 = 3.46, p = 0.0628, df = 1), al‘thdugh a trend is present. The
response durations to bright and dark stimuli were significantly correlated (r =
0.78, p < 0.0001, n =66) suggesting that the same or similar mechanisms are

responsible for both responses.

Multi-lobed responses

A subset of 19 neurons had more than one cleariy distinct response peak
in the temporal domain for at least one contrast (Figure 9C&D). The cell in
'panel C is representative of bright bi-lobed cells in that the probability of the
secondary response is approximately equivalent to that of the first. While for the
dark bi-lobed cells, including the example in panel D, the probability of the
secondary peak is far below that of the first. Moreover, a non-significant
secondary bright peak occurs simultaneously with that of the secondary dark
peak. Of the 19 multi-lobed neuréns, 5 and 12 had a secondary lobe for bright
and dark stimuli respectively, while one cell had a secondary lobe for each, and
a final cell exhibited many lobes (3 bright, 2 dark). The proportion of bright o?
dark only bi-lobed cells was not significantly different (x? = 2.88, p = 0.0896, df =
1), although a trend is present for there to be a greater number of secondary
| peaks for dark stimuli. Regardless of the number of response lobes, of the 7
neurons which had a secondary response to bright stimuli, 3 occurred prior to
the main peak, while this occurred only once among the 14 neurons with a
secondary dark response. These proportions significantly differed, that is more _

bright than dark multi-lobed neurons’ secondary response occurred prior to the
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main peak (x? = 3.86, p = 0.0494, df = 1). The median duration of the secondary
peak was not sigrﬁficantly shorter than that of the first for bright stimuli (Xpeak1 =
72.9 £ 48.9, Xpeak2 = 36.8 £ 23.4; W = 3, p = 0.0781, n = 7) although a strong
trend was present, while the secondary peaks were significantly shorter than the
first for dark stimuli (Xpeak1 =.8.3.9 + 43.6, Xpeakz = 33.6 £ 24.0; W =14, p =

0.0001, n =14).

The bi-lobed responses could be explained via two separate
mechanisms; 1- the two responses could arise from separate inbuts, either from
. separate regibns or from one region but temporaliy offset. 2- a response could
be evoked by the onset and offset of the stimulus. In order to determine
whether the latter was the case, the inter-response timing (the absolute
difference between latency measures for eachv lobe) was compared to the
duration of the stimulus. If the bi-lobed response is strictly an ON-OFF type
response then stimulus duration should be an excellent predictor of the inter-
response duratibn.' A significant correlation was observed for both the inter-
peak and inter-last response with stimulus duration (rinter-peak = 0.49, p = 0.0242;
linter-ast = 0.48,. p = 0.0273, n = 21 for both; note that the n is gréater than the °
number of bi-lobed cells since tyvo cells had at least one secondary lobe for both
contrasts), while only a trend was present for inter-first response timing (r =
© 0.42, p = 0.0608, n = 21). Although these results demonstrate a significant
relationship between the inter-response timing and. stimulus duration, the slope

of the functions (2.9, 3.2, and 3.4 for first, peak, and last response respectively)

clearly demonstrate that it is not a one for one relationship. Although a slope of
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1 should not be expected given the known differences in onset and offset
latencies (Bair et al., 2002), these large slopes are not consistent with a

secondary response due to stimulus offset.

Aff_erents

Both the spatial and temporal profiles described above suggest that the
bright and dark stimuli are not treated in an identical manner, suggesting that
different inputs may underlie these responses. This was further investigated by
comparing response parameters for both contrasts. A measure of contrast
dependent response amplitude was calculated (MRI: see methods) and the
mean value was -0.13 + 0.25 when cells responding to only one contrast were
not included. For comparison, the cell shown in Figure 9A had a MRI of -0.16,
close the mean value for the sample. On average the dark response was
strongef than the bright one, as reflected by a mean MRI that was significantly

: below zero (t =4.19, p < 0.0001, n = 66).

Given thé timing differences described in previous sections, the related
measure of response slope was also compared between contrasts. The
temporal profiles of both contrasts were normalised to each neuron’'s peak
probability. The mean normalised sllopes (% change in probability per ms) for
the ascending portion of the response to bright and dark stimuli were 0.0194 (
0.0117) and 0.0228 (+ 0.0085) respectively, while for descending portion it was -

0.0163 (x 0.0108) and -0.0211.(£ 0.0116). There was no strict relationship of
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slopes between the two contrasts (rascending = 0.24, p = 0.0525; rgescending = 0.21,
p = 0.0885, n = 66 for both) although trends were presen.t. As a sample, the
slobes were significantly steeper for the dark stimuli as compared to those for
bright stimuli (tascending = 2.14, p = 0.0360; tgescending = 2.78, p = 0.0072, n = 66 for
both). This can in‘di’rectly be seen in the lower median values (arrows) for dark
stimuli in Figure 8C. The éscending portion of the curve was steeper than the
descending portion for both contrasts (tprignt = 15.51, p < 0.0001; tgan = 20.69, p
< 0.0001, n = 66 for both). This is reflected in the greater spacing between peak

and last significant response median values (Figure 8C) than between first and

peak median values.

RF property prediction

We sought to determine how well the appropriate parameters from the
spatio-temporal RF maps could predict responses_to gratings (25, 24 and 18
cells for direction, SF and TF respectively). One would expect, fo‘r example, that
RFs with a low Ol would have a high MIl. Rapidly, the mean properties of these
neurons to gratings were; a DI of 0.76 £ 0.32 (n = 25),- a mean optimal SF of
0.08 £ 0.05 (n = 24) and a mean optimal TF of 3.97 + 2.04 (n = 18), which are
similar to reported values from our laboratory (Villeneuve et al., 2006a; Ouellette

et al., 2007).
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Direction selectivity

‘The relationship with directional parameters will be treated first. The
extent of direction seleétivity, assessed with the DI, was not significantly
correlated with the area of either subfield (ryignt = -0.36, p = 0..0786, Fgark = -0.08,
p = 0.6964 ahd n = 25). Similarly, the DI was not correlated with the OI (r =
0.11, p = 0.6089), nor with the Il (r = 0.35, p = 0.0861, n = 25). Interestingly, the
DI significantly increases as the absolute SSI deviates from zero (r = 0.64, p <
0.0006), that is direction selectivity increases as the imbalance between subfield
area accrues. Similar compariso.ns with temporal domain parameters, revealed
- no significant correlation of responée duration with the DI (rb}ight =-037,p =
'0.0658; Faark = -0.33, p = 0.1117 for n =25). NQte that two counterintuitive trends
were present. The first suggests that direction selectivity gets weaker as tr\ie
area of the bright but not dark responsive subfield increases, and secondly that

shorter response durations correlate with stronger directional responses.

A similar analysis was carried for direction tuning BW (half-width at half-
height) and no significant relationship was observed betwéen direction BW and
subfield area (rpright = 0.19, p l= 0.3532; raark = 0.03, p = 0.8752, n = 25 for both).
Similarly, no signiﬁcant correlation was observed with the different spatial
measures ('ro| =-0.09, p =0.6633; r; =-0.13, p = 0.524; rsg) = -0.20_, p = 0.3351,
n = 25 for all three test). The duration of the response was not a better predictor

of direction BW (rprignt = -0.30, p = 0.1433; rgank = -0.32, p = 0.1231, n = 25 for

both).
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Spatial frequency

The same analysis was carried for SF, using data from 24 neurons. The
subfield area was not a good predictor of the SF which evoked the maximal
response (forgnt = 0.01, p = 0.9811; ryanc = -0.25, p 0.2314, n = 24 for both). No
- significant correlations between optimal SF and OlI, |l or SS| were present (ré. =-

0.13, p =0.5355; r; =0.06, p=0.77; rg5) = -0.14, p = 0.5118, n = 24 for all).

Similarly, SF BW was not correlated with subfield area (rrignt = 0.25, p =
| 0.2794: }da,k = 0.18, p = 0.4551, n = 20 as 4 neurons were classified as low
pass), nor with Ol, Il or SSI (ro; = 0.08, p = 0.7348, r; = -0.41, p = 0.0705, rss; = -
0.37, p = 0.1082, n = 20 for all). Subfield response duration was not
sigrificantly correlated with SF BW (rurignt = 0.02, p = 0.9380, n = 19; rga = 0.01,
p 0.9753, n = 20). Note that one trend is present (Il), where greater

independence of subfields leads to tighter tuning.

Based on the response at the optimal SF, the mean Ml was calculated.
This index was not correlated with any of the three i‘ndices from the spétial
domain (ro; = 0.06, p = 7657; %0.01, p =0.9814; rsg = 0.22, p = 0.2950, n =
24 for all). Similarly, the Ml was not significantly correlated with response

duration (rprgnt = -0.11, p = 0.5992; rganc = -0.17, p = 0.4243, n = 24 for all).
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Temporal frequency

Equivalent comparisons for TF, revealed that the latter could not
accurately be predicted based on response duration for either contrast (ryignt = -
0.21, p = 0.4120; rgak = -0.29, p = 0.412, n = 18 for both). The same analysis
was carried out with first, last and peak response latency for which no significant
correlations were observed (bright: rfist .,= -0.27, p = O.9146l, Mast = -0.21, p =
0.3961, r =peax -0.23, p = 0.3568; dark: ryst = 0.01, p = 0.9805, nag = -0.30, p =
0.2302, rpeak = 0.01, p = 0.9533, n = 18 for all). The inter contrast latency
difference (absolute value) was calculated and no significant correlation was
observed for the response latencies with the optimal TF (rqst = 0.07, p = 0.7683.,
Mast = -0.07, p =.0.7919, feak = 0.09, p = 0.7349, n=18 for. all). ‘The related
measure of time between first and peak response, as well as that between peak
to last response was also compared to the TF, again no significant correlations
were observed (bright: rerstpeak = 0.21, p = 0.4050; rpeak-ast = -0.20, p = 0.4319;
dark: rerstpeak = -0.02, p = 0.9378; rpeaktast = -0.33, p = 0.1795, n = 18 for all

tests).

With TF BW no significant correlation was observed with response
duration (rpright = -0.06, p = 0.8186; rgax = -0.15, p = 0.6047, n =15 for bot'h;' 2
low pass and 1 high pass cell have been eliminated). The same analysis was
carried out with the response latehcies and no significant correlations were
found with TF BW (bright: rsrs = 0.26, p = 0.3524, riast = -0.02, p = 0.9395, rpeak =
-0.07,p = 0.8038; dark: rirst = -0.16, p = 0.5594, rae = -0.21, p 0.4493, rpeak = - |

0.28, p = 0.3184, n = 15 for all). Simi_larly, the absolute difference in latency
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betweén contrasts was calculated and no signifiéant correlation was observed
between the response latencies and TF BW (rgst = -0.26, p = 0;3411, Mast = -
0.23, p = 0.4018, rpeak = -0.22, p = 0.4238, n = 18 for all). As above, the time
between firét and peak, as well as peak tov last was not correlated to TF BW
(bright: rfrstpeak = 0.22, p = 0.4256, rpeak-ast = -0.003, p = 0.9908; dark: rarst.peak =

0.29, p = 0.2968, Ipeakast = -0.10, p = 0.7302, n =15 for.all tests).

Test of linear model

The primary goal of this study was to determine whether PMLS neurons
are involved in linear spatial integration. If PMLS neurons are linear, then it
should be possible to predict their preferred properties hbased on their first-order
spatio-temporal profiles. If not, then one must assume that they engage in sorhe
form of non-linear analysis. The previous sectioh addressed this issue using
descriptive indices based on the RF profiles. Indices are unable to entirely
capture the neuronal response, therefore a further test was ca‘rried out using the
entire spatio-temporal profile. In order to examine how well thé\ first order
approximation of PMLS RFs would predict the measured neuronal responses to
gratings, three linear models were created. It should be noted that given the
present testin‘g paradigrﬁ only SF can be assessed. with these models. Direction
selectivity would require second-order analyses, and predicted TFs wouId.be
heévily‘ influenced by stimulus duration rather than inherent neu.ronal

processing.
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The prediction from the RF based model (see methods) was not
significantly correlated with thé optimal SF, whether theARF' width was taken
from the bright, dafk, or a weighted mean spatio-temporal profile (rpright = 0.05, p
='0.8271, Fgark = 0.23, p - 0.2762, rweighted mean = 0.18, p = 0.3892, n = 24 for all).
GivenA the similarity of this model with that of Movshon et al. (1978a), the actual
RF Width was divided by the predicted RF ‘width based on half the optimal SF
(the half cycle was chosen in order to remain consistent with previous work,
despite deviating from what one would predict for a complex like RF). This gave
a ratio of 1.51 + 1.12 and 1.64 + 0.96 for bright and dark subfields respectively.
- These val.ues do not correspond to either the simple or complex cells reported

by Movshon et al. (1978a, b).

The product model was a better predictor of the optimal SF than was the

RF based model. The optimal SF was predicted for bright and dark subfields, as

well as a probability normalized mixture (complex-like) and a sﬁbtraction of both

(simple-like). Only the dark subfield based prediction exhibited a significant

. correlation with the measured optimal SF (r = 0.44, p = 0.0353, n = 24), while
the bright subfield based prediction exhibited a trend (r = 0.03, p = 0.0892, n =

24). No corrélation was observed for the mixture and subtraction versions, the

values of which may be seen in Table 1.

Correlating measured optimal SF and the SF prediction of the third model
(spatial correlation model) revealed no significant relationship. However, a clear
trend is present for the dark subfield based prediction (r = 0.41, p = 0.053, n =

24; see Table 1 for other values.). It could be argued that threshblding the
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spatio-temporal maps.'could have biased the predictions. Therefore, the same
analysis was carried out based on the probability valﬁes prior to paésing the
.threshold. Neither the product nor the spatial correlation mddels showed a
significant correlation with the optimal SF (see Table 1 for values). Note that the

RF based model cannot be carried out prior to thresholding.

Generally the linear models were poor predictors of the actual neuronal
response (Table 1). This is partly attributable to the fact that the measured SFs |
were higher than or equal to the predicted value, hencé the predictions were
biased towards low frequencies and therefore ihaccurate. This_ is consistent with
the ratio -.of = 1.5 calculated (see above) for comparison with the work of

Movshon et al. (1978a)

As d_emonstrated above, the first-order spatio-temporal RF maps do ndt
allow for an accurate prediction of the optimal grating parameters. One further
test to ensure that the RFs could not be described by linear mechanisms similar
to simple.cells was performed. This was achieved by fitting the spatio-temporal
profiles with 2-D Gabor and Gaussian functions and then comparing the fits (see
methods). For all cells, the index has a value greater thén 0.8, which indicates
that a Gaussian is a far better descriptor of the spatio-temporal maps than is a
Gabor function. At first glance this unimodal distribution may seem in conflict
with the presence of the ‘juxtaposed cells mentioned above (Cellular
classification section). This diétribution is likely attributable to the fact that the

mean SSI| among the juxtaposed group was 0.41 and the absolute MRI was

0.22, hence these RFs were spatially unbalanced between contrasts as was the
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amplitude of their responses. A spatially asymmetric Gabor would be required
in order te obtain a better fit than a Gaussian. While in the latter, the smaller
subfield may simply be lost in the tail of the larger subfield Ieadihg to little

increased error.

Su_bfield fits.

During the 'spatio-temporal RF analysis process we were confronted with
the difficult choice of how to interpolate the data. Unlike other .areas, there are
no quantitative descriptions of the spatial profile of PMLS neurons (although see
Borghuis et al., 2003). For all the above analyses, linear interpolation was

‘chosen as a conservative estimate, although it is unlikely to be an optimél
descriptor of PMLS RF profiles. Given the above fits with Gaussians, we chose
to determine which of three variations of a Gaussian would best describe the
data for future reference. The first was a classical 2-D Gaussian. The second
function was a difference of Gaussiane (DOG) for which the subtracted
Gaussian was attributed a weight (w) which was expressed as a percentage of
the first. In the extreme case were a DOG is a poor descriptor of the subfields
then the weight would be 0, and therefore the function reverts to a Gaussian.
Such a function could account for surround suppression even if the latter was
non-significant.. The third possibility was a truncated Gaussian, effectively
limiting the maximal probability and thereby presenting a plateau. Again, in an

extreme case where the threshold (the level of truncation) would be set to 100%

of the Gaussian’s maximal probability, then the function reverts back to a
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classical Gaussian. An index based on all three LMS values from the fits was
calculated as IGaussi,—;n = Egaussian/( Ecaussian + Epoc + Etruncated), and so on for Ipoc
and lyuncates-  The ternary graph representing the relative importance of the LMS
for each fit is shown in Figure 11A. Clearly, almost all neurons are described
equally well by all three fun.ctions, with a few cells showing a slight bias for the
truncated Gaussian. Inspection of panels B & C demonstrate that most neurons
have a w of zero and a threshold of 100% (i.e. the function reverts to a
Gauséian). This indicates that the spatial maps were best fit by a classical

Gaussian function.

Discussion
General conclusions

Fvirst order reverse correlatiori with sparse noise stimuli elicited sufficiently
robust responses to obtain spatio-temporal brofiles -among PMLS neurons.
These profiles suggest that for the majority of neurons there is a large degree of
overlap between bright and dark responsive sﬁbfields. This is consistent with
complex-like RFs. Furthermore, simple models based on the first order profiles
were poor predfctors of the optimal parameters to gratings for these same cells.
Overall, the data suggest that despite the known linear temporal integration of
PMLS neurons (Vajda et al., 2006) spatial integration is to a large extent non-

linear.
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Figure 11

Best RF descriptor. A) Ternary plot representing the indices of quality of fit for
the Gaussian, DOG and truncated Gaussian functions with the measured RFs.
B) Distribution of weights for the DOG. Most neurons reverted back to a
classical Gaussian function (i.e. weights of 0). C) Distribution of the truncation
level of the best fit for the truncated Gaussian. The fits for most neurons were
best when no truncation occurred (i.e. 1.0).
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Methodological considerations

The reverSe correlation method used in the present ekperiment allows for
linear analyses but not interaction terms unless unrealistically long acquisition
times are used. Given the known projections of area 17 and 18 cells with
complex RFs, the LPI, and connections from other extrastriate cortical areas
(Berson & Graybiel, ‘1978; Raczkowski & Rosenquist, 1983; Symonds &
Rosenquist, 1984a; Ndrita et al., 1996) one would expect PMLS neurons to
behave in a non-linear fashion. This is not a limiting factor for the present study
given the question that motivated this work. Nonetheless, it should be kept in
mind that the spatio-temporal prbfiles in the present study are incomplete
descriptions and await further work. Therefore, higher-order analyses of PMLS
RFs using dense noise stimuli are currently undenrvay.~ Beyond its.inherent
value, this data should prove to be interesting given the proposed homology
between area MT in primate and PMLS in cat (Payne, 1993), for which a few
discrepancies exist:(e.g; lack of plaid pattefn motion se'le‘ctivity in PMLS;

Movshon et al., 1985).

Spatial domain
Complex like RF profile

The initial question of this study was based on the surprising finding that
temporal integration among PMLS neurons was devoid of non-linear interactions

for most cells (Vajda et al., 2006). The question therefore concerned the
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presence or absence of linear integration in the spatial domain by PMLS
néurons. Although there is no strict relationship between simple/complex and
linear/non-linear dichotomies (e.g. Movshon et al.,, 1978a, b), complex RFs in
area 17 are non-linear and simple RFs are usually' linear. The data in the
present study shows that the overwhelming majority of.neurons in PMLS had
overlapping RFs which are consistent with complex-like RFs. Using RF
parameters and derived indices we found no relationship with the preferred
parameters for gratings. Moreover, it was shown that a Gaussian distribution is
a far better dfescriptor of PML(S RFs than is a Gabor. This is exactly what one
would expect based on feedforward input from supragranular layers of areas 17 |
and 18 (Maciewicz, 1974; Symonds & Rosenquist, 1984b; Einstein & Fitzpatrick, -
1991; Lowenstein & Somogyi, 1991; Shipp & Grant, 1991; Norita et al., 1996)
and is consistent with qualitative hand mapping assessments (Zumbroich &
Blakemore, 1987). Nor is it surprising to find complex RFs given the known

motion processing properties in this area (Toyama et al., 1990; Kim et al., 1997;

Mulligan et al., 1997; Brosseau-Lachaine et al., 2001; Villeneuve et al., 2006a).

Similarly, our simple models based oﬁ the linear spatio-temporal profiles
were generally poor predictors of optimal parameters for graﬁngs. One
| exception to the poor quality of the predictions was the product model, for which
the dark fésponsive subfields were fair predictors. of the neurons p'referred SF,
and a similar trend waé present.for the bright subfields. However, when
information from both subfields waé linearly combined to estimate the optimal

SF, the predictions were no longer accurate. This suggests that some form of
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linear processing does indeed occur in PMLS, while a non-linear integration of
inputs for opposite contrasts occurs. This further justifies the above mentioned

interest in higher order analyses among PMLS neurons.

A distinction between the present cdmplex-like neurons and those of
previous studies is the lack of a clear response to both stimulus onset and offset
(Hubel &.Wiesel, 1962; Movshon et al., 1978a; Palmer & Davis, 1981b; Citron &
Emerson, 1983; Kégan et al., 2002). It could be suggested that our bilobed cells
represent such ON‘and OFF responseé, however as was shown in the results
section there was no relationship between inter response latencies of bi-lobed
neurons and stimulus duration. Furthermore the majority of neurons were not of
the bi-lobed type. Thus classical complex RFs were not observed in the present

study.

Other RF profiles

Not all neuroﬁs exhibited responses that wére similar' to the prototypical
complex like RFs as des‘crib_ed by Hubel & Wiesel in area 17 (1962). In
particular, 6 out of 72 neurons responded to only one stimulus contrast and
12/72 had a large asymmetry in subfield size between contrasts. Both of these
phenohena have previously been reported in area 17 of the cat and V1 in
primate (Hubel & Wiesel, 1962; Movshon et al., 1978a; Emerson et al., 1992;
Hirsch et al., 2002; Kagan et al., 2002; Martinez ot al., 2005; Mata & Ringach,

2005; Hirsch & Martinez, 2006). Similarly, most of these studies have
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mentioned, or have consistently shown examples in which the responses are
dominated by dark stimuli. This is also consistent with the present data. The
latter may partially be attributable to‘an artefact due to the stimulation protocols
used in most sparse noise reverse correlation studies. In the present and other
papers, the difference (in cd/m?) between the stimuli and the ba'ckground was
‘the same for bright and dark stimuli, which a priori seems appropriate.
Howéver, using our parameters as an example, the Michelson contrast of each
stimulus as compared to background (as opposed to stimulus to stimulus) was
100% for the dark condition while it was 33% for the bright condition. With such
parameters it is not surprising that dark stimuli evoke responses of greater
probability and that cover a larger area. It is important to note however, that
some neurons exhibited the opposite behavior, which was larger pfobability
responses and greater relsponse. area to bright stimuli. Thereforé, 'the>unequa|
contrast values do not explain these bright 'super-res_‘ponsive cells and
presumably an equal proportion of dark super—résponsiye cells. The uneven
~ contrasts simply explain the greater proportion of neurons which had stronger
responses to dark stimuli. Hence under different testing‘ conditions, the

proportion of such cells may well be the same for bright and dark stimuli. Their

mere presence however remains interesting and requires further study.

In regards to the above rhent_ioned neurons which exhibited subfields of
different size (i.e. large SSls), it is_intriguing to speculate as to their function. It
is possible that they simply represent random fluctuations due to developmental

phenomena.  Another possibility is related to - spatially detailed motion
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proceésing. The larger of the two subfields could integrate motion signals from
a large exteﬁt of the visual field, while the smaller subfield would allow for higher
SF selectivity. This seems unlikely for four reasons; 1- the measured optimal
SFs of PMLS neurons are relatively low. 2- No correlation was found between
the SSI and optimal SF or its BW. 3- The ideal way to achieve this would be
with a push-pull mechanism, which was not observed in the present
experiments. Note that a push-push mechanism could also achieve this given
the prdper system dynamics. 4- The visual system would have had to evolve to
respond to the simultaneoué and superimposed presence of dark and bright

stimuli within the RF, which seems unlikely.

Spatial integration of motion signal

It is generally assumed in vision research that larger RFs allow a better
intégration of motion signals. However this was not found to be the case in the
present study, when RF . profiles were compared to the neuronal tuning
properties for gratings. It was shown that there was a trend for direction
selectivity to increase as the area of the bright (but not dark) responsive
subfields decreased. Similarly, the difference in size between both subfields
(SSI) was significantly correlated with DI. Although this could be indicative of a
process tHat differs from what is usually assumed, an élternative exblanation
seems more likely. The lgreater the motion selectivity of a PMLS neuron, the

less likely that same cell is to respond to stationary stimuli. [f this is the case,
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then our higher-order analyses will reveal larger RFs, which may allow the

demonstration of a correlation between RF size and direction selectivity.

In the papers by Movshon et al. (1978a, b) simple and complex cells
could be distinguished by a ratio of actual RF size and predicted RF size based
on optimal SF. While for simple cells the prediction was close to the méasuréd
values, complex cells had RFs three times I.arger than What was predicted. In
the present study, we found a fatio of approximately 1.5, which does not
correspond to either cell class. This ratio is consistent with the reported low SF
tuning of PMLS neurons (Zumbroich & Blakemore, 1987), as well as the lack of
a strict correspondence between RF size and acuity amohg PMLS neurons (Di
Stefano et al., 1985). This suggests that PMLS neurons are involved in
fundamentally different computations from those found in primary visual cortek.
Specifically, the high spatiél resolution observéd among area 17 neurons with
complex RFs would not be required for large field motion processing as
previously reported for PMLS neurons (Toyama et al., 1985; Sherk et al., 1995;
Kim et al., 1997; Mulligan et al., 1997; Sherk et a/., 1997; Brosseau-Lachaine et

al., 2001; Sherk & Kim, 2002; ViIIeneuvé et al., 2006a).

Care should be taken in interpreting this ratio however, as the estimate of
. RF area, which_ is critical to the calculation of the ratio, is dependent upon the
chosen threshold. Similarly, the ratio may also haVe been influenced by our
choice of fullscreen stimulation with gratings, since the spatial extent of visual
stimuli has been shown to influence responses in PMLS (Villeneuve et al.,

2006a; although this study was carried out with a different stimulus). Therefore
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the ratio found among the sample of PMLS neurons is difficult to interpret,

beyond the fact that PMLS neurons clearly do not exhibit simple like RFs.

Classically, the Ml"ha;e, been used to distinguish neurons that have or lack
segregated ON and OFF subfields (Skottun et al., 1991a). Previous studies
have shown that a small number of PMLS neurons have an Mi that is indicative
of segregated RFs (Zumbroich & Blakemore, 1987; Guido et al, 1990Db;
Ouellette et al,, 2007), this would have been consistent with the possibility of
linear spatial integrationA that motivated this study. The results suggest that the
high Ml is attributable to factors other than segregated RF subfields. This is in
keeping with recent demonstrations that the M is not necessarily a good
-indic,ator of spatial segregation of subfields (Kagan et al., 2002; although see:
Mata & Ringach, 2005). It has previously been suggested fhat cornplex cells
which exhibit a stronger response to one contrast, or the extreme case of
monocontrast cells, could be those which also display high MI's in area 17
(Hirsch et al., '2003). This hypothesis was not confirmed with the present
sample. The data suggest an alternate explanation however, in that PMLS
neurons with a high Ml have temporally out of phase responses to each
contrast. Thus the high MI values among these neurons do not reflect spatially
segregated subfields, but rather are indicative of a peculiar temporal encoding
scheme. Such a response profile would be ideally suited for detecting rapid
changes in contrast. This is similar to the findings of Vajda et al. (2004)
suggesting that some PMLS cells are ideally tuned to detect changes in thé

visual environment. What's more, they observed that approximately 14% of
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their neurons changed their response in time, versus 17% of our cells that had
an out of phase respon‘se (taking cells with an absolute first response phase
shift greater than 1). It should be noted however, that there is a fundamental
difference between ihe present results and theirs. In the case of Vajda et al.
(2004) the responses were biphasic, whether to the preferred or nonjpreferred
direction, whereas in the present: study the néurons exhibited monophasic
responses. It is the timing of the response of thel latter which leads to the

similarity of the two response profiles.

As pertains to the spatial resolution of encoding in PMLS, both in absolute

and relative terms the optimal SFs that are generally observed are low (Morrone

et al,, 1986; Zumbroich & Blakemore, 1987; Gizzi et al., 1990; Guido et al.,
1990b; Minville & Casanova, 1998). This is Iikelyldue to two factors revealed by

‘the present spatio-temporal profiles. Firstly, thé RFs may be described as large
overlapping push-puéh subfields. Secondly, no robust inhibitory flanking regions

were observed in the first order spatio-temporal profiles. Based on these two

points, such a system coUIld be described as a low pass or avband pass filter

‘biased towards lower SFs. This is consistent with the above mentioned optimal

SF parameters observed in PMLS.
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Temporal domain
Response duration

It is interesting to compare the present data and previously reported work
‘concerning-the measures of the temporal profile given the similarity iﬁ stimuli
across reverse correlation studies. In area 17 it has been reported that few if
any.neurons respond to the type of stimuli used here when the duration_ is less
than 50ms (McLean et al.,, 1994). In the present study all neurons were tested
with stimulus durations below 48ms, and most of them responded best to a
32ms presentation (data not shown). Another difference is that the mean
response duration in the present study was much shorter than values reported
for area 17 (DeAngelis et al., 1993, 1995b). These res.ults suggest that the input

to PMLS neurons in the present study does not arise from area 17 (see below).

Response slope

PreQious work with almost identical stimuli (DeAngelis et al., 1993) reported
that the ascending portion of the temporal response profile had a steeper slope
than that of the descending phasé, which is in agreement with the present data.
This suggests that the input along the temporal dimension to both these regions
is similar. ‘At first glance these results may seem to contrast with those of Bair ét ‘
al. (2002), who demonstrated that offset latencies were shorter than their onset
counterparts in the_ LGN, striate and extrastriate cortex of the primate. Howe\{er,

there is clearly a distinction to be made between latency and the slope of the
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temporal profile. Upon close inspection of the examples from the Bair et al.
(2002) study, a result similar td that in this study and that of DeAngelis et al.
(1993) may be observed. Thus this chéracteristic of temporal response profiles
seems to be a ubiquitous feature of visually responsive areas, even across

species and is stimulus independent.

Response latency

We wished to compare our data directly with that of Bair et al. (2002) and
therefore calculated the offset Iatenciés, (i.e. taking into consideration the
duration of the stimulus presentation). The results contrasted with those found
in the above mentioned study. That is, onset latencies were significantly shorter
than offset latencies (Woright = 3324.5, p < 0.0601, Wyark = 30925, p <0.0001, n =
66). The authors argued that the longer onset latency was a measure of the
integration time required to analyse their motion stimuius. If this is correct and
given the simple nature 6f our stimuli, it can be safely assumed that a much
shorter integration is required for the present stimuli as compared to their
directional stimuli. Although if our data are correct, their difference measure
cannot directly be used as a metric of integration time given the negative values
reported here. It is also possible that different parallel visual pathways may be
responsible for the response to these two stimuli, espepially in the highly paraliel
system of the .cat. Therefore, our data are not necessarily at odds with thosé of

Bair et al. (2002).
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Phase shifted and multi-lobed response

An interesting response profile observed here were the phase shifted cells.
Although only a small percentage had extreme values, a large number of cells
deviated from zero. It may be that these neurons receive input from the
homogeneous type cells of the LGN described by Stevens & Gerstein (1976),
which clearly treat each contrast separately. This could explain the phase
shifted responses to each contrast. The latter authors suggested that such cells
‘could act as temporal filters, and the present study in conjunction with previous
descriptions of SF selectivity in PMLS suggest that neurons in this region are
poor spatial filters. What's more, PMLS neurons exhibit a far wider variety of
temporal than spatial response profiles, as demonstrated here. .Similarly, the bi-
lobed responses observed may be explained by the second excitatory peak
reportéd by Stevens & Gerstein (1976). It is thus possible that PMLS acts as a
temporal filter with low spatial acuity. Fine temporal tuning would thus be
possible via phase shifted and/or bi-lobed responses as well as short response
durations. Such tem'poral response profiles would be well suited for motion

processing and detection of sudden changes in the visual environment.

Implications for system organization

The data from the present study not only address the linear versus non-

linear spatial integration of visual information arﬁong' PMLS neurons but also
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pose certa\in limitations as to which areas may supply functionally important
visual input to PMLS. As stated in the introduction, it is to be expected that non-
- linear spatial processing occurs in PMLS. However the observed responses,
al'thbugh putatively non-linear, did not correspond to what oné would expect
basedr on féedforward projections from area 17 complex cells. This suggests:

that PMLS neurons receive functionally important input from other areas. -

The evidence against sole area 17 input

Rapidly, in the spatial domain the area of the visual field covered by the
suvbfields (SS1) was not equal across contrast and some cells responded
uniquely to one contrast, while another subset of dells were found to have non-
overlapping subfields. Likewise, the probability for the response to each
contrast (MRI} was often unbalanced. Although these types of responses may
be explained by previously reported data from area 17 (Hubel & Wiesel, 1962;
Movshon et al., 1978a; Hirsch et al., 2002; Kagan etAaI., 2002; Martinez et al.,
2005; Hirsch & Martinez, 2006), one would have to assume that these PMLS
_neurons receive exclusively from the former cells. . This seems unIiker because
of the connectional complexity involved, the small proportion of such cells in the
above mentioned studies, and because of the spatial integration required due to

the large RFs in PMLS.

In the temporal domain, the response to each contrast was not what

would be expected from complex cells either. This can be seen as differences
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between contrast for response latency (for example see Figure 8B), duration
(Figure 10C), and the phase shift of the response (10A). Similarly, most bi;
Iobéd responses were limited to only one of the two contrasts (Figure 9). The
‘duration of the response was shorter in I£>MLS than what has been reported for
area 17 (DeAngelis et al, 1993, 1995b). What's more, we did not observe
responses to both stimulus onset and offset in the same cell, while this has been
reported in area 17 complex cells (Hubel & Wiesel, 1962; Kagan et al., 2002).
Taken together the data are not consistent with the notion that feedforward
projections from complex area 17 neurons pro(zide the sole major excitatory

input to PMLS neurons.

Furthermore, lesions of primary visual cortex leave response properties of
PMLS neurons relatively unchanged (Spear & Baumann,'1979;' Spear, 1988;
Guido et al., 1990b). Likewise, the timing of responses between primary visual
cortex and PMLS exhibit considerable overlap (Dinse & Kruger, 1994; Bullier,
2004a; Véjda et al., 2004; Ouellette & Casanova, 2006a) and PMLS neurons
have been shown to putatively drive or respond “synchronously with area 17
neurons (Katsuyama et al., 1996). Finally, behavioral tasks which elicit an
increase in area 17 metabolism do 'not have the same effect in PMLS (Vanduffel
et al., 1997b). All of the preceding data would be surprising if primary visual

cortex were the sole functionally important input to PMLS cortex.
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Direct LGN input'

. The data suggest that, at least for the impulse response, PMLS neurons
receive a functionally important projection from neurons elsewhere than the
supfagranular layers of area 17. Given the above mentioned PMLS response
properties, an alternate source of input would need to treat different contrast
separately. The first and most likely possibility is input from the LGN
'(Raczkowski & Rosenquist, 1980; Tong et al., 1982; Raczkowski & Rosenduist,
. 1983; Berson, 1985; Sherk, 1986; Rauschecker et al., 1987b; Miceli et al., 1991;
MacNeil et al.,, 1997; Kawano, 1998; Herbih et al., 2000), despite the small

number of terminals attributable to this projection.

Firstly, these neurons meet the above hentioned requirement of contrast
debendent responses. Secondly, LGN neurons can be well excited by
stationary contrast stimuli similar to those used here (Stevens & Gerstein, 1976).
Thirdly, the short presentation times used would nonetheless evoke a response
from LGN neurons (using the same temporal parameters as for the PMLS
neurons, we evoked robust responses from 10/10 LGN neurons, data not
shown). Fourthly, a direc.t parallel input to area 17/18 and PMLS would explain
the synchronous responseé in these two areas (Katsuyama et al., 1996; Vajda
et al., 2004; Ouellette & Casanova, 2006a).‘ Finally, the greater proportion of
geniculate magnocellular/Y cells projecting to PMLS (Kawano, 1998; Herbin et
al., 2000) would explain the earlier responses in this region as compared to

" those of some area 17 neurons (Katsuyama et al., 1996).
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Direct input from the Pulvinér

An élternative efferent input could be the Pulvinar nucleus. A direct
projection from this thalamic nucleus to PMLS cortex has been described
(Tekian & Afifi, 1981; Naito & Kawamura, 1982; Tong et al., '1982; Norita et al.,
1996)', although many authors have reported an absence of such projectibns
(Graybiel, 1972; Maciewicz, 1974; -Robertsoh, 1976; Raczkowski & Rosenquist,
1983). Some Pulvinar nucleus neurons have been described to have response
properties similar to LGN neurons (Arutyunyan-Kozak et al., 1981; Harutiunian-
Kozak et al., 1981b; Mason, 1981). While other Pulvinar neurons have been
described to have only ON or OFF responses, some exhibit responses limited to
one contrast, while others have stronger dark responsive subfields which also
cover a greater area of fhe visual field as compared to the bright subfield
(Arutyunyan-Kozak et al., 1981; Harutiunian-Kozak et al, 1981b, a).
Furthermore, the RFs of Pulvinar neurons have been characterized as covering
a large part of the visual field (Arutyunyan-Kozak et al., 1981; Mason, 1981;
Sudkamp & Schmidt, 2000). All of these response propertie\\s are consistent with
the present results. Note however, that the reported response properties for the
Pulvihar are all qualitative assessments. To get a clearer picture of the

Pulvinar's functional input a quantitative study of its RFs is presently underway.

Taken together this suggests that PMLS neuronal activity is- not solely
dependent upon input from primary visual cortex. This could explain the
putative input independent PMLS RF properties (lllig et al., 2000), which would

not be due to inherent computations in PMLS but rather a diversity of inputs.
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~ Given the latency data cited above, it may be that at least the initial parts of
PMLS responses arise from the LGN or the Pulvinar nucleus and only later

portions of the response are influenced by area17-18 input.

It could be argued that it is computationally inefficient to extract motion
information a second time from LGN or-other input rather than building upon the
already treated information from areas 17 and 18. quever, it may not be
behaviourally efficient to have visuél information pass an extra synapse prior to
the commencement of motioh processing by‘ PMLS neurons. In line with such
reasoning, Pasternak et. al. (1995) have already demonstrated that area 17 is
not involved in the processing of the type of motion commonly associated with
PMLS response properties. Likewise, previous reverse correlation wo_rk has
demonstrated that optimal parameters in area 18 and PMLS are not consistent
with information flow from the former to the latter (Vajda et al.,_2005‘), but rather
from the LGN to PMLS. Finally, input from the LGN to PVMI’_S would be
consistent with work carried out in the primate which suggest that non-direction

selective input to MT is transformed into a direction selective response via

inherent inhibitory processes (Thiele et al., 2004).

As suggested by Bullier (2001), an early response i_n specialised
extrastriate areas, in this caSe PMLS, would allow such areas to shape the
response in primary visual cortex via cortico-cortical connections. Consistent
with such a propdsal are extrastriate cortex deactivation studies w‘hich show
sbeciﬁc disruptions of ‘processing in primary visual cortex as revealed by the

organization of cortical maps (Galuske et al., 2002; Huang et al., 2004; Shen et
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al,, 2006a). Once a structure is imposed on the map, area 17 neurons could
then project back to extrastriate cortex in order to allow a more detailed analysis

of the visual scene.

Conclusion

The instigating question of this study was whether the linear temporal
responses of PMLS neurons (Vajda et al., 2006) would be reflected in their
spatial integration. At first glance the results of the present study present
contradictory streams of evidencé in that the spatial structure of the RFs of
PMLS neurons are homogeneous (i.e. non-linear), while the temporal profile of
the responses are contrast dependent (i.e. linear). This suggests that despite
the area ;17 input to PMLS, other afferent regions are also functionally important.
This is in part reflected by the heterogeneous temporal response profile_s ‘which
do not correspond to complex like RFs in area 17 or 18. As suggested by
others, PMLS neurons may be part of another visual pathway specialised in
détection and behavioural orientation to moving stimuli rather than discrimination
of fine detail (Kruger et al.,‘;|993b; Vanduffel et al.,, 1997b; Lomber, 2001;
Payne, 2004). It remains to be determined which of the other possible afferent |
inputs provides a major excitatory drive to PMLS, which would influence its

response properties and hence contribution to behavior,
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Appendix

In the first alternate method for calculating the Ol, a 2-D correlation of
each Cartesian product at each pre-spike time for bright and dark stimulus
evoked maps was calculated (e.g. for an analysis lasting 250ms »pre-spike time,
the result would be a 250X250 matrix of 2-D correlation coefficients).
Correlation coefficien‘ts were then squared in order to obtain explained variance.
Separately, a vector consisting of the variance of each contrast map at each
time'point was calculated (leading to two 250 item long vectors). High values in
these vectors correspond to points in pre-spike time where probability exhibited
spatial variation, generally indicativé of the presence of a responsive subfield.
The Cartesian product of the two resulting variance vectors was then calculated,
leading to a second 250X250 point matrix of covariance (the term covariance is
applied loosely), which was then normalized. The normalized covériance matrix

was then point multiplied by the explained variance matrix mentioned above.

Although seemingly complex, the logic behind this method is
straightforward when one considers a simplified version of the formula;
explained variance multiplied by normalized covariance. The result is of interest
if and only if both values are reIative!y_Iarge. If the explained variance is low,
then a map With high normalized covariance is of no interest. Similarly, if there
is little normalized covariance, an elevated explained variance would be of»IittIe ‘
interest. Although at first glance the latter possibility seems unlikely, the large
area stimulated 'necessitated this precaution. Slight chance covariations outside

the subfields, or at early and late pre-spike times where no or weak subfields
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were present could lead to high correlation coefficients without actually being
associated with a meaningful change in neuronal response. From t‘he resulting
matrix, the indices of the highest amplitude point were identified. These values
represent pre-spike times for each cbntrast that evoked spatially | varying
responses (i.e. a responsive subfield surrounded by no response as opposed to
the absence of a responsive subfield) and for which there was a high correlation
betweeh the spatial organization of the bright and dark maps. The maps at
these pre-spike times (hereafter t max) were then used to calculate an Ol using

the same formula described above.

A final method of calculating the Ol consisted of collapsing all the data
over the temporal domain, after a frame-by-frame multiplication with the
normalized spatial variance of each map. Th'is is similar to the 2-D correlation
method, by giving greater weight to those pre-spike times which evoked a
- spatially varying response. This method avoids any potential bias in the Ol
which could arise from calculating the index from a single point in time rather
than considering the entire response. The data was th.en used to calculate the
Ol as above. These two Ol’s will be referred to as 2-D correlation and tempbral

summation respectively throughout the text.
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Discussion
1. Résumé des résultats
1.1 Etudes des effets d’'une Iésion de l'aire visuelle primaire

Avant d’examiner les implications théoriques des résultats de la présente
thése, résumons rapidemént la conclusion de chaque étude. Le premier artide
porte sur les |ésions de l'aire visuelle primaire chez le chaton et ses effets sur
‘les réponses des neurones du PMLS (Quellette et al., 2007). Nous pouvons en
retirer trois points maijeurs. Premiérement, malgré I'utilisation de stimuli qui
requiérent une intégration spatio—tempdrelle plus irﬁpoi‘tante que dans les
études antérieures (Tong et al., 1984; Guido et al., 1990a), la sélectivité a la
direction des neurones du PMLS est maintenue. ’Ainsi, les conclusions des
études antérieures sont confirmées et geénéralisées. Deuxiemement,
I'amélioration comportementale observée par Rudolph et Pasternak (1996) ne
semble pas étre attribuable a une augmentation de la sélectivité a la direction
des neurones du PMLS. ' Troisiemement, via un modéle simple, nous avons
démontré qu'a partir d'une entrée du CGL, ['extraction d’informaﬁons
directionnelles d'un s;,timu|us de RDK complexe était possible. En résumé, cette
étudé a démontré, que les répohses du PMLS ne dépendaient pas

exclusivement des projections des aires visuelles primaires chez le chaton.
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'1.2 Etudes des latences

L'analyse des latences dans diverses régions visuelles a permis d'arrivér
a deux conclusions majeures. Dans un premier temps, la simultanéité des
réponses dans les régions visuelles suggere que la hiérarchie anatomique n'est
pas reflétée au niveau fonctionnel. |l en découle qu'au niveau fonctionnel le
systéme Qisuel dorsal semblerait organisé de fagon paralléle. Dans une telle
éventualité, il faudra alors cerner l'implication fonctionnelle des patrons |
d'origines et de terminaisons observés dans les études anatomiques./ Par
ailleurs, I'étude Ades latences permet également de suggérer qu'il y aurait deux
types d'aires visuelles dans la voie dorsale; 1- celles qui ont une latence
médiane identiques peu importe le stimulus et.2- celles dont la latence médiane
varie selon le stimulus. Ces derniéres ne regoivent aucune projection directe de
I'aire 17, alors que l'inverse est vrai pour les régions qui démontrent le premier
patron de latences. En ce sensf,‘ il existe une correspondance des données
anatomiqueé et physiologiques.. Cela suggére que la simultanéité des réponses

ne soit pas attribuable a une limitation méthodologique.

1.3 Etude des profils spatio-temporels

Les profils spatio-temporels linéaires des champs récepteurs des neurones
du PMLS ont révélé que ce ne sont pas toutes les cellules de cette région qui
correspondent aux prédictions basees sur une projection prédominante des

cellules complexes de l'aire visuelle primaire. Un sous-groupe important de
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champ récepfeur avait plutdét des propriétés qui pourraient étre héritées des
projections de régions qui traitent les contrastes opposés de fagon spatialement
segréges. De plus, il a été démontré qu’e pour certaines cellules plus d'une
réeponse significative est présente dans le domaine temporel. Ces multiples
réponses sont incompatibles avec une projection prédorninante des aires 17 et
18. Ces résultats suggerent donc que d'autres régions pourraient avoir des
projections fonctionnelles importantes vers le PMLS. Cependant, I'origine de ces
multiples réponses reste a déterminer. Pour conclure, la réponse impulsionnelle
des neurones du PMLS suggére que des régions autres que l'aire visuelle

primaire aient une projection qui pourrait provoquer une réponse a elle seule.

2. Consideérations méthodologiques
2.1 Etude de lésions de I'aire visuelle primaire
2.1.1 Etendues des lésions

Rappelons que le but de cette étude était q’observer les effets d'une
|ésion de I'e;ire visuelle primaire sur Iés réponses des neurones du PMLS. L’'un
des contrdles les plus importants est de vérifier I'étendue des lésions. Deux
meéthodes viennent immédiatement a l'esprit afin de faire un tel contrdle,
cependant celles-ci ne sont pas réalisables en pratique. Premiérement, il
pourrait étre suggéré que lors de la lésion, I'étendue de celle-ci soit
immediatement cartographiée et comparée avec les limites des aires corticales.

Le probléme avec cette idée est que, a ma connaissance, les limites des aires
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corticales chez le chaton ne sont pas connues de fagon précise et il n'y a
aucune raison de présumer qu'elles soient proportionnellement identiques a
celles chez I'adulte. La proposition alternative serait de éomparer I'étendue de
la lésion chez .I’anima| adulte, tel qu'effectué par Rushmore et Payne (2004), par
exemple. Malheureusement cette procédure est problématique pour deux
raisons. D'une part, lors de la période de survie (environ un an) le cortex
adjacent a la lésion envahie I'espace libérée par. la Iésion. Par ailleurs, rien ne
garantit que ce cortex soit fonctionnel. |l devient'donc impossible de déterminer

directement I'étendue de la Iésion aprés un an de survie.

Afin de contourner ce probleme, la dégénérescence provoquée par la
lésion a été examinée dans le CGL. |l est connu qu’aux' mémes positions
rétinotopiques du CGL correspondant a la Iésion, il y a une mort cellulaire (parmi
d'autres : Cornwell et al., 1989; Guido et al., 1990a; Rushmore & Payne, 2003,
2004). Cette fagon d'établir I'étendue de la |ésion présente deux avantages.
Dans un premier temps, 'organisation rétinotopiques trés stéréotypée du CGL
permet I'estimation de 'étendue du champ visuel affecté. Deuxiémement, cette
méthode permet de déterminer le degré d'atteinte a chaque point du champ

visuel. Cela fournit une évaluation de I'importance fonctionnelle de la Iésion.

2.1.2 Ages des Iésions

Rappelons qu'une des questions qui a motivé I'étude sur les Iésions était

reliée a l'étude de Rudolph et Pasternak (1996). Ces auteures avaient
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démontré qu'une Iésion de l'aire visuelle primaire chez 'adulte méne a une
améliofation_combortementale dans des taches de discrimination de la direction
avec un stimuius de mouvement global. Les lésions effectuées dans le cadre
de cette thése étaient chez Ie.chaton ageé de 7-9 jours. Il est concevable que la
différence d'age lors de la Iésion entre notre étude et celle de Rudolph et

- Pasternak soit explicative de I'absence d’augmentation de la sélectivité a la
direction dans le présent ouvrage. Ceci semble, néanmoins, peu probable car
une augmentation de la sélectivité a la direction des cellules  du PMLS suite a
une lésion serait vraisemblablement attribuable a une réorganisation
anatomique. Un tel changement étant plus probable chez le chaton que chez
I'adulte, I'augmehtation de la sélectivité, si elle existait au niveau du PMLS,

devrait étre présente chez le chaton.

2.2 Etude de latence
2.2.1 La nature du processus étudié

Dans I'étude des latences, il y a une présomption que la mesure du délai
entre l'apparition du stimu[us et le début de la réponse neuronale refléte une
succession d'étapes dans la hiérarchie dun systéme visuel ainsi qu'un temps de |
traitement du mouvement présent dans le stimulus (intégration neuronale).
Toutefois, dans la présente étude les stimuli apparaissaient et se mettent en

mouvement simultanément. |l est donc impossible de dissocier le temps

nécessaire pour qu'une information reliée a un changement de luminance se
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rende dans une région visuelle donnée versus le temps requis pour que ceI|‘e-ci
extrait l'information directionnelle. Ceci ne change en rien les conclusions de
I'étﬁde pour trois raisons. 1-La simultanéité des réponses va a I'ehcontre de la
notion d’'une hiérarchie stricte. Cet argument reste quand méme valide méme
dans I'éventualité que nous ayons mesuré la latence reliée uniquement au
changement de luminance. 2- Le fait que différents stimuli aient évoqué des
réponses avec dés latences variables a l'intérieur d'une méme régioh suggeére
que cette mesure ne reflétait pas uniquement une réponse au changement de
luminance, car elles auvraient été simultanées. 3- Par ailleurs, lors de mesure de
la latence avec des conditions non-optimales (direction, vitesse, fréquence,
densité, etc.) la latence était supérieure a celle pour la condition optimale (ces
données ne sont pas présentées dans l'article), ce qui'confirme que celle-ci est
reliée au traitement de l'information. En résumé, Iav mesure de latence semble
refléter I'intégration d'indices de mouvement, bien que cette ir)tégration ne soit

pas nécessaire afin de tirer des conclusions sur la hiérarchie des aires visuelles.

2.2.2 La résolution temporelle

Une critique potentielle serait que la nature du phénoméne mesuré ne
permet pas de discriminer entre différents niQeaux de la hiérarchie. Présumons,
par exemple, que la sdmme du temps de transmission d'une région a l'autre et
d'intégration soit d'au plus 10ms (Nowak & Bullier, 1997). Cet estimé est
vraisemblable selon les études de stimulations anti- et orthodromiques chez le

chat (entre _autre . Berson, 1985; Rauschecker et al., 1987b; Casanova, 1993;



212
Weyand & Gafka, 2001), ainsi que la mesure du délai entre le premier potentiel
post-synaptique excitateur évoqué par un stimulus et le premier potentiel
d’action (Creutzfeldt & Ito, 1968; Volgushev et al., 1995). La variabilité des
latences a l'intérieur d’'une méme région est nettement supérieure a cette valeur
de 10ms (voir les écarts types du Tableau 1 de 'étude des latences pour des
exemples). Malgré cette variabilité, s'il existait un_corrélat fonctionnel entre la
hiérarchie et les latences, il devrait au moins y avoir une tendance récurrente
dans les données. Aucuné tendancg ne fat constatée parmi les mesures de
latence, du moins dans ce contexte de hiérarchie. De plus, la relation claire
entre la position dans la hiérarchie des régions dans la voie ventrale et les
latences ‘suggére que Ié probléme potentiel mentionné ci-haut n'en soit pas un.
C'est-a-dire que la variabilit¢ a lintérieur d’'une méme région n'est pas

supérieure a celle entre les régions.

2.3 Profil spatio-temporel
2.3.1 Aspect linéaire de la méthode

Tel que nous 'avons vu dans I'intréduction, le brincipal apport cortical au
PMLS provient des cellules complexes des aires 17 et 18 (Symonds &
Rosehquist, 1984a, b: Einstein & Fitzpatrick, 1991; Grént & Shipp;, 1991; Shipp
& Grant,. 1991; Norita et al., 1996, Scannell, 1997; Scannell et al., 1999; Grant &
Hilgetag, 2005), et celles-ci démontrent des propriétés non-linéaires (Citron &

Emerson, 1983; Emerson et al., 1987; Vajda et al., 2006). Dans un tel contexte,
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I'utilisation de corrélation rétrograde de premier ordre peut a priori paraitre étre
un choix surprehant, car cette technique ne devrait pas pérmettre une
description compléte du profil spatio-ternporel. Rappelons cependant que les
travaux de Vajda et al. (2006) ont démontré une intégration temporelle non-
linéaire dans l'aire 18, mais que la quasi-totalité des neurones du PMLS
effectuaient une intégration temporelle linéaire. Ainsi, la question qui a motivé la
présente étude était de déterminer si une intégration spatiale linéaire avait
.également lieu au niveau du PMLS, ce a quoi la corrélation rétrograde de
premier ordre peut répondre. Enfin, notons que si les champs récepteurs du
PMLS sont impliqués dans une intégration spatiale non-linéaire, alors la
description de leur prqfil spatio-temporel avec la corrélation rétrograde eét
incompléte mais pas erronée. Une .description des profils d'ordre supérieur est

présentement en cours (voir section étude future).

2.3.2 La nature non-écologique de la stimulation impulsionnelle

Un des principes de la corrélation rétrogfade est que celle-ci reflete la
réponse impulsionnelle du systéme (de Boer & Kuyper, 1968; Eggermont et al.,
1983; Marmarelis et al., 1986). Une stimulation, et donc une.réponse, de plus
longue durée provoquent un probléme car il devient alors impossible de
différencier la /composante de la réponse qui est provoquée uniquemenf par la
préseniation du stimulué de la composante qui est ajoutée par lintégration
temporelle de la stimulation. |l s’en suit qu'une critique plutét évidente de la

méthode de la corrélation rétrograde est |'aspect peu écologique de la méthode
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de stimulation. |l est rare dans un milieu naturel qu'un okbjet apbaraisse et
dispafaisse subitement et ce de fagon aléatoire. |l est donc peu probable que le
systeme visuel ait évolué dans un environnemAent dans lequel une telle sorte
d'analyse soit utile, par conséquent la description du champ récepteur qui en
ressort est, au moins partialement, biaisée par le choix du stimulus. En
reconnaiésant cette limite, nous pouvons ['utiliser a bon escient afin de
comprendre comment les afférences d'une ceIIuIe' sont intégrées
ponctuellement sans se soucier de I'intégration temporelle mentionnée ci-haut.
Autrement dit, ce qui pourrait .étre un point faible de cette technique est en fait

sa force.

3. Implication pour la hiérarchie des aires corticales

Bien que chaque étude dans la présente thése ait un objectif qui lui soit
propre, la question centrale qui relie les trois études est celle du corrélat
fonctionnel de l'organisation hiérarchique des projections vers le cortex
_extrastrié. En particulier, est-ce que les propriétés physiologiques du PMLS
- concordent avec les prédictions bésées sur les hiérarchies proposées (Rockland
& Pandya, 1979; Maunsell & van Essen, 1983; Van Essen & Maunsell, 1983;
Symonds & Rosenquist, 1984b; Felleman & Van Eésen, 1991). Les résultats de
la présente thése suggerent qu!e ces hiérarchies ne soient pas en mesure
d'expliquer toutes les propriétés physiologiques des neurones du PMLS, et

potertiellement d'autres aires corticales de la voie dorsale.
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3.1 La voie du CGL

Les résultats des trois études suggérent que le transfert de l'information
visuelle vers le PMLé ne doit pas\ obligatoirement passer par les aires 17 et 18.
Quelle voie pourrait alors étre responsable des réponses observées? La
proposition la plus probable semble étre celle du CGL. Une telle projection
permettrait d‘expliquer les latences simultanées dans l'aire visuelle primaire et le
PMLS (Dinse & Kruger, 1994 : présente étude), ainsi que les réponses du PMLS
qui précédent ou sont synchrones avec celles de l'aire 17 (Katsuyama et al.,
1996). Ceci concorde avec la démonstration que les projections du CGL vers
laire 17 et le PMLS ont la méme latence de transmission et sont suffisamment
fortes pour évoquer un potentiel d'action dans le PMLS (Berson, 1985;
Rauschecker }et al., 1987b). Cela n'est guére surprenant étant donné les
résultats anatomiques de Tong et Spear (1986) qui ont démontré que certaines

cellules du CGL projetaient a la fois a I'aire 17 et au PMLS.

Une telle projection permettrait aussi d'expliquer les effets limités des
Iésions de l'aire visuelle primaire tant chez I'adulte que chez le chaton (Spear &
Baumann, 1979; Tong et al., 1984; Tong et al., 1987, Spear,, 1988; Guido et al.,
1990a; Guido et al., 1990b; Guido et al., 1992; Spear, 1995; lllig et al., 2000).
L’élimination d'un traitement tel que celui du modéle d’énergie (Adelson &
Bergen, 1985) pourréit expliquer la réduction de la sélectivit¢ a la direction.
Parallelement, le maintien (adulte) ou 'augmentation (chaton) de la projection

du CGL (Tong et al., 1984; Kalil et a/.; 1991; Payne & Cornwell, 1994; Payne &
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Lomber, 1998b) permettrait aux neurone du PMLS de conserver leurs propriétés
spatio-temporelles (Tong et al., 1984; Tong et al., 1987; Guido et al., 1990a;
GUido et al.,_ 1990b; Guido et al., 1992) ét fournirait un apport excitateur
permettant un maintien partiel de la sélectivité a la direction. Avec le modeéle
présenté dans l'article sur les lésions, il a été démontré qu'un apport géniculé
était suffisant pour extraire de linformation directionnelle, méme a partir de
stimuli corﬁplexes. I est important de noter que ce modéle est une
démonstration de faisabilit¢ et non une preuve. que l'apport g.éniculé est

responsable des réponses résiduelles observées dans le PMLS.

La qUestion est alors de savoir si le peu de changement des propriétés
du PMLS est réellement attribuable & une modulation du nombre de projections
des voies qui sont présentes chez I'animal normal ou a une plasticité qui génére
de nouvelles connexions. A ma connaissance aucune étude ne fait état d’'une
nouvelle projection suite a une lésion de I'aire visuelle primaire chez le chaton
(cependant voir. les données contradictoires de . Payne et al., 1993; Boife et al.,
2004). Par contre, plusieurs études ont observées une augmentation du
nombre de certaines projections suite a une lésion néo-natale, par exemple les
projections du CGL vers le PMLS (Tong et al., 1984; Kalil et al., 1991; Spear,
1995; Payne & Lomber, 1998b). Du cété fon.ctionnel, la conservation de la
sélectivité spatio-temporelle des cellules du PMLS, mentionnée dans le
paragraphe brécédent, n'est pas compatible avec une réorganisation massive
dés projecti.on.s vers le PMLS. Pour proposer une réorganisation massive des

projections vers le PMLS, il faudrait alors présumer que 1- ces nouvelles
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projectiohs' existeraient et 2- qu'elles permettraient une sélectivité quasi-
normale, malgré un apport fondamentalement différent entre I’gnimal normal et
lésé. Selon le principe du rasoir d’Ockham, il faut présumer qu'une projection

accrue du CGL vers le PMLS serait responsable de |a sélectivité observée.

Deux autres études soutiennent cette idée d'un apport important du CGL
vers le PMLS. Premierement, suite a une Iésion de I'aire visuelle primaire a P1-
2, Payne (2004) a demontré qu'une fois adulte ces chats arrivaient a s'orienter
vers des stimuli présentés dans I'hémi-champ |ésé avec un taux de réussite qui -
avoisinait celui deé animaux normaux. .Par contre, aprés une injection d'acide
iboténique dans le CGL les chats etaient incapables de s'orienter vers ces
- mémes stimuli. Ceci demontre donc que la voie géniculo-extrastriée joue un
role imbortant'dans les capacités comportementales residuelles chez le chat
lésé en bas age. |l a été démontré par Lomber (2001) que chez 'animal normal,
le PMLS doit étre fonctionnel afin de bien acéomplir cette tache. |l est donc
plausible que la manipulation de Payne (2004) ait interrompu directement une
voie géniculo-extrastrice, ce qui aurait rendu les animaux incapables
d'accomplir la tache. Cette projection pourrait également servir la sélectivité

résiduelle a la direction telle que mesuréee dans le PMLS d'animaux lésés.

La deuxiéme étude a éte effectuée chez le singe dans 'aire MT, cette
derniére ayant été suggérée comme étant I'homologue du VPMLS (Payne, 1993).
Lors de la présentation de réseaux de barres, Thiele (2004) a injecté de la
bicuculline dans MT afin d'éliminer l'inhibition intra-corticale dans cette région,

I'hypothése étant que Ia sélectivité a la direction devrais encore étre présente a
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cause des projections de V1 vers MT (Shipp & Zeki, 1989). La sélectivité a la
direction observée durant la période initiale de la réponse neUronéIe était
absente lors de linjection. Ainsi, les auteurs ont conclu que l'aire MT était
impliquée dans une analyse de la direction qui serait paralléle a celle de l'aire
visuelle primaire et que l'apport le plus probable pr_oviendréit du CGL. Puisque
la projection du CGL vers le cortex extrastrié chez le chat est plus importante
que celle du singe (Benevénto & Yoshida, 1981; Fries, 1981; Niimi et al., 1981V; ‘
Benevento & Standage, '198'2; Tong & Spear, 1986; Tong et al., 1991, Kawano,
1998; Stepniewska et al, 1999) cette voie est vraisemblablemént

fonctionnellement plus importante chez le félin.

Enfin, les champé récepteurs des neurones de l'aire visuelle brimaire ont
des profils spatioétemporels incompatibles avec certains profils observés dans le
PMLS. Cependant, une projection du CGL vers les neurones du PMLS
expliquer.';xit ces résultats inattendus. Décrivons d’'abord les deux principales
caractéristiques qui rendent ces profils inattendus. Premiérement, 28% des
neurones ne'présentaient pas dé superposition spatia‘le des sous-champs qui
répondaient aux contrastes inversés. Ceci ne correspond pas aux attentes pour
des neurones qui regoivent leurs principaux apports des cellules complexes de
I'aire visuelle primaire (Gilbert, 1977; Symonds & Rosenquist, 1984b; Einstein &
Fitzpatrick, 1991). La deuxiékme caracté'ristique inattendue est la présence de
réponses tempbrellement déphasées entre contrastes. A ma connaissance,

aucune étude n'a décrit de tels profils pour les cellules complexes de l'aire 17
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(Movshon et al., 1978a; Citron & Emerson, 1983; Emerson et al., 1987:

Szulborski & Palmer, 1990; Emerson et al., 1992).

Une réponse dans le PMLS construite a partir des champs récepteurs du
CGL (Stevens & Gerstein, 1976) permettrait d'expliquer - ces deux
caractérfstiques. En effet, Stevens and Gerstein (1976) oﬁt décrit, grace a une
technique précurseur 3 celle de la corrélation rétrograde, 'existence de sous-
populations de neurones qui démontraient une ségrégation spatiale et
temporelle des réponses a différents contrastes-dans le CGL. Une projection de
ces sous-groupes du CGL pourrait donc expliquer les profils inattendus dans le
PMLS. Notamment, des réponses spatialement et/ou temporellement distinctes

selon le contraste.

3.2 Les voies alternatives
3.2.1 Le collicule supérieur

Une des voies qui pourrait avoir un effet sur les réponses des neurones
du PMLS serait celle du collicule supérieur. Notamment, nous savons qu'une
elimination des apports du collicule supérieur modifie les propriétés du PMLS
(Smith & Spear, 1979; Ogino & Ohtsuka, 2000; Ohtsuka & Ogino, 2001). Par
contre, plusieurs éléments suggeérent que cet effet soit indirect. Les neurones
du collicule suvpérieur ne projettent pas dire;:tement au PMLS, et donc n'ont
qu'un effet indirect. Quelle est cette voie indirecte? Le collicule supérieur

projette vers la partie médiane du LP-pulvinar (Berson & Graybiel, 1978;
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Graybiel & Berson, 1980; Kelly et al., 2003), mais comme nou.s avons vu dans
I'introduction c’est surtout la partie latéral du LP-pulvinar qui projette au PMLS
(Berson & Graybiel, 1978; Tong et al., 1982; Raczkowski & Rosenquist, 1983';
Tong‘& Spear, 1986; Norita et al., 1996; MacNeil et al., 1997). La conjonction
de\ ces données anato.miques rend peu probable V'existence 'd'un effet majeur
des neurones du collicule supérieur sur ceux du PMLS. De plus, illa éte
démontré que suite a une lésion de ['aire visuelle prinﬁaire, les neurones du
collicule supérieur perdent leur séiectivité a la direction (Wickelgren & Sterling,
1969; Rosenquist & Palmer, 1971; Stein & Magalhaes-Castro, 1975; Mize &
Murphy, 1976; Flandrin & Jeannerod, 1977; Dec & Tarnecki, 1980), il serait
alors foﬁ surprenant que le PMLS hérite sa sélectivité résiduelle du collicule

supérieur suite a une Iésion.

Tel que mentionné dans le paragraphe précédent, Ié majorite des
terminaisons de la projection du collicule supérieur n'aboutissent pas dans la
sous-division du LP-buIvinar qui projette massivement au PMLS. D'ou provient
alors I'effet de la lésion du collicule supérieur sur les neurones du PMLS? Il a
été démontré que le collicule supérieur module I'an‘iplitUde de la réponse du
CGL (Xue et al, 1994). Si une projection‘du CGL est impliguée dans la
sélectivite a la direction dans le PMLS, alors le collicule supérieur serait bien -
placé pour influencer cette sélectivite. Alternativement, la projection du collicule
supérieur vers le LPm p(;urrait indiredement influencer les réponses dans des
aires coﬁicales tels que le PLLS, I'ALLS, 'AEV, et dans une mbindre mesure

I'AMLS. En fait, ces régions regoivent des projections du LPm plutdt que du LPI
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(Symonds et al., 1981; Naité & Kawamura, 1982; Raczkowski & Rosenquist,
1983; Norita et al., 1996). Via des voies de rétroaction a partfr de ces régions
corticales (Symonds & Rosenquist, 1984b, a; Miceli et al., 1985; Norita et al.,
1996), le collicule supérieur pourrait influencer les réponses dans le PMLS.
Ceci semble moins probable a cause du nombre de synapses séparant le

collicule supérieur et le PMLS.

3.2.2 Les boucles de rétroaction

L'information visuelle pourrait étre acheminée vers les aires extrastriées
et ces derniéres pourraient imposér une sélectivité a la direction aux neurones
du PMLS via des boucles de rétroaction. Ceci semble peu probable dans le
cadre d’'une organisation hiérarchique. |l faudrait alors supposer que des aires
~ de plus haut niveau que le PMLS regoivent leurs apports prinéipaux via un
réseau indépendant de celui-ci. Celé contredirait directement la notion de
hiérarchie. De plus, la nature méme des bducles de rétroaction est incompatible
avec lI'évocation d’une réponse visuelle robuste dans le PMLS. C'ést-é-dire la
nature plutét modulatrice des boucles de rétroaction impliquées versus la
fonction de transmetteur (driver) des projections feedforward telles que celles
présentes dans le CGL. Ces boucles pourraient servir 8 moduler les réponses -

des neurones du PMLS plutét que de les évoquer.
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3.2.3 La voie rétino-thalamo-corticale

Enfin, une derniére possibilité afin d'expliquer les Aréponses observées
dans le PMLS serait |a projection de la rétine vers le LP-pulvinar (Labar et al.,
1981; Itoh et al., 1983; Baire et al., 2004), quoique cette projection soit disputée
(Payne et al.,, 1993). -Comme nous l'avons vue préecédemment, le LP! est la
partie du LP qui projette le plus au PMLS, mais les trois sous-divisions projettent
a ce dernier (Symonds et al.,‘ 1981; Naito & Kawamura, 1982; Raczkowski &
Rosenquist, 1983; Norita et al., 1996), dont le pulvinar qui régbit la projection
rétinienne. L'importance fonctionnelle de cette projection dans le contexte de
I'évocation d'uhe répdnse de la part des neurones du PMLS n'est pas claire
pour deux raisons. Premiérement, il y a une surreprééentation du meéridien
vertical (Boire et al., 2004)‘ce qui ne correspond pas a la représentation du
éhamp visuel dans le PMLS (Palmer et a/., 1978). Deuxiemement, les synapses
rétino-thalamique ont été décrites comme étant de type bouton (Boire et al.,
' 2064) plutdt que rosétte comme on en retrouve dans le CGL. 'La capacité
d'évoquer une réponse visuelle robuste dans le LP-pulvinar & partir des

afférences rétiniennes n'est donc pas évidente.

Il est important de noter par contre que chez I’énimal normal, le LPI regoit
eégalement une projection massive de la pért des aires 17 et 18 (Berson &
Graybiel, 1978; Graybiel & Berson, 1980; Berson & Graybiel, 1983b;
Raczkowski & Rosenquist, 1983). Deux études portent a croire que les
projections des aires 17 et 18 vers le PMLS via le LPI contribuent peu aux

propriétés physiologiques des neurones du PMLS. D'une part, malgré
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limportance anatomique des projections de I'aire 17 vers le LPI, l_eur influence
fonctionnelle n’est pas claire. Notamment, Casanova et al. (1997) on.t démontré
qu'il y avait peu de modifications des propriétés dans le LPI suite a I'élimination
des apports de l'aire 17 par des techniques soit de refroidissement, soit de
lésions. Il reste a déterminer si des manipulations semblables soit de 'aire 18
seule, ou en conjonction avec l'aire 17, auraient un effet plus important. D’autre
part, l'inactivation pharmacologique du LPI_ n'a pas d'effets majeurs sur les
propriétés physiologiques des neurones du PMLS telles que mesureées avec dés
réseaux (Minville & Casanova, 1998). En résumé, il n'est pas clair s'il existe
une afférence excitatrice qui soit bapable, a elle seule, d'évoquer une réponse
des neurones du LPI. Cela n'exélut pas la possibilit¢ d'une intégration de
plusieurs afférences. Indirectement ie. PMLS recevrait donc de I'information-de

plusieurs voies paralléles.

3.3 Réconciliation de I'anatomie et de la physiologie

Faisons abstraction pour linstant de l'origine précise des afférences du
PMLS et des autres aires visuelles extrastriées. Il y a malgré tout une hiérarchie
anatornique qui semble coexister avec un systémé physiologique qui opére en
parallele. Pour quelle raison une telle organisation existerait-elle? Deux
propositions offrent un cadre dans lequel analyser cette situation et

possiblement réconcilier cette situation dichotomique
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3.3.1 La proposition sensorielle

_Daﬁs |e cadre d'un systéme visuel organisé en paralléle, une intégration
globale aurait lieux dans les diverses aires visuelles en simultanée (Bullier,
2001, 2004a). A la suite de quoi les aires visuelles renverraient I'information a
I'aire visuelle primaire pour lui imposer une organisation fonctiohnelle. L'aire 17
projetterait alors vers les aires extréstriées pour leur fournir des infdrmations
locales supplémentaires. |l est & noter que dans cette vision du transfert de
l'information les projections feedforward évoqueraient toujours une réponse
dans des aires de plus haut niveau, mais ne serait pas impliquées dans la partie

initiale de la réponse.

Dans le cas du PMLS, la sélectivité a la direction extraite servirait a
imposer une organisation fonctionnelle aux réponses de l'aire 17 (Bullier, 2001,
2004a). Ensuite, cette derniére projetterait de nouveau vers le PMLS afin que
ses neurones puissent utiliser une information avec une plus grande résolution
spatiale. Les boucles cortico-corticales rétrogrades participeraient donc au

traitement de |'information avant les projections dites feedforward.

Ceite proposition est compatible avec les études de latences chez le chat
et le primate (Robinson & Rugg, 1988; Maunsell & Gibson, 1992; Dinse &
Kruger, 1994; Nowak et al., 1995; Schmolesky et al., 1998; Schroeder et al.,
1998; Raiguel et al., 1999; Lamme & Roelfsema, 2000; Bullier, 2001; Azzopafdi
et al, 2003; Bullier, 2004a) ain.si que les résultats de cross-corrélation des
potentiels d’action dans le PMLS et l'aire 17 (Katsuyama et al., ‘1996). De plus,

ces réponses simultanées dans les deux aires requiérent des voies paralléles
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afin d’acheminer I'information vers le PMLS, ceci pourrait alors expliquer la
.sélectivité a la direction résiduelle observée dans cette these. Ces muitiples
voies seraient également combatibles avec la diversité de profils de champs

récepteurs observés dans la troisieme étude de cette thése.

Lés neurones des aires de haut niveau dicte'raient alors l'organisation des
propriétés physiologiques a l'aire visuelle primaire. En effet, il a été démontré
que les cellules de V1 chez le macaque font une analyse initialement grossiéere
qui devient de plus en plus précise avec le terﬁps (Ringach et al.,, 19973;
'Bredfeldt & Ringach, 2002) pour ce qui a trait a la sélectivité a I'orientation et la
fréquence spatiale. Toujours chez le primate, les boUcIes de rétroaction
exerceraient leur effet dés le début de la réponse des cellules dans V1 (Hupe et
al., 2001 ). De plus, chez le chat il a été démontré que les cartes de sélectivités
a la direction mesurées par limagerie des signaux intrinséques sont
compromises dans l'aire 17 et 18 (Galuéke et al., 2002; Shen et al., 2006a) lors
d’'une inhibition du PMLS paf refroidissement. De méme, l'aire 21a aurait une
relation similaire avec l'aire 17 concernant les fréquénces spatiales (Huang et

al., 2004).

Dans un systéme tel que deécrit ci-dessus, l'aire 17 servirait comme une
tabula rasa (Bullier, 2001) pour intégrer l'information provenant de plusieurs
aires corticales, chacune spécialisée dans l'analyse d'une composante de la
scéne visuelle. Ceci est similaire a la proposition de Mumford (1991) pour la
fonction intégrative du LP-puIvinar. Pour faire une comparaison avec le modéle

de sélection (Nowlan & Sejnowski, 1995), I'aire 17 agirait alors comme modéle
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d'énergie tel que dans le modéle originel mais pourrait également agir en tant
que “mécanisme de vélocité locale” qui é'tait originellement attribué a MT. Les
neurones du PMLS agiraient comme le mécanisme de sélection, c'est-a-dire un

mécanisme d’extraction de direction globale.

3.3.2 La proposition attentionnelle

Passons maintenant a la deuxiéme proposition qui pourrait réconcilier la
hiérarchie anatomique et un systeme physiologique parallele. Cette idée, tout
’comme celle que nous venons de voir (Nowak & Bullier, 1997; Bullier, 2001,
2004a), implique deux étapes distinctes avec des fonctions bien différentes. La
premiére étape serait le rapid feedforward sweep (Lamme & Roelfsema, 2000)
qui est essentiellement une activation rapide de toutes Iés aires corticales
visuelles suite a la présentation d'un stimulus. Selon Lamme et Roelfsema
(2000), le profil d'activation temporel ne correspond pas a la hiérarchie
anatomique pour trois raisons. 1- Te_l que proposé dans la présente thése, le
role des afférences provenant d’éutres structures que l'aire visuelle primaire doit
étre pris en considération. 2- Il y a plusieurs voies paralléles qui co-existent
dans le systérﬁe visuel, et céllés-ci n'ont pas la méme vélocité de _conduction
(Lennie, 1980; Dreher et al, 1996a). Une des conséquences de cette
multiplicité des voies et de vélocités de conduction est une augmentation de la
variabilité prédite pour les distributions de latence a l'intérieur d’'une méme aire.

Ceci pourrait donc masquer une différence dans les latences entre régions. 3-

Dans chaque aire, tous les neurones ne regoivent pas des afférences via les
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connexions les plus courtes, c’'est-a-dire avec le plus petit nombre de synapses
a partir de la rétine. Ceci augmenterait également la variabilité des latences a
lintérieur d'une région. Ces trois points expliqueraient la différence entre
I'anatomie et la physiologie, mais alors qu'est-ce que la hiérarchie nous dit a

propos du systéme visuel?

Commengons par rendre expliéite ce qui est implicitement proposé dans
le paragraphe précédent. Une étude qui prendrait en compté le type
d'afférences des neurones corticaux devrait étre en mesure de mettre en
évidence une hiérarchie basée sur les latences qui refléterait celle provenant de
'anatomie. Les projections de type feedforward serviraient donc a évoquer une
réponsé qui suivrait I'ordre hiérarchique des structures visuelles et serait
responsable des propriétés de base des champs récepteurs (taille, sélectivité a
la direction, vélocité, etc.), celles-la mémes qui sont compatibles avec la notion
de traitement sériel (\}oir introduction). Les voies de rétroactions serviraient
plutét de modulateur de .Ia réponse selon le contexte, notamment, via une
modulatioh attentionnelle. Par exemple, lors de Ia/réponse initiale, une cellule
de l'aire 17 encoderait I'orientation d’'un stimulus (entre autres), mais par la suite
son taux de décharge pourrait encoder la saillance comportementale de ce
stimulus. Un tel comportement a déja été décrit dans l'aire 17 (Roelfsema et al.,
1998; Khayat et al., 2006) et plus récemment il a été démontré que I'activité de
ces mémes neurones reflétent plusieurs étapes d’analyse lors d’'une tache de

segmentation d'image (Roelfsema et al., 2007).
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En résumé, les deux hypothéses mettent de I'avant l'idée qu'il y ait une
activation rapide de tout le systéme visuel. Cette activation initiale quasi-
simultanée sert a I'analyse et I'extraction de l'information visuelle. Ensuite,
I'effet des boucles de rétroaction augmenterait la précision de I'analyse dans les
aires de bas niveau. Cette information serait alors acheminée vers les aires de
haut niveau via- des voies qui suivent la hiérarchie anatomique. Ceci permet

donc de réconcilier ce qui a priori semblait étre des observations contradictoires.

Mentionnons rapidement un probléme avec ces deu* notions. Elles
fonctionnent trés bien lorsque nous tentons d'expliquer comment le systéme
visuel effectue une analyse de l'information sur des stimuli dans un laboratoire.
Cependant, corhment une telle organisation traiterait-elle I'information dans un
milieu naturel? Il faudrait donc expliquer comment de nouveaux signaux
.provenant d’'une stimulation récente interagiraient avec linformation dans les
boucles de rétroaction. Il est concevable que les boucles de rétroaction
n'agissent pas sur les 'mémes neurones que les voies feedforward, mais ceci
pose également un probléme. Si le réle des boucles de rétroaction n'est pas
d'influencer directement les neurones dont les réponses sont évoquées par les
voies feedforward (dans Tlaire 17. par exemple) alors pourquoi avoir des
projections cortico-corticales de rétroaction qui sont physiologiduement

coliteuses?
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4. Intégration spatiale dans le PMLS
4.1 Intégration linéaire versus non—Iinéair_e

Dans' l'introduction de cette thése nous avons vu que la corrélation
rétrograde a permis de démontrer que l'intégration temporelle dans le PMLS
était linéaire (Vajda et al., 2006). Cette conclusion a mené a une des
principales questions de cette thése, soit est-ce que les champs récepteUrs des
neurones du PMLS font également une intégration spatiale linéaire. Les
résultats de I'étude des profils spatio-temporels de la présente thése suggérent
que cela n'est pas le cas. En fait, s'il'y avait une intégration spatiale linéaire il
devrait étre possible d'utiliser les profils spatio-temporels des neurones du
PMLS pour prédire leurs parametres bptimaux. Les résultats ont démontré le
contraire, il n'est pas possible de prédire le profil .de réeponse d’'un neurone du
PMLS en se basant sur son profil spatio-temporel. Une description compléte du
profii de réponse des neurones du PMLS requiert donc une corrélation

rétrograde non-linéaire (voir étude future).

4.2 Intégration du mouvement

Plusieurs auteurs supposent implicitement que les n.eurones du PMLS
analysent le mouvement a partir de la sortie d'un modéle d'énergie (Adelsoh &
Bergen, 1985), et certains, tels que Nowlan & Sejnowski (1‘995), I'expriment
explicitement. Rappelons qu'il .a été démontré que les cellules complexes ont

une réponse similaire a celle de la sortie du modéle d'énergie (Emerson et al.,
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1992) et que ce sont surtout ces cellules qui projettent vers'le PMLS. Pdurtant
le présent ouvrage a démontré que suite a une lésion des aires visuelles
primaires chez le chaton, la sélectivité a la direction est encore présente dans le
PMLS. Ainsi, un autre mécanisme doit étre responsable de cette sélectivité, du
moins chez le chaton |ésé. En utilisant un modéle trés simple, une
démonstration de faisabilité a mis .en évidence la possibilité d’encoder la
direction de stimuli de mouvement complexe a partir des réponses du CGL.
Une.étude potentielle qui découle de ces donnéeé sera discutée dans la section

étude future.

Avant de continuer revenons rapidement sur le dernier modéle dont il est
mention dans le paragraphe précédent, soit celui de Nowlan & Sejnowski
(1995). Ce modéle représente simplement une auto-corrélation avec un
déphasage spatio-temporel donné effectué sur les afférences d'une cellule, soit
un modéle de typé Reichardt (1961a). L'intérét des modeles de ce type est a la
fois leur simplicité mais également le fait que le corrélat physiologique est plutét
facile a imaginer, soit une simplé intégration spatio-temporelle au niveau de
I'arborisation dendritique. Une schématisation du concept se trouve a la Figure
1. Dans le panneau du haut, un stimulus (cercle noir) apparait a différent
endroit selon le moment et pér conséquent sur différents récepteurs. Ce
panneau décrit donc un stimulus en mouvement. Dans le panneau du bas, une
schématisation de trois synapses excitatrices provenant des trois récepteurs du
panneau du haut est présentée. Notez que si la stimulation visuelle passe du

réCepteur 1 vers le 3 et que le At est approximativement équivalent au temps de
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conduction du potentiel post-synaptique entre leé synapses, il y aura .
sommation. Cependant, si la stimulation passe du récepteur 3 vers le 1, alors il
n'y aura pas de somrhation des potentiels post-synaptiques. Ce procéssus
synapfique est équivalent & une auto-corrélation du stimulus avec un deélai et un

déplacement précis.

Dans les paragraphes précédent il a été mentionné que ce modéle, tel
qu'appliqué dans cet ouvrage, n'est qu'une démonstration de faisabilité. C'est-
a-dire qu'un tel mécanisme pourrait 'expliquer les résultats, sans pour autant
démontrer que ce mécanisme est responsable des réponses obsewéeé. Il est a
noter qu'il est plus plausible qu'un mécanisme d'ordre supérieur soit
responsable des réponses résiduelles dans le PMLS suite a une lésion de l'aire
visuelle primaire. En fait, I'étude sur les profils spatio-temporels nous apbrend
que lintégration spatiale des neurones du PMLS est non-linéaire alors que
I'autb—corrélation eét un outil linéaire. Ceci n'implique pas pour autant que les
projections du CGL ne puissent étre responsables de la sélectivité a la direction
des neurones du PMLS. Cela implique par contre, que dans |'éventualité d'un

apport du CGL, l'intégration soit d'ordre supérieur. -
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A)

Temps

|_ py iy - Dendrite

Soma

Figure 1

Schématisation du corrélat physiologique du modéle de Reichardt. A) La
position d'un stimulus a trois moments successifs (1 a 3). Dans cette figure,
chaque position dans le champ visuel représente aussi un récepteur. Les lignes
pointillées représentent la séparation entre différents temps (abscisse) et la
position/le récepteur (ordonné). B) Les synapses proviennent des récepteurs
mentionnés dans .le panneau A, et sont identifiés de 1 a 3. Lors d'une
conjonction spatio-temporelle appropriée des apports synaptiques il y a une
sommation des potentiels post-synaptiques.
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5. Etudes futures

Les idées d’'études futures seront présentées dans trois sections qui
refletent les cadres théoriques qui proviennent de chacune des trois études
présentéés dans ce travail. Dans une quatrieme section se trouveront les idées
qui proviennent de la synthése des présentes études. Mentionnons que I'ordre
de présentation des études utilisé jusqu’a ce point sera modifié pour des raisons

de clarté de la présentation.

5.1 |dées découlant de I'étude des brofi|s
5.1.1 La corrélation rétrograde d'ordre supérieur

Tel que mentionné dans la section de considération méthodologique, la
corrélation rétrograde de premier ordre utilisée dans cette these est une
description incompléte du profil spatio-temporel des champs récepteurs du
PMLS. En utilisant une corrélation rétrograde d'ordre plus élevé il serait
possible de mieux comprendre l'intégration spatio-temporelle effectuée pa»r les
neurones du PMLS. En fait, de telles analyses (Szulborski & Palmer, 1990;
Livingstone, 1998; Pack et al., 2006) permettent d’'expliquer la sélectivitée a la
direction et é la vitesse des neurones. A cause de leur capacité de décrire les
interactions spatio-temporelles entre les sous-unités qui forment le champ
récepteur de la cellule sous étude, il est possible d’estimer la fonction qui décrit
’Ie nﬁieux l'intégration effectuée par le neurone. De plus, la nature méme des

stimuli utilisés dans ces études augmente le niveau d'activité spontanée de la
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cellule, ce qui permet d’étudier le réle possible de l'inhibition dans I'élaboration
des propriétés du neurone. Les données pour ce type d'étude ont déja éte

cueillies et I'algorithme d'analyse est présentement développé.

Passons rapidement a un exemple d'une cellule fictive <jui aurait éte
étudiée avec cette technique. Dans la Figure 2 nous voyons une représentation
de la réponse a différents intervalle spatiaux (A espace) entre deux stimuli sur
chacun des axes et ce pour un intervalle temporel donné (A t). Autrement dit,
uné schématisation de l'amplitude de la réponse neuronale pour chaque
changement de position des stimuli pour un intervalle inter stimulus est
présentée. Puisque nous connaissons la distance spatiale et temporelle entre la
présentation de stimuli successifs qui évoquent la réponse maximale (la partie
claire de la figure) nous pouvons calculer la direction et la vitesse préférées de
la cellule. VDan's notre exemple (panneau du haut), un.dépiacement vers la
droite et vérs le haut pro(/oque une réponse de Ia'part de la cellule dce At. Un
A espace plus grand meéne forcément a une vitesse plus élevée et vice versa. |
s'en suit qUe les positions en bas a gauche dé la partie claire représentent des

vitesses plus lentes que les parties en haut a droite.

5.1.2 La corrélation rétrograde d'ordre supérieur et 'inactivation

Une autre fagon de mieux comprendre les différentes afférences du
PMLS dans le cadre d'un systéme paralléle serait d'utiliser la corrélation

réetrograde d'ordre supérieur mentionnée ci-dessus et d'y ajouter une
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inactivation de l'aire 17, le CGL, le collicule supérieur et le LP-pulvinar tour a
tour. Ainsi, il serait possible de voir I'apport de chacune de ces régions sur la
réponse des neurones du PMLS. Comme exemple d'hypotheése, pfenons les
effets d'une inactivation du collicule supérieur dont la conséquence est une
réduction de l'amplitude de la réponse a des vitesses élevées (Ogino &

Ohtsuka, 2000; Ohtsuka & Ogino, 2001).
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A) Avant injection

A espace

A espace

B) Lors de l'injection
At
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A espace

A espace

Figure 2

Schématisation des résultats d’'une corrélation rétrograde d'ordre supérieur. A)
Représentation de lintensité d'une réponse neuronale fictive lors d'une
corrélation rétrograde d'ordre supérieur. B) La réponse possible de la méme
cellule fictive lors d’une inactivation du collicule supérieur.
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Revenons & notre cellule fictive du panneau supérieur de la Figure 2.
Présumons que cétte cellule répond de fagon maximale a des vitesses
moyennes. Dans le cadre de notre prédiction des changements dans le PMLS
lors d'une injection dans le collicule supérieur, nous nous attendons a une
réduction de la réponse a des vitesses élevées. Dans ’Ie diagramme_ A espace
pour un A t qui résultérait d'une corrélation rétrograde de deuxiéme ordre, |l
devrait donc y avoir une suppression de la zone excitatrice qui représente les
vitesses élévées, soit la partie de haut a droite de la zone claire dans la figure 2
(panneau B). L'avantage par rapport aux methodes précédentes étant que nous
pourrions alors déterminer si la réduction de la sélectivité aux vitesses élevées
est attribuable a une intégration spatiale, temporeHe., ou une conjonction des

deux.

5.1.3 Le mouvement fronto-paralléle versus le flux optique

Il est connu que les cellules du PMLS soht sélectives aux mouvements
fronto-paralleles (Spear & Baumann, 1975; Camarda & Rizzolatti, 1976; von
Grunau & Frost, 1983; Minville & Casanbva, 1998; Merabet et al., 2000;
Villeneuve et al., 2006a) ainsi qu'au flux optique (Rauschecker et al., 1‘987a;,
Brenner & Rauschecker, 1990; Sherk et al., 1995: Kim et al., 1887; Mulligan et
al., 1897; Sherk et al., 1997; Brosseau-Lachaine et al., 2001). Toutefois aucune
technique a ce jour ne permet de facilement diStinguer si ces cellules sont plus
adaptées a I'analyse des mouvements fronto-paralléles ou au flux optique. Une

fagon de répondre a cette question serait d'utiliser la corrélation rétrograde avec
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un stimulus qui contienne plusieurs impulsions directionnelles spatialement.

restreintes et indépendantes (Borghuis et al., 2003; Vajda et al., 2004).

L'intérét d'un tel stimulus est que la composante directionnelle est déja
brésente a chaque position testée dans le champ visuel. Donc, un estimé de la
sélectMté a la direction est possible pour chaque position, car il n'y a aucun
besoin d'utiliser des interactions spatio-temporelles entre les positions. Le
résultat peut donc étre représenté sous forme de surface dont les points sont
des vecteurs moyens des réponses a la direction pouf chaque position dans le
champ visuel (Srinivasan et él., 1993). |l est alors possible de co\mpérer une
telle surface a une prédiction pour des cellules sélectives au mouvement fronto-
paraliéle ou le flux optique tel que représenté dans la figure 3. Si les prédictions
sont exprimées sous forme de modeéle quantitatif il est alors possible d'utiliser la
technique de la réduction des rﬁoindres carrés afin d'évaluer quel modéele
correspond le mieux aux données de chaque cellule. Paf conséquent il serait
possible de quantifier la proportion de chaque type de cellule dans le PMLS

ainsi que dans d'autres aires extrastriées.
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Figure 3

Surface de répanse de deux neurones idéalisés. La surface de vecteurs moyens
pour deux neurones dont les sous-unités directionnelles seraient disposées de
fagon optimale pour un mouvement ; A) fronto-paralléle et B) de flux optique.
Afin de simplifier, tous les vecteurs sont de méme longueurs. Les lignes
pointillées représentent la limite entre les sous-unités directionnelles.
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5.2 |dées découlant de I'étude de lésion
5.2.1 L'identification de I'origine de la sélectivité résiduelle

‘L’étude sur les lésions a démontré une sélectivité a la direction residuelle
dans le PMLS, et que ceci pourrait étre attribuable a une augmentation de la
projection du CGL vers le PMLS. Ces projections existent également chez le
chat normal (Raczkowski & Rosenquist, 1980; Symonds et al, 1981;
Raczkowskii & Rosenquist, 1983; Berson, 1985; Tong & Spear, 1986;
Rauschecker et al., 1987b). On pourrait alors formuler 'hypothése selon
laquelle la sélectivité a la direction dans le PMLS est au moins partiellement

attribuable aux afférences du CGL méme chez le chat adulte normal.

Dans un premier temps, une inactiv.atio’n des aires 17, 18 et 19 avec une
cryoprobe permettrait de déterminer si la sélectivité des neurones du PMLS a
des stimuii complexes est présente tel que dans le modéle du chat lésé.
L'intérét d'une telle manipulation, par rapport & une lésion, serait que ['échelle
de temps ne permettrait pas de plasticité tout en ne créant pas de dommages

physiques majeurs.

Si la sélectivité a la direction demeure, il serait alors opportun d'effectuer
une 'injection de GABA dans le CGL en conjonction avec le refroidissemént des
aires 17, 18 et 19." Notons ~rapidement qu’une injection dans le CGL chez le
primate a déja été effectuée (Mauns_éll et al., 1990), Ié résuitat étant que la
sélectivité a la direction et les réponées visuelles en générales sont éliminées

dans MT. Dans la mesure ou un effet similaire ne serait pas observé dans le
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PMLS, il faudrait alors éliminer la possibilite des voies tecto-thalamo-corticale et
rétino-thalamo-corticale. Toujours en conjonction avec l'inactivation des aires
17, 18 et 19, une injection de GABA dans le LP-pulvinar permettrait d’eliminer
ces deux possibilités. Seulement dans le cas ou un.effet serait observe faudrait-

il alors identifier sont origine : 1- tecto-thalamique ou 2- rétino-thalamique.

5.2.2 Amélioration comportementale post-lésion

Une des hypothéses de I'étude de lésion était que I'augmentation de la
capacité a discriminer des stimuli de poinvts complexes (Rudolph & Pasternak, .
1996) chez le chat lésé était attribua~ble a une modification du traitement
effectué par les neurones du PMLS. Bien que peu probable, I'absence d'une
augmentation de la sélectivité des neurones du PMLS pourrait étre attribuable
au' fait que le modéle choisit était le chaton et non I'adulte comme dans/l’article
de Rudolph & Pasternak (1996). Afin de répondre a cette question de fagon
définitive, il faudrait effectuer la méme étude que dans le présent ouvrage mais
chez 'adulte, et ce avec le méme temps de sﬁrvie QUe dans l'article originel. De
plus, un test comportemental et I'enregistrement extracellulaire chez le méme
animal permettrait d’assurer qu'il y a en effet une amélioration comportementale,
sans quoi I’absence. de changement dans le PMLS serait difficile a interpréter.
Etant donné les résultats du présent ouvrage, il faut envisager des airés
alternatives afin d'expliquer les données comportementales. Afin d’identifier ces
aires pour ensuite faire des enregistrements é.lectrophysiologiques, la technique

de la révélation de la consommation du 2-DG lors d'une tdche comportementale
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(Vanduffel et al., 1995; Vanduffel ef al., 1997a; Vanduffel et al., 1997b) pourrait

étre des plus utile.

5.2.3 Mesure de |'effet des lésions par corrélation rétrograde

. Maigré ['utilisation de stimuli en mouvement de type complexef il est
possible que ces stimuli ne soieht pas un boﬁ choix pour mettre en évidence les
effets sur les réponses des neurones du PMLS d'une Ilésion de l'aire visuelle
primaire chez le chaton. Une technique trés sensible aux propriétés des
champs récepteurs est la corrélation rétrograde. Une étude avec cette
technique pourrait mettre & jour des effets jusqu'alors passé inapergu. De plus,
la nature impulsionnelle de cette technique permettrait d’éviter de masquer un
effet jusque la voilé par l'intégration temporelle. Cette derniére est une partie
inhérente de la plupart des autres paradigmes de stimulatiAon. Lors d'une étude
avec une Eorrélation retrograde d'ordre plus élevé (voir la section 5.1), nous
' pourriohs nous attendre a voir une diminution de l‘importance relative de sous-
unités qui correspondent aux propriétés de I'aire visuelle primaire, notamment,
la sélectivité a des vitesses faibles. In\{ersement, I'importance de d'autres types.
de sous-unités devrait augmenter et ce en fonction de la plasticité évoquée par -
la lesion. Les résultats permettraient donc de mieux cerner l'origine de la

sélectivité résiduelle des neurones du PMLS aux stimuli en mouvement.
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5.3 Idées découlant de I'étude de latences
5.3.1 Latence aux stimuli stationnaires et dynamiques

Comme nous lavons vu dans l|a section des considérations
méthodologiques, une des critiques possibles est que le début du mouvement et
I'apparition des stimuli se produisaient en simultanée. Des arguments ont déja
été présentés qui suggerent que la mesure de latence était bien celle au
mouvement et non pas de Yapparition du stimulus. Pour en étre certain, les
études futures devraient faire apparaitre un stimulus stationnaire et suite a un
délai (disons 500ms) initier le mouvement. Au-dela de la désambiguisation des
deux possibilités mentionnées ci-dessus, ce paradigme expérimental permettrait
une mesure de latence pour I'apparition et le mouvement d'un méme stimulus.
Il serait alors possible de savqir si des régions, telle que le PMLS, regoivent

certains types d’informations plus rapidement que d’'autres.

5.3.2 Confirmation et identification de deux sous-voies dorsales

Dans l'article sur les latences qui fait partie de la présente thése, il est
mention de deux profils de distribution des latences dans les aires corticales,
soit celles qui dépendent ou non des stimuli. Anatomigquement, la distinction
entre ces deux profils semblait étre attribuable a une projection directe ou
indirecte de l'aire 17. Ces données portent a croire qu’il pourrait y avoir deux
voies paralléles de traitement de l'information dans la voie dorsale du systéme

visuel. Cependant, il y seulement deux régions corticales qui tombent dans
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chaque catégorie : 1- Aire 17 et le PMLS. L'inclusion méme de l'aire 17 dans
cette catégorie peut facilement étre remise en cause, p.uisqu'il va sans dire que
cette région ne regoit pas une projection feedforward de I'aire 17. 2- L'AMLS et
'AEV. Afin de confirmer que les profils temporels pourraient étre expliqués via
la distinction anatomiqﬁe il faudrait alors prendre des mesures dans d'autres
aires corticales. Il serait intéressant de voir en quoi les propriétés des neurones
de ces deux voies différent. Notons que certains de ces parametres sont déja

connus pour certaines régions mais demeurent peu ou pas étudiés dans le

PLLS, ALLS et TAMLS.

5.4 Idées découlant de la synthése des trois études
5.4.1 Anatomie : la nature des connexions

Afin d'émettre des hypothéses plus précises pour des études
électrophysiologiques, deux questions devront trouver des réponseAs. La
premiere concerne |'anatomie des voies visuelles. Pour 'exemple donné ici,
nous nous concentrerons sur le lien entre 'aire 17 et le PMLS, mais la question
de fond s’applique a tout le systéme visuel. Traditionnellement les études de
tragcage anatomique décrivent le nombre de terminaisons (par exemple :
Symonds & Rosenquist, 1984b). Ces données ne nous donnént pas acces a
deux types d'informations fondamentaies afin de comprendre la circuiterie du
systeme : 1- I'importance fonctionnelle de ces connexions, notamment dans le

contexte de la notion de driver versus modulator de Sherman & Guillery (1998).
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Bien que cette classification référe traditionnellement aux terminaisons dans le
thalamus, il n'y a aucune raison a priori de croire qu'une organisation similaire
n'existe .pas au niveau des terminaisons dans le cortex. La compréhension du
réle de la projection de l'aire 17 vers le PMLS serait nécessairement changée
selon si les terminaisons sont de type driver ou modulator. 2- Est-ce que les
projections font synapse avec des cellules excitatrices ou inhibitrices ? Notons
que ce travail est déja partiellement fait par Lowenstein & Somogyi (1991), ils
ont documenté le pourcentage de synapses sur des cellules excitatrices et
inhibitrices pour la projection du l'aire 17 au PMLS. Dans la mesure ou nous ne
connaissons pas ces proportions pour les autres aires corticales, leurs données

demeurent difficiles a interpréter.

Notons qu'il existe une méthode alternative pour répondre au point 1 ci-
haut, soit I'utilisation de la cross-corrélation des potentiels d’action dans deux
aires. En fait, la prédiction du cross-corrélogram entre une cellule et ses
~ afférences different selon la nature driver ou modulator de la cellule afférente
(Sherman & Guillery, 1998). Une cross-corrélation entre deux cellules liées par
une synapse soit de type driver ou modulator Aevrait évoquer un pic dans l'auto-
corrélogramme qui serait soit étroit ou non respectivement, selon | nature de la
. synapse. Bien que cette technique soit une démonstration indirecte du type de
synapse, elle donne une mesure directe de l'efficacité fonctionnelle du lien

synaptique entre deux cellules.



246

5.4.2 Comportement : le r6le comportemental du PMLS

Le deuxieme type d'étude qui permettrait des hypothéses plus précises
serait de type comportemental. |l serait plus efficace de comprendre les
proprietés des neurones dans le cadre d'un rdle comportemental connu
(Glimcher, 2003), plutét que l'inverse. Ceci étant dit, il y a eu plusieurs études
comportementales de ésion/inactivation du LS, mais aucune conclusion claire
en découle guant au réle comportemental précis des aires lésées/inactivées
(Smith & Spear, 1979; Ptito & Lepore, 1983; Kiefer et al., 1989; Pasternak et al.,
1989; Kruger et al., 1993a; Kruger et al., 1993b; Vandﬁffel et al., 1995; Lomber
& Payne, 1996; Rudolph & Pasternak, 1996; Vanduffel et al., 1997b; Lomber,
2001; Huxlin & Pasternak, 2004). La plupart de ces études ont cibleé des
fonctions des voies dorsales et ventrales et ont révélé des déficits qui sont
spécifiques a la voie dorsale. Par contre, peu d'études ont utilisé plusieurs
taches qui ciblaient la voie dorsale. |l est donc difficile d'évaluer ['importance
relative du PMLS dans plusieurs taches. De plus, peu d'aires de la voie dorsale
autre que le PMLS ont ainsi été étudiée. Il n'est donc pas clair si les effets
obtenus lors de Iésion/inactivation du PMLS sont des conséquences spécifiques
au PMLS ou sont attribuables a 'information que le PMLS transmet aux autres
aires de la voie dorsale. Dans le futur, il faudrait donc cibler spécifiquement les
taches reliées a la voie dorsale et lésé ou inactivé d’autres aires afin de voir la
contribution relative de chaque aire a chaque tache. Ceci est d'autant plus
important que chaque aire extrastriée recoit des projections d'afférences

différentes.
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5.4.3 Physiologie : réle des voies feedforward et de rétroaction

Passons maintenant a une étude qui pourrait mettre a I'épreuve les
notions mises de l'avant pour expliquer le role des voies feedforward et de
rétroaction (Nowak & Bullier, 1997; Lamme et al., 1998; Lamme & Roelfsema,
2000; Bullier, 2001, 2004a). Une critique mentionnée ci-haut a propos de ces
deux idées est le coté peu écologique des conditions expérimentales qui ont
menées a leur élaboration. Spécifiquement, qu’est-ce que leur explication nous
permettraient de comprendre dans un monde visuel dynamique ou l'utilité des
boucles de rétroaction n'est pas aussi claire. Une fagon de voir comment le
systéme réagirait serait d'enregistrer 'activité d'une cellule alors qu'un stimulus

en déplacement est présenté.

Si les boucles de rétroaction changent la sélectivité des neurones de
fagon impdrtante, la largeur de bande de la cdurbe de sélectivité a la direction
devrait passer de large a étroite suite a la réponse visuelle initiale (soit la paﬁie
de la réponse attribuable a la voie feedforward). Suite a un délai de 250ms, qui
permettrait aux boucles de rétroaction de moduler ia réponse initiale du
neurone, un objet passerait dans le bhamp récepteur. La courbe de sélectivité
devrait s'élargir de nouveau suite a lintroduction de I'objet a cause d'une
compétition entre les differentes boucles de rétroaction impliquées. Aprés le
passage de l'objet, nous revenons au stimulus de départ, |la largeur de bande
devrait étre étroite de nouveau car il n'y aurait qu'un réseau de boucles de

rétroaction encore actif. Mentionnons rapidement que ce paradigme de
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stimulation est similaire a une des conditions utilisées par von Grunau et Frost

(1983), la différence étant dans la fagon d’analyser les données.

6. Conclusions

Les résultats de la présente thése s'ajoutent a un nombre croissant
d’'études qui remettent en question la hiérarchie des aires corticales visuelles
telle que présentée habituellement; Cet état de fait force une reconsidération
des voies ainsi que des mécariismes qui ménent aux propriétés des neurones
dans les aires extrastriées, telle que le PMLS. En fait, les modeéles d'intégration
postulent habituellement au moins deux niveaux d'analyse corticale afin
d'encoder l'information directionnelle. Les conclusions des présentes études
suggérent plutdt que le PMLS puisse extraire I'information directionnelle en une
seule étape. Quoique excitant en soit, ces travaux ouvrent un nouveau débat

quant a la fonction des voies feedforward et de rétroaction.
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