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1. PRESENTATION DU SUJET

1.1 Les maladies mentales en psychiatrie

La psychiatrie est une spécialité médicale qui vise a étudier la psychopathologie des
maladies mentales afin de pouvoir proposer aux patients des soins appropriés, médicamenteux
et psychothérapiques ou souvent les deux conjointement. Les maladies mentales représentent
des problémes graves de santé publique car ce sont généralement des maladies chroniques qui
entrainent a long terme un handicap fonctionnel, social et professionnel important si une prise
en charge adaptée n’est pas mise en place ou si les soins proposé€s sont inefficaces ou
partiellement efficaces chez les patients (1). Ces maladies mentales résultent la plupart du
temps de [D’association de plusieurs facteurs: des facteurs génétiques, des facteurs
environnementaux et des anomalies dans les phénomenes de régulations biologiques (2). Les
principales anomalies biologiques aujourd’hui reconnues et a ’origine du développement des
thérapies pharmacologiques sont celles impliquées dans le dysfonctionnement de Ia

neurotransmission cérébrale.

En psychiatrie, les évaluations diagnostiques et d’efficacité thérapeutique reposent sur
les propos des patients recueillis lors d’un ou plusieurs entretiens cliniques, sur des échelles,
des questionnaires ou des auto-questionnaires. Ces évaluations sont calquées généralement sur
une liste de symptdmes issue du Manuel Statistique des Troubles Mentaux, actuellement la
cinquieme édition (DSM-V) (3). Ce manuel apparait comme un outil diagnostique qui prend
en considération les différentes maladies mentales comme des entités séparées. Cependant, la

délimitation entre ces troubles reste floue et n’est pas strictement définie. Cela complique la
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distinction entre les entités nosographiques qui partagent des symptomes similaires. Les
pathologies psychiatriques sont donc différenciées uniquement sur des symptomes cliniques
sans prendre en considération d’éventuelles différences biologiques, ce qui rend difficile la
séparation des sous-groupes de patients. Parallélement, le choix des stratégies thérapeutiques
est li¢ aux éléments cliniques d’une part mais également a 1’expérience du clinicien. Ces
¢léments sont d’un intérét clinique indéniable mais dans les perspectives d’apporter des soins
individualisés et personnalisés aux patients, cette catégorisation parait insuffisante en raison
de la part de subjectivité qu’il peut exister dans un tel processus d’évaluation clinique. En
complément, et quand cela est possible, le clinicien peut s’aider d’informations également

subjectives recueillies aupres de la famille du patient.

1.2 Intérét des marqueurs biologiques en psychiatrie et en médecine

Malgré les nombreuses avancées neuroscientifiques, il existe a ce jour un seul test
biologique commercialisé, sans étre encore validé, pour une utilisation clinique dans les
troubles psychiatriques, le « MDDScore », et pouvant étre utilisé dans I’aide au diagnostic des
patients souffrant d’un trouble dépressif majeur (4). Il s’agit d’un test sanguin qui consiste en
neuf marqueurs biologiques associés aux facteurs neurotrophiques, métaboliques,
inflammatoires et a I’axe hypothalamo-hypophyso-surrénalien (4). Hormis ce test, il n’existe
pas de marqueurs biologiques validés et utilisables en clinique qui pourraient aider au
diagnostic des troubles mentaux, prédire la réponse thérapeutique ou dépister les prodromes
qui pourraient étre les premiers signes d’entrée dans une maladie mentale. En complément des
informations recueillies par le praticien et en étant plus objectifs que 1’évaluation clinique,

I’utilisation de ces marqueurs permettrait d’adapter et d’individualiser les soins au patient, ce
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qui pourrait dans certaines situations conduire a une prise en charge avant le début d’entrée
dans la maladie. Parall¢lement, en augmentant 1’efficacité thérapeutique, ils pourraient avoir
un impact significatif sur la qualité de vie et permettre de maintenir une insertion socio-
professionnelle de bonne qualité. Ils permettraient ainsi d’améliorer le pronostic a long terme
chez ces patients et contribueraient a diminuer les colits considérables de ces soins pour la
société, ce qui reste I’'un des objectifs majeurs de santé publique pour les générations a venir.
Le développement des marqueurs biologiques en psychiatrie est relativement lent, bien qu’ils

soient régulicrement utilisés dans les autres disciplines médicales.

Les marqueurs biologiques sont réguliecrement utilis€és en médecine dans
I’identification d’un processus pathologique mais également dans 1’identification de Ia
réponse ou de I’efficacité d’un traitement pharmacologique car ils en apportent une preuve
objective et mesurable (5,6). Classiquement, les marqueurs biologiques sont régulicrement
utilisés pour affirmer la présence ou l'absence d’une maladie (marqueurs biologiques de
diagnostic), prévoir une thérapeutique efficace (marqueurs biologiques de traitement), évaluer
la réponse au traitement (marqueurs biologiques de réponse aux traitements), prédire
l'apparition future d’une maladie (marqueurs biologiques prédictifs) et prédire la toxicité des
traitements pharmacologiques (7—10). Les autres spécialités médicales utilisent les marqueurs
biologiques de manicre régulicre. Par exemple, les récepteurs aux cestrogenes et a la
progestérone sont utilisés pour la classification du cancer du sein (11). De la méme manicre,
la diminution du taux extracellulaire de beta amyloide dans le cerveau est considérée comme
un indicateur du risque de développer la maladie neurodégénérative d’Alzheimer (12). Enfin,
I’¢électrocardiogramme a une valeur prédictive positive de 97% pour identifier un infarctus du
myocarde (13). Méme si la découverte d’un marqueur biologique est associée a I’amélioration

22



de la pratique clinique, il y a également des inconvénients et des considérations éthiques a
envisager. Les marqueurs biologiques doivent en effet avoir au moins un bénéfice pour les
cliniciens ou pour les patients. Ces limites peuvent étre par exemple illustrées par le test
génétique de dépistage de la maladie de Huntington qui permet, chez les patients a risques,
qu’ils soient symptomatiques ou non, d’identifier les anomalies génétiques a ’origine de la
maladie. Etant donné qu’il n’existe a ce jour pas de traitements curateurs de la maladie, les
descendants des patients atteints ne souhaitent pas forcément connaitre le diagnostic dont
I’annonce pourrait avoir un impact significatif sur leur qualit¢ de vie et augmenter la

probabilité de développer des troubles anxieux et dépressifs par exemple.

Alors que les applications des marqueurs en psychiatrie pourraient étre les mémes que
dans les autres disciplines médicales, certaines considérations spécifiques sont nécessaires au
développement d’un marqueur biologique pertinent (10). Premiérement, ces marqueurs ne
sont pas spécifiques d’'une maladie psychiatrique et corrélés directement a leur diagnostic
mais apportent une aide au clinicien pour différencier deux entités nosographiques ayant des
symptomes proches. En effet, les symptomes ou les maladies mentales ne sont pas codés
directement pas le patrimoine génétique du sujet mais sont sous l’influence de facteurs
environnementaux et/ou épigénétiques qui favorisent leur apparition. Deuxiémement, ces
marqueurs doivent étre précis au niveau individuel et dans la pratique clinique et ne doivent
pas simplement représenter une différence statistique dans les études expérimentales.
Troisiémement, dans le but de développer ces marqueurs, il est essentiel que les tests de
mesures a travers le monde et entre les équipes de recherche soient standardisés pour assurer
la reproductibilité, la fiabilité et la robustesse de ces marqueurs. Quatriémement, afin que ces

marqueurs ne répondent pas a la loi du « tout ou rien » mais puissent s’adapter a la variabilité
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inter- et intra-individuelle des patients, des données normatives associées aux marqueurs
pourraient se révéler utiles. Cinquiémement, ces marqueurs doivent étre simples, faciles a
utiliser, adaptés aux populations de patients souffrant de maladies mentales, validés, sensibles,
spécifiques et avec un rapport cotut-efficacité acceptable pour étre utilisés par les spécialistes
mais aussi en pratique générale. Sixiémement, les marqueurs uniques ne sont pas suffisants,
les approches multimodales semblent plus fiables et plus pertinentes. Il existe une grande
diversité d’approches qui peuvent étre combinées, comme par exemple les tests biochimiques,
cognitifs, ¢électrophysiologiques, génétiques, de neuro-imagerie, etc. ... Septiemement, les
¢tudes longitudinales évaluant un grand nombre de marqueurs sur une période de temps
suffisamment longue sont plus adaptées que les études transversales actuellement réalisées.
Enfin, des partenariats industriels, académiques et gouvernementaux pourraient étre envisageés
pour identifier correctement des marqueurs biologiques qui pourraient devenir des tests

cliniques.

Une des difficultés majeures actuelles dans les domaines de la clinique et de la
recherche en psychiatrie est la difficulté d’accéder au fonctionnement du cerveau. Il existe
donc un besoin de développer des approches permettant d’étudier d’une maniere indirecte les
fonctions neurologiques et les mécanismes cérébraux impliqués dans 1’apparition des
maladies mentales. Dans les dernicres décennies, il y a eu un effort important qui a été réalisé
dans la recherche en psychiatrie pour permettre le développement de marqueurs biologiques a
la fois utiles comme aides diagnostiques et thérapeutiques mais également comme méthodes

d’approche de la pathogénése des maladies mentales.
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1. 3 La perception visuelle

La perception visuelle est une fonction cognitive sensorielle qui pourrait représenter
un candidat intéressant pour permettre d’accéder indirectement au cerveau et ainsi étudier les
mécanismes cérébraux a 1’origine des maladies mentales (14). La perception visuelle est un
mécanisme complexe qui englobe des processus cognitifs afin d’extraire des informations a
partir de la lumiere de I'environnement dans le but de construire une représentation pertinente
de l'environnement. Briévement, le traitement de I’information visuelle commence dans la
rétine avec l'absorption de la lumiére par les photopigments des photorécepteurs, initiant ainsi
la conversion de la lumiere en activité électrique (15). L'information visuelle est ensuite
transmise au cerveau par le nerf optique formé par les axones des cellules ganglionnaires (15).
Le premier relai principal des voies visuelles qui conduisent au cerveau est le thalamus, plus
particulierement le corps genouillé latéral ou sont effectués des traitements différentiels de
contraste, de répartition spatiale et de séquence temporelle (16). L'information est ensuite
transmise au cortex occipital, en particulier au cortex visuel primaire et secondaire, qui fournit
des informations sur les formes, les mouvements ou les couleurs (17). Parmi les deux voies, la
voie ventrale va au lobe frontal a travers le lobe temporal, tandis que la voie dorsale va au
lobe frontal a travers le lobe pariétal. Ces deux voies effectuent un traitement différent de
I’information visuelle, permettant l'identification et la localisation de I'information, et aident a
former une représentation complexe et cohérente de l'environnement (17). Toutes ces voies
sont densément interconnectées, permettant des interactions complexes rétroactives (18). Les
trois principales étapes du traitement de I’information visuelle, la rétine, le thalamus et le
cortex visuel, ont un intérét, en raison de leur role essentiel et de leur accessibilité pour la

mesure.
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L’¢tude du traitement de I’information visuelle comme mesure indirecte du
fonctionnement cérébral présente plusieurs avantages. La fonction visuelle est une fonction
accessible qui est relativement bien connue et largement étudiée (19). En dépit de I’évolution
des mammiferes, la fonction visuelle présente une bonne préservation de ses caractéristiques
anatomiques et fonctionnelles entre les espéces, permettant ainsi la translation des résultats
entre les espéces animales et humaines (20). De nombreux progres technologiques ont été
récemment faits dans le développement de méthodes non-invasives, standardisées et donc
reproductibles permettant d’examiner les différents stades du traitement de I’information
visuelle, et en particulier les trois stades cruciaux : rétine, thalamus (corps géniculé latéral) et
cortex visuel primaire et secondaire (21). De nombreuses techniques, électrophysiologiques,
d’imagerie ou pharmacologiques peuvent étre utilisées seules ou couplées aux autres
techniques pour étudier les mécanismes physiologiques ou moléculaires impliqués dans le
traitement de I’information visuelle (22,23). De plus, cette fonction présente un intérét
croissant dans la recherche en psychiatrie dont les dernicres études retrouvent des anomalies
de la fonction visuelle chez les patients atteints de maladies mentales (20,24). Ces nouvelles
données suggéreraient que la fonction visuelle pourrait donc représenter une mesure
pertinente pour explorer les anomalies cérébrales présentes dans ces maladies. Enfin, la
perception visuelle de bas niveau -par opposition a celle de haut niveau- est moins liée a des

processus attentionnels, mnésiques et exécutifs, donc plus facile a étudier isolément (25).
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1.4 La fonction rétinienne

La rétine représente le premier stade du traitement de I’information visuelle (15). Elle
est accessible et constitue, en raison de son origine embryologique, une extension anatomique
et développementale du systéme nerveux central. La transmission de 1’information visuelle au
niveau de la rétine présente des similarités avec la transmission de cette information dans le
cerveau (26). En effet, elle dépend de mécanismes de dépolarisation et d’hyperpolarisation
des principales cellules impliquées dans la transmission du signal : les cones, les batonnets,
les cellules bipolaires et les cellules ganglionnaires (15). Cette transmission est également
sous l'influence de phénomeénes de neurotransmission chimique impliquant certains des
principaux neurotransmetteurs retrouvés dans le cerveau : sérotonine, dopamine, glutamate et
acide gamma-aminobutyrique (GABA), pour ne citer que les principaux (27-32). De plus, le
signal rétinien est transmis entre les couches cellulaires rétiniennes sous la forme d’un signal
¢lectrique qui, a la fin de son intégration rétinienne, va aboutir a la décharge de potentiels
d’actions par les cellules ganglionnaires, dernier relai rétinien de la transmission de
I’information visuelle (15). Enfin, la rétine et le cerveau sont reliés par le nerf optique qui est
formé par les axones des cellules ganglionnaires et qui va transmettre les potentiels d’actions
aux stades plus intégrés situés principalement au niveau du corps géniculé latéral dans le
thalamus puis au cortex visuel (15). Dans ce contexte, il a donc été suggéré que la rétine
constituait un site appropri¢ pour examiner les troubles de la neurotransmission dans les
maladies neuropsychiatriques (33,34) et les troubles addictifs (14,35). Les étapes du
traitement rétinien de I’information visuelle sont résumées ci-aprés. La rétine est donc
composée de plusieurs couches cellulaires impliquées dans les premiéres étapes du traitement
de ’information visuelle (15). Brievement, la lumiere est absorbée par les photopigments des

photorécepteurs, nommés les batonnets et les cones, induisant ainsi la conversion de lumiére
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en signal €lectrique. Apres ce phénomene appelé la phototransduction, le signal est transféré
aux cellules bipolaires puis aux cellules ganglionnaires et I’information visuelle est relayée au
cerveau, particulierement au cortex visuel, via le nerf optique et le corps géniculé latéral. De
plus, la rétine contient des cellules amacrines et des cellules horizontales agissant comme des
interneurones, et des cellules de Miiller qui ont une fonction gliale. L'épithélium pigmentaire
rétinien fait aussi partie de la rétine et joue un role dans plusieurs fonctions trophiques,
comme par exemple l'absorption de la lumiere, les mécanismes de renouvellement des disques
des photorécepteurs et la modulation immunitaire, pour n’en citer que quelques unes (36). La
fonction rétinienne peut €tre mesurée en utilisant des techniques non-invasives, comme
I’¢électrorétinogramme flash (ERG flash), I’électrorétinogramme pattern (ERG pattern),
I’¢lectrorétinogramme multifocal (ERG multifocal) et I'électro-oculogramme (EOG) (21). Ces
techniques apportent des mesures objectives, non-invasives, fiables et standardisées
permettant I'évaluation du fonctionnement des différents types cellulaires retrouvés dans la
rétine. Par exemple, les mesures d’ERG flash étudient la fonction des photorécepteurs et des
cellules bipolaires, les mesures d’ERG pattern évaluent la fonction maculaire et celle des
cellules ganglionnaires, les mesures d’ERG multifocal étudient les propriétés spatiales du
fonctionnement du systéme central des cones et les mesures d’EOG enregistrent la réponse du
segment externe des photorécepteurs et celle de I’épithélium pigmentaire. Une représentation
schématique de la rétine avec les différentes techniques électrophysiologiques est présentée a

la figure 1.
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Figure 1. Représentation schématique de la rétine et des méthodes ¢lectrophysiologiques

standardisées permettant d’évaluer la fonction des principaux stades de la rétine.
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1.5 Un exemple : le trouble dépressif majeur

Parmi toutes les maladies psychiatriques, le trouble dépressif majeur est un trouble
mental séveére et complexe qui touche des centaines de millions de personnes dans le monde
(37). La symptomatologie se compose essenticllement d’un ralentissement psychomoteur,
d’une tristesse de I’humeur, de sentiments de dévalorisation et de dépréciation, d’une
fatigabilité, d’idées suicidaires, de troubles des fonctions instinctuelles (sommeil et appétit) et
de troubles cognitifs notamment mnésiques, attentionnels et dyséxécutifs (3). Certains de ces
symptomes peuvent varier dans le sens d’une augmentation ou d’une diminution (par exemple
le sommeil et 1’appétit) et sont parfois aspécifiques. Ils peuvent également varier
considérablement d’un individu a lautre. Le trouble dépressif majeur présente une
comorbidité élevée avec d’autres troubles psychiatriques et avec des facteurs socio-
environnementaux compliquant la pose du diagnostic. En pratique, dans certaines situations,
le diagnostic est relativement simple a réaliser avec des signes cliniques francs et
caractéristiques d’un trouble dépressif majeur. Dans d’autres situations plus complexes, le
diagnostic est difficile a établir avec la manifestation de symptomes hétérogeénes pouvant faire
évoquer un trouble de la personnalité ou un trouble délirant. Enfin, dans le cadre de troubles
co-occurrents, comme par exemple, I’association d’un trouble dépressif majeur et d’un
trouble de la personnalité, ’affirmation diagnostique est plus longue a établir. Dans tous ces
cas, les symptomes entrainent une détérioration importante de la qualité de vie a des niveaux
comparables a ceux observés dans les maladies chroniques entrainant une déficience physique
(38). Ils doivent donc étre diagnostiqués et traités rapidement afin de soulager la souffrance

du patient.

A ce jour, il est admis que la physiopathologie du trouble dépressif majeur associe des

facteurs génétiques, des stress psycho-sociaux actuels ou passés et des perturbations dans
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plusieurs voies de signalisations moléculaires notamment celles ciblant la transmission
cérébrale mono-aminergique : les voies sérotoninergique, noradrénergique et dopaminergique
(39). En se basant sur ces hypothéses physiopathologiques, la prise en charge du trouble
dépressif majeur associe des antidépresseurs agissant la plupart de temps sur la
neurotransmission cérébrale a une prise en charge psychologique. Dans certaines situations,
I’¢lectroconvulsivothérapie peut avoir un intérét (40). Méme en présence d’un diagnostic
rapidement établi et d’un traitement rapidement initié, 1’efficacité sur la symptomatologie
peut étre longue a obtenir. Pendant cette période, un handicap fonctionnel, un isolement
social et un arrét de I’activité professionnelle peuvent perdurer. En dehors du délai
d’efficacité des traitements pharmacologiques, le psychiatre est confronté¢ a la réponse du
patient a la molécule utilisée qui peut étre extrémement variable et qu’il ne peut pas prédire.
En effet, il a été démontré que plus de 50 % des patients ne répondent pas correctement au
traitement antidépresseur (41), que 12 % d'entre eux ont une réponse partielle et que 19 % a

34 % d’entre eux ne répondent pas du tout aux traitements pharmacologiques instaurés (42).
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1.6 Les marqueurs biologiques dans le trouble dépressif majeur

Le trouble dépressif majeur est un trouble hétérogene dont la physiopathologie est
encore mal connue. De ce fait, les marqueurs biologiques ont tenté d’étre classés en sous-
groupes hétérogénes avec des mécanismes biologiques trés différents qui pourraient étre
impliqués dans sa pathogenese. Plusieurs revues de littérature récentes ont répertorié les sous-
groupes suivants : biochimique, génétique, €pigénétique, neuro-imagerie, protéomique et
métabolomique (5,13,43—46). Parmi les marqueurs qui ont concentré le plus de recherches se
trouvent les marqueurs biochimiques dont il est présenté ici les principaux résultats issus de la
littérature. Pour ne citer que quelques exemples, il a été proposé¢ que le profil lipidique et
notamment le taux de cholestérol total serait plus faible chez les patients souffrant de
dépression (5,6). De plus, il serait associé a certains symptomes présents dans ce trouble
comme les idéations suicidaires. Le cholestérol étant un composé présent dans les membranes
plasmiques des cellules neuronales, il a été évoqué que le taux faible de cholestérol total
retrouvé chez les patients pouvait étre corrélé a des dysfonctionnements dans la transmission
synaptique de sérotonine. D’autres facteurs comme les facteurs immunologiques et
inflammatoires ont été¢ évoqués. Le trouble dépressif majeur serait accompagné de 1’activation
des systemes immunitaire et inflammatoire, induisant ainsi un changement dans les taux de
cytokines, ce qui pourrait jouer un rdle dans la pathogenese de la maladie. Des concentrations
sériques plus importantes d’interleukine-6, de TNF-a (Tumor Necrosis Factor) et de Protéine
C Réactive (PCR) ont, entre autres, été retrouvées chez les patients souffrant d’un trouble
dépressif majeur, ont été corrélées a certains symptomes dépressifs et ont été relatées a la
réponse aux traitements antidépresseurs. Enfin, le taux sérique du facteur neurotrophique
dérivé du cerveau (Brain-Derived Neurotrophic Factor, BDNF) a également été proposé

comme marqueur biologique du trouble dépressif majeur car son taux serait plus faible chez
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les patients que chez les témoins et son taux remonterait aprés ’initiation d’un traitement
antidépresseur. Malheureusement, les études évoquant un lien entre le trouble dépressif
majeur et ces facteurs biologiques ont montré des résultats divergents. Plus récemment, les
¢tudes génétiques portées sur le systéme sérotoninergique, sur la voie métabolique mono-
aminergique, sur le BDNF ou encore sur 1’axe hypothalamo-hypophyso-surrénalien semblent
montrer des résultats intéressants (5). Dernierement, la découverte de nouvelles technologies
comme la protéomique ou la métabolomique introduisent de nouvelles perspectives dans la

recherche en psychiatrie (5).

En se basant sur ces hypotheses physiopathologiques et comme précédemment décrit,
le « MDDScore » a été développé pour une utilisation comme aide dans I’affirmation
diagnostique du trouble dépressif majeur (4). Il est composé de 1’association de neuf
marqueurs biologiques : al antitrypsine, apolipoprotéine C3, BDNF, cortisol, facteur de
croissance épidermique, myéloperoxydase, prolactine, résistine et TNF a de type II (4). Le
résultat de ce test permet d’obtenir un score de 1 a 9 représentant la probabilité du sujet a
présenter un trouble dépressif majeur (1, probabilité faible ; 9, probabilité forte). Cet examen
a été évalué sur des échantillons de sang collectés sur trois sites aux Etats-Unis pendant une
période de deux ans chez 68 patients présentant un trouble dépressif majeur diagnostiqué sur
la base des criteéres diagnostiques du DSM-IV et chez 86 patients témoins, tous agés entre 18
et 75 ans (4). Les échantillons ont été randomisés entre des kits d’entrainement et des kits de
validation. Les kits d’entrainement ont permis de développer une régression logistique
incluant le genre et I’indice de masse corporelle afin d’intégrer I’influence de ces parametres
sur les neuf marqueurs du test. Le kit d’entrainement a montré une sensibilité¢ de 93% et une
spécificité de 95% pour différencier les patients souffrant d’un trouble dépressif majeur des

sujets sains et le kit de validation a présenté une sensibilité de 96% et une spécificité de 86%.
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Selon les auteurs, I’aire sous la courbe (AUC) calculée avec un test de ROC (Receiver
Operating Characteristic) et permettant d’évaluer les performances du test est en faveur d’une
utilisation clinique du « MDDScore ». Par exemple, ’AUC pour le « MDDScore » est
supérieure a celle retrouvée pour les enzymes cardiaques permettant d’aider au diagnostic

d’infarctus du myocarde (AUC, 0.93-0.97 versus 0.8-0.85) (4).

Dans ce contexte, il apparait crucial de développer des marqueurs biologiques a la fois
utiles pour le clinicien mais également afin de soulager rapidement les symptomes et ainsi
améliorer la qualité de vie des patients présentant un trouble dépressif majeur. En considérant
que la fonction rétinienne est un bon candidat pour explorer de maniere indirecte les
dysfonctionnements de neurotransmission présents dans la dépression, il nous a paru
intéressant d’examiner si des anomalies de la fonction rétinienne mesurée avec des examens
¢lectrophysiologiques avaient été observées chez les patients présentant un trouble dépressif

majeur.
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1. Introduction

Major depressive disorder (MDD} is one of the most severe
mental diseases affecting hundreds of millions of people world-
wide [Smith, 2004 Although it is currently ranked as the fourth
leading cause of disability by the World Health Organization, it is
projected that it will become the second leading cause in 2020
(Kessler and Bromet, 2013). To date, it is known that the patho-
phvsiology of MDD combines genetic factors, past or current psy-
chosocial stresses, as well as disruptions in several molecular
signaling pathways (Charney and Mang, 2004). With its extreme
gravity, the current treatment used for MDD is antidepressant
therapy alone or in combination with psychotherapy (Friedman,
2014}, Pharmacotherapy in MDD predominantly targets mono-
amine neurotransmitter signaling pathways, such as dopamine,
serotonin and norepinephrine, which suggests a potential impli-
cation of these molecules in the pathophysiology of this disorder
(Hamon and Blier, 2013). The pharmacological approaches are
generally safe, but the clinical benefits are often observed after
weeks or even months of administration (Berton and Nestler,
2006). Moreover, it was demonstrated that up to 50%—60% of the
patients do not achieve adequate response to antidepreéssant
therapy (Fava, 2003), with 12% of them achieving a partial
response and 19%—34% being non-responders (Fava and Davidson,
1996, Conseqguently, there is a need to develop new approaches to
better access and investigate the molecular mechanisms impli-
cated in MDD pathophysiology, as well as to monitor drug
response in patients, Considering the high risk of morbidity and
mortality of untreated MDD patients (Kessler and Bromet, 2013),
this currently constitutes a crucial step in psychiatric research amd
practice in order to provide better therapeutic strategies to the
patients.

The retina represents an easy-to-access part of the central ner-
vous system and it was therefore suggested that it constitutes an
appropriate site to investigate major neuropsychiatric illnesses
{Lavaoie et al., 2014k) and addictive disorders (Schwitzer et al,, 2015;
Laprevate et al, 2005} This structure is composed of several cell
layers implicated in the frst stages of visual processing, Brielly,
light is absorbed by the photopigments of the photoreceptors,

named rods and cones, thus initiating the conversion of light into
electric sigmal. Following this phenomenon called photo-
transduction, the signal is transferred to the bipelar and ganglion
cells and the visual information is relayed to the brain, especially to
the visual cortex, via the optic nerve and the lateral geniculate
nucleus. Moreover, the retina contains amacrine and horizontal
cells acting as interneurons, as well as Miller cells that have a glial
function. The retinal pigment epithelium is also part of the retina
and plays a role in several trophic functions, including light ab-
sorption, photoreceptor disk renewal mechamisms and immune
modulation, to name a few (Wimmers et al, 2007: Hoon ot al,
2014). The retinal function can be measured using non-invasive
techmiques, such as the flash electroretinogram (fERG), the
pattern electroretinogram [ PERG ), the multifocal electroretinogram
(mfERG) and the electrooculogram [EOG). These techniques yield
measures and allow the function assessment of the different cell
types found in the retina,

The FERG measures the electric biopotential evoked mainly by
the photoreceptor cells, namely rods and cones, and the ON-bipolar
and Miller cells complex, in response to a light stimulation. fERG
recardings performed under photopic and scotopic conditions are
called light- and dark-adapted fERG respectively, according o
the flash luminance intensity used, which is measured in can-
delassm™2 {edssm™2) (McCulloch et al, 20051 Twe main com-
ponents are uswally observed on a typical [ERG trace: an
electronegative component called a-wave, followed by an electro-
positive component named b-wave, The a-wave is generated by the
hyperpolarization of the photoreceptors and the b-wave reflects
the depolarization of the OM-bipolar and Miiller cells complex, Two
main parameters are derived from these components, named by
convention the amplitude measured in microvolts (pV) and the
implicit time measured in milliseconds (ms) {McCulloch et al,
2015). The a-wave amplitude is measured from the baseline to
the trough, and the b-wave amplitude is measured from the trough
of the a-wave to the peak of the b-wave. The implicit time repre-
sents the time necessary o reach the maximal amplitude of the
waves, Typical [ERG traces and their main components are repre-
sented in Fig 1. These measures represent the initial responses at
the retinal level,
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Flg. 1. Typical fERG traces obtained when assessing the rod response (A} the mized rod and cone response (B) and the cone response [C) The armows represent the way the

parameters are measured, namely the a- and b-wave amplitude and implecit time,
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The PERG records the central macular function of the retina, as
well as the retinal ganglion cells response using reversal black and
white checkerboards viewed with a central fixation (Holder, 2001 ).
These signals represent later and more integrated responses of the
retina The manipulation of the contrast level of the reversing black
and white checkerboards during PERG informs on retinal contrast
gain, To investigate the transient PERG, checkerboards are pre-
sented at 2—6 reversals per second (1-3 Hz), Two main waves are
usually described on the transient PERG trace: a positive wave
named P50, followed by a negative wave called N5 (Bach et al,
20173), Like for the fERG, both the amplitude and implicit time of
these waves can be measured {Holder et al,, 2010k P50 is, in part,
attributed to the retinal ganglion cells and macular photorecepiors
and is used to evaluate the macular function. N95 is generated by
the retinal ganglion cells and reflects their functioning {Luo and
Frishman, 2011 A rypical transient PERG trace and its main com-
ponents are represented in Fiz. 2. The steady-state PERG represents
a useful complementary measurement that can be added o the
rransient PERG for retinal recordings in clinical settings and
research, Higher temporal frequencies of at least 5 Hz or more are
used to evoke a response of a steady-state PERG. The International
Society for Clinical Electrophysiology of Vision (I5CEV) standards
recommend a reversal rate of approximately 16 reversals per sec-
ond {8 Hz) (Bach et al, 2013}, The recordings of the steady-state
PERG have the appearance of sine waves, The amplitude and the
phase shift of the response at the reversal rate are measured using a
Fourier analysis. The steady-state responses are mainly linked to
the ganglion cells function.

The EOG measures a variation of electrical potentials between
skin electrodes located in external and internal canthus [Arden and
Constable, 2006} This variation corresponds to an electrical po-
tential between the front and the back of the eye and is called
standing potential {Marmor et al, 2011 This potential mainly
ariginates from the retinal pigment epithelium and varies with the
retinal illumination. It is obtained by asking the subjects to make
lateral eye movements in both photopic and scotopic conditions. Tt
is possible to derive two parameters from the EOG trace, namely
the dark trough, which represents the trough of the curve in dark
condition whose origin remains unclear, and the light peak, which
represents the maximal peak in light condition and corresponds to
the maximal depolarization of the baszal membrane of the retinal
pigment epithelium. These parameters are represented on a typical
EOC trace in Fig. 3.

Previously, many relevant retinal electrophysiological abnor-
malities have been reported in patients with mood disorders,
especially in seasonal affective disorder (Hébert er al., 20002, 2004;
Lavode et al, 2009), Although it might seem surprising to consider
retinal responses as a sensible index for predicting a complex
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Fig. 3. Typical FOG trace, The vertical arrows represent the dark trough and the light
peak and the ROAONLA| armows represent Che dark and light conditions.

clinical state, such as MDD, several studies have suggested so
(Segiie et al, 1991; Fountoulakis et al, 2004, 2005, 2013; Bubl
et al, 20010, 2012, 2015; Fornaro et al, 2011; Fam et al., 2003).
Despite the fact that the explaration of retinal electrophysiclogical
abnarmalities in MDD patients remains a young emerging feld, we
believe that the current literature on the subject is very promising
and we argue that these objective retinal electrophysiclogical
measurements may become relevant tools to investigate the
pathophysiclogy of MDD and represent a way to indirectly assess
brain dysfunctions in this disorder. On the basis of these findings
and our own experience, we suggest that the exploration of the
retinal function provides useful information in both clinical set-
rings and research in MDD. In this review, we summarize data on
previous published results observed in MDD patients, suggesting
that these technigques might be of benefit. Noteworthy, the mfERG
is not part of this review since no study using this technigque in
MDD patients has been published to this date. We also discuss the
potential mechanisms linked with the monoamine deficiency hy-
pothesis that might be implicated in the abnormalities observed in
patients, as well as the technical details that must be taken
into consideration when using objective retinal electrophysiclog-
ical measurements as tools to investigate the pathophysiology of
1R

2. Materials and methods

In order to thoroughly explore the literature about retinal
electrophysiological measurements in MDD, a search for relevant
articles was conducted in the Pubmed and Google Scholar data-
bases using the Tollowing keywords (*lash electroretinogram™ OR
“pattern electroretinogram” OR "multifocal electroretinogram™ OR
“electrooculogram” OR “retinal  electrophysiological  measure-
ments™) AMD [*major depressive disorder” OR “depression”™ OR
"depressive disorder” OR “mood disorder”™), All results up to April
15t 2015 were examined for the selection process. Relevant publi-
cations were chosen through an individual independent selection
of titles by all the authors: T5, JL, AG, RS and VL The articles selected
had to be written in English and be related to the topic of the re-
view. Additionally, a manual search was performed on the bibli-
ography of each selected article. Following our thorough search, we
included 9 ariginal published reports in this review. An overview of
the main findings is presented in the Results Section. In the
Discussion Section, we consider the relevance of retinal electro-
physiological measurements such as the fERG, the PERG and the
EOG to study the pathophysiology of MDD, Finally, we underline
the main limitations of the current literature and we discuss some
methodological considerations that may help future investigations
o provide a clearer picture of retinal dysfunctions in MDD patients.
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3. Results
3.1 Studies reporting JERG anormalies in MDD patients

Despite the fact that no fERG differences have been reported
between MDD patients and healthy controls {Fountoulakis et al,
2004; Formaro et al., 2011; Fam et al, 2013}, it was suggested that
fERC might serve to predict the treatment response and the drug’s
effectiveness (Fornaro et al, 2011} In fact, dark-adapted 0.01 and
3.0 fERCs, as well as light-adapted 3.0 fERG were recorded in 20
MDD patients and 20 healthy matched controls before and after 12
weeks of treatment with duloxetine, a serotonin—norepinephrine
reuptake inhibitor. Twelve out of 20 MDD patients responded to the
antidepressant treatment, as measured by the Hamilion Rating
Scale for Depression. Interestingly. only these patients had signifi-
cantly decreased rod b-wave amplitude from baseline to week 12,
which represents the end of the duloxetine treatment. Additionally,
at baseline, the rod b-wave amplitude was significantly increased in
patients responding to duloxetine compared with the patients not
responding to the treatment, as well as healthy controls, The mean
age was very similar between the groups (45, 40 and 44 years ald
for the control, the responder and the non-responder group,
respectively), excluding a potential effect of age. These observations
suggest that FERG assessment may reflect a specific biological
condition at the level of rod bipolar cells in MDD patients
responding to duloxetine. Moreover, since electrophysiological as-
SEsSMEents appear sensitive to central neurotransmitter signaling
pathways (Lavoie et al., 2014a), they also support the possibility
that fERC might serve as a potential technigque to predict and
monitor the pharmacotherapy response in MDD patients. Another
study evaluated the photopic TERG of 50 patients with MDD (2160
years old] and 15 healthy controls (20-55 years old) and revealed
the presence of several correlations between fERG parameters and
psychometric assessments, as well as individual symptoms
{Fountoulakis et al., 2005},

3.2, Studies reporting PERG anomalies in MDD parients

Several investigations using the PERG have revealed differences
between MDD patients and healthy controls {Bubl et al., 2000, 2012,
215). For example, a study assessed the PERG-based contrast gain
in 40 patients with MDD {mean age: 43.2 years old)}, and 40 healthy
matched contrels [mean age: 43.3 years old) {Bubl et al., 2010}, As
previously stated, the manipulation of the contrast level of the
reversing black and white checkerboards during PERG recording
informs on the retinal contrast gain. This method correlates the
FERG amplitude obtained after a Fourier analysis with the contrast
level of the reversed black and white checkerboard. Five series of
reversing checkerboard at 12 reversals per second were used with a
contrast level of 3.2%, 7.3% 16.2% 36% and B0%. Interestingly, a
significant reduction in retinal contrast gain was found in the 20
unmedicated {mean age: 41.8 years old) and 20 medicated (mean
age: 44.6 years old) MDD patients independently of the antide-
pressant therapy, in comparison with the control group.

Studies have also suggested that PERG measurements might
predict the state of the disease. Conseguently, they might constitute
a valuable help for the monitoring of the disease evolution and
might serve for the modulation of the treatment according to the
disease severity. For example, it was sugeested that PERG re-
cordings abnormalities may be used as a state marker of MDD (Bubl
et al, 2012}, In fact, by reassessing the PERG of 14 of the previously
enrolled MDD patients and the 40 control subjects, Bubl o al.
(2012 reported that the decreased contrast gain of MDD patients
at baseline normalizes with remission of the disease and becomes
significantly different from the contrast gain of the non-remitted

group. Importantly, the contrast gain was similar between the
non-remitted {n = 4} and the remitted patients (n = 10) at baseline
and no correlation was reported between the duration of therapy
and the contrast gain. This result was observed although the mean
age of the groups was somewhat different (40.4, 48.8 and 43.3 years
old in the remitted, non-remitted and control group, respectively),
but no statistical analysis was provided to completely exclude an
effect of age. In addition, the decrease in retinal contrast gain in
MDD patients was recently correlated with a reduction of the visual
evoked potential amplitude, which pleads for a correlation be-
tween retinal and cortical function (Bubl et al. 2005). Although
these results are promising, the mechanisms of contrast gain con-
trol in MDD patients need further investigations to establish the
link between retinal and cortical function.

3.3, Studies reporting EOG anomalies in MDD patients

The EOG has also shown differences between MDD patients and
controls subjects. A study demonstrated that depressed patients
have a lower standing potential compared to the control group in
response to darkness, but not to light (Segzie ef al, 1991)L A
decrease in both dark trough and light peak values was also re-
ported in patients with MDD in comparison with healthy controls
{Fountoulakis et al., 2005), However, in both of these studies, the
Arden ratios —the ratios between the light and dark potentials-
were found to be similar between the groups. A limit of these
studies is the large age range of both patients and controls groups
{25=77 years old in the former and 20—-60 years old in the latter).
Noteworthy, no difference was found between antidepressant-
naive (mean age: 38.2 years old) and accustomed depressed pa-
tients (mean age: 43,7 years old) (Fountoulakis et al, 2013). In
addition, by using EOG, a study reported the presence of a corre-
lation between electrophysiological abnormalities and the psy-
chometric assessments. as well as the individual symptoms
(Fountoulakis et al, 2005}, Overall, these findings suggest that
some aspects of the pathophysiology of MDD may be reflected at
the level of the retinal pigment epithelium.

4. Discussion
4.1. Ssummary of the findings

The assessment of the retinal function in MDD is currently a
young emerging field and the number of studies investigating this
topic remains small. However, aceording to the literature herein
highlighted using the [ERG, the PERG and the EOQG, it 15 suggested
that the retinal physiology 15 affected in MDD, The main retinal
abnormalities are summarized in Table 1, Since each one of these
techmiques evaluates the physiology of different retinal cell types,
the reported changes in MDD patients compared to healthy con-
trols might provide information on the pathophysiology of MDIL In
the following, we discuss about the applicability of these tech-
nigues in the context of psychiatry research and clinical setting.

First. fERG assessment with single flash stimulation may not
represent a valuable method to differentiate MDD patients and
control subjects, since no abnormalities have been reported be-
oween these groups (Fountoulakis et al., 2004; Fornaro et al, 2011;
Fam et al, 2013). However, fERG recordings may be used as a tool to
muonitor drug response in MDD patients and distinguish pharma-
cotherapy responders and non-responders, as well as to explore the
biological abnormalities underlying clinical features, especially in
the field of monoamine neurotransmission (Fornaro et al, 2011).
The fact that the b-wave amplitude, as measured with the fERG, is
altered differentially by pharmacotherapy in responders and non-
responders MDD patients suggests that the bipolar-Miiller cells
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Table 1
Main retinal anomalies detected with electrophysislogical measurements in patients waith major depressive disorders (MDD
Retinal measurements Type of recardings Anomalies observed in MDD patients Relerences
Flash electrorstinogram {FERG} Rod and rod-cone response Ko anomaly was abserved
Rad response Lovever b-wiave amplifude in patients responding to Duloxeting

Cone respomns:e

Cane response

Cane response

Contrase gain

Contrast gain

Cantrast gain

Cantrast gain

Dark condition

Dhark condition

Light comdition

Dark and light conditkon
Dark and light condition

Pactern electroretinogram (PERG)

Electrooculogram |EOG)

Pradonged b-wave Latency in panents having thought of death

Larger b-wave latency in patients with mefancholic anhedonia
Mo anomaly was detected

Ko anomaly was found

Reduction af contrast gain

Kormalization of contrast gain in remitted patient

Carrelation between visual evoked potentials and contrast gain
Lowwer standing potential

Decrease in dark trough

Decreade in [ight peak

Mo anomaly was reported

Ko difference between antidepressant-naive and acoustomed

Fam et al. (2013)
Hohl et al, (2000
Huhl et al, (2013)

Fountoulakis el al
Fountoulakis er al

complex is sensitive to the changes in molecular neurotransmission
following drug admimistration, In addition, the observation that
patients responding to duloxetine have higher rod b-wave ampli-
tude hefore starting the pharmacotherapy suggests that this
parameter is modulated by a preexistent physiological condition in
these patients. which can predict the treatment response. This
knowledge might be useful since most of the psychiatric drugs are
not controlled with plasma medication levels, which do not sys-
tematically give an indication of the individual responsiveness of
the treatment.

Interestingly, the fERG has already been shown to be of interest
in another depressive illness, which is the seasonal affective dis-
order. This disorder is characterized by the presence of recurrent
depressive episodes with atypical symptoms in fall and winter and
a complete remission during spring and summer. Seasonal affective
disorder patients also generally show a good response to bright
light therapy (Rosenthal et al, 19841 A luminance response func-
tion curve has been used to investigate the retinal sensitivity in
patients with seasonal affective disorder, which is obtained by
stimulating the retina with flashes at increasing intensities. Studies
reported that seasonal affective disorder patients had a decrease in
rod retinal sensitivity —as measured with a shift in the luminance
response function curve-, a decrease in cone b-wave amplitude and
an increase in cone b-wave implicit time (Hebert et al,, 2002, 2004;
Lavaie et al., 2009} These [ERG abnormalities were present during
the depressive state and were normalized during the remission
state or following a 4-week bright light therapy treatment (Lavaie
et al, 2009) These observations suggest that fERG abnormalities
in seasonal affective disorder patients may be vseful to differentiate
the state of the disease, predict treatment effectiveness and
consequently adapt the patient’s follow-up,

Second, assessing the PERG retinal contrast gain may be maore
useful than the fERG to differentiate MDD patients and controls
subjects, In fact, as previously stated, a decrease in PERG retinal
contrast gain has been reported in MDD patients, independently of
the antidepressant pharmacotherapy (2010, 2012, 2015). Of inter-
est, this measure normalizes with remission (Bubl er al., 2012}
However, a study failed to describe any difference between MDD
patients [mean age: 44.5 years old) and healthy controls (mean age:
43.7 years old) when measuring this parameter (Fam et al, 2003).
The authors of this study attributed this discrepancy with the
previous reporls to potential seasonal variation in Bubl's er al
studies since MDD patienis with seasonal patterns were not
explicitly excluded, Further investigations are needed in different
MDD cohorts to validate the presence of deficits in retinal contrast
gain in these patients, It would also be worthwhile to study the
retinal contrase gain of patients with seasonal affective disorder ar
bipolar disorder in comparison with healthy controls to investigate

whether this parameter is characteristic of the depressive state and
can represent a marker for this state,

Third, some parameters of the EOG assessments differ between
MO0 patients and healthy controls and are correlated with indi-
vidual features of MDD (Segmie et al., 1991; Fountoulakis et al,
2003), These results might appear consistent with the use of EOG
to differentiate patients and healthy controls. However, several
correlations between MDD's features and EOGC parameters are
derived from one eye and are not replicated with the other eye,
guestioning their degree of validity and reliability (Fountoulakis
et al, 2005) They should be replicated to conclude on the rele-
vance of using EOG in MDD investizations. The potential interest of
EOG in other mood disorders is supported by some studies,
although the findings are somewhat mixed. As an example, an early
stuy revealed that manic patients present a higher EOG ratio than
healthy controls {Economou and Stefanis, 1979), Another study
demonstrated that EOG ratios are significantly lower in patients
with seazonal affective disorder than controls (Lam et al., 1997), but
only a trend toward significance was reported in a following study
attempting to replicate this result {Ozak: et al,, 1993}, Moreowver, it
was reported that light therapy does not change the EOG ratio, even
when it is clinically effective (Ozaki et al, 1993 It was then sug-
gested that a lower EOG ratio cannot serve as a biomarker for
seasonal affective disorder, but it may constitute an interesting
indirect way, complementary with other retinal electrophysiolog-
ical measurements, o approach the mechanisms of this disorder
[Lam et al., 1991

Part of retinal electrophysiological studies in MDD patients
showed several links between chimical features and electrophysio-
logical parameters (Segaie ef al. 1991 ; Fountoulales et al, 2005), As
stated, these results appear surprising and they therefore should be
viewed cautiously, However, according to the current knowledge
reported in the literature, one explanation may he the patential link
between clinical symptoms and neurotransmitters activities that
might also be expressed through retinal response. Furthermore,
considering that retinal function anomalies were observed in MDD
patients, it is legitimate to explore the potential consequences of
these lower-level retinal deficits on higher-level vision and espe-
cially on the difficulties experienced by MDD patients in daily life
activities. The current state of the literature indicates thar patients
with social and physical anhedonia, a symptom found in MDD,
experienced less pleasure than controls in response to sensory and
social positive pictures with changing levels of luminance contrast
(Rey et al, 20000 It would be interesting to demonstrate whether
the retinal dysfunctions detected in MDD patients are implicated in
the deficits observed in such visual tasks, and whether the deficits
ohserved in patients with anhedonia are generalized to all patients
with retinal electrophysiological abnormalities.
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4.2, The monoamine deficiency hypothesis as a potential
mechanism of the retinal electrophysiological abnormalities in MDD

All af the results reported in this review are based on clinical
ohservations. However, the molecular mechanisms underlying the
retinal electrophysiological abnormalities observed in patients
with MDD have been scarcely explored. Even though the results
relating retina responses and clinical symptoms may appear as
being surprising, there are potential hypotheses to explain these
relationships. As previously stated, according to the current liter-
ature, one may hypothesize that these retinal electrophysiological
abnormalities reflect systemic monoaminergic neurotransmission
deficiencies. This statement may serve as a starting point to
investigate the molecular underpinnings of the observations out-
lined in this review and eventually provide a better understanding
of the pathophysiology of depressive disorders.

Given several similarities between the reting and the rest of the
brain, assessing the primary retinal stages of visual processing may
provide an indirect measure to approach brain functioning and may
represent a valuable model to study the central nervous system
neurotransmission, The retina is anatomically and developmentally
an extension of the central nervous system, and the retina and the
brain are connected by the optic nerve, which is formed by the
axons of the ganglion cells (Hoon et al, 2014). The retina and the
brain display several similar properties. Indeed. neurctransmitters
such as dopamine (Witkovsky, 2004; Eeis et al. 2007), serotonin
(Gastinger et al, 2006}, glutamate, GABA and glycine (Wu and
Maple, 1998: Betz and Laube, 2006: de Souza et al. 2013) are
expressed in both the brain and the retina. Additionally, previous
and current evidence suggests that retinal processing is a good
candidale to explore brain neursfransmission. In fact, retinal elec-
traphysiological measurements —[ERG, PERG and EDG-are sensitive
to administration of pharmacological agents acting on the central
nervous system neurotransmission, especially of those acting on
serotoninergic and dopaminergic systems (Forciatti et al, 1989;
Rudolf and Wioland, 1990; Schneider and Zrenner, 1991; Meppe
et al., 1998). Finally, the retinal function is known to be affected
in other psychiatric, substance use and neurological disorders
involving neurotransmission dysfunctions (Lavoie et al, 2014b;
Schwitzer et al,, 2015; Laprevote et al., 2015; Garcia-Martin et al,
2014).

According to the moncamine deficiency hypothesis. MDD
pathophysiclogy may arise from a deficit in the neurotransmission
of serotonin, norepinephrine and dopamine ([Thase, 2007
Belmaker and Agam, 2008; aan het Rot et al., 200%; Hamon and
Blier, 2013, Fricdman, 2014}, Although this is a simple view of the
pathophysiology of MDD, past and current development of phar-
macotherapy was based on this monoamine neurotransmission
deficiency theory, Of interest, norepinephrine is present in limited
amounts in the retina ( Osborpe, 195 1), but dopamine and serotonin
are expressed in the retina and play major physiological roles
(Witkovsky, 2004: Gastinger et al,, 2008).

Dopamine is the main catecholamine expressed in the retina
and its role in retinal physiclogy is readily described (Witkovsky,
20034; Reis et al, 2007). Previous evidence highlights the PERG
contrast gain as a good indicator of retinal depamine neurotrans-
mission. In fact, it was demonstrated that retinal dopaminergic
amacrine cells play a major role in the retinal contrast gain
{Dpamgoz el al, 1997). Also, a number of previous papers reported
altered contrast gain, as measured with the PERG, in Parkinson's
disease, which 15 another brain disorder involving dopaminergic
dysfunctions (Bodis-Woliner et al., 1987; Tebartz van Elst et al,
1987; Langheinrich et al, 2000). Since a role of dopamine defi-
ciency in MDD pathophysiology has been suggested, abnormalities
in the retinal contrast gain observed in MDD patients may be linked

o dopaminergic neurotransmission dysfunctions, but this hy-
pothesis need to be tested.

Serotonin 15 another chemical messenger detected in the
mammalian retina and implicated in retinal physiology (Gastinger
et al, 20046), This monoamine is targeted by a broad range of an-
tidepressants, such as duloxetine, which is a drug mediating the
serotoninergic and noradrenergic neurotransmission. As reparted
in thizs review, duloxetine administration to MDD patients led to the
remission of the depressive symptoms, which was associated with
a decrease in rod b-wave amplitude (Fornarc et al, 20011]. Singe
serotonin receptors are detected in retinal bipolar cells {Castinger
et al, 20045), it may be possible that the stimulation of the seroto-
ninergic pathway can impact the fERG measurements and be at the
origin of the fERG phenotypes observed in duloxetine-responders
MDD patients. Moreover, a previous report correlated a decrease
in serofonin neurotransmission to suicidal behavior (Arango et al.,
2003) Interestingly, it was demonstrated that patients with
depressive symptoms have prolonged photopic b-wave implicit
time (Fountoulakis et al, 2005) A recent report showed that
tryptophan hydroxylase 2 knockin (Tph2-K1) mice. that have a
decrease of 80% in brain serotonin, have an increase in fERG
photopic b-wave implicit time {Lavaie et al., 2014a). Consequently,
we suggest that dysfunctions in brain serotonin neurotransmission
found in MDD or following the administration of drugs acting on
the serctoninergic system may be at the origin of some of the fERG
observations highlighted in this review, but this hypothesis needs
further investigation.

In the future, physiological studies about the molecular mech-
anisms underlying the fERG, PERG and EOG abnormalities in MDD
patients are strongly warranted. Moreover, we should not under-
estimate the need to extend this investigation in other mood dis-
orders, such as seasonal affective disorder and bipolar disorder,
Translational studies using animal models and anti-depressive
drugs administration will undoubtedly help in the understanding
of the pathophysiology of depressive disorders and unravel the
maolecular and cellular pathways at the origin of the retinal function
abnormalities highlighted in this review,

4.3. Technical considerations

Although promising, the use of fERG, PERG and EOGC techniques
requires rule-following and standardized protocols. When assess-
ing retinal electrophysiological recordings, several aspects must
indeed be taken Into consideration in order to obtain reproducible
and accurate data. One of them is the effect of medication. Since the
pharmacotherapy used in MDD is involved in the modulation of
ionic transports and neurotransmission, we can outline their po-
tential effects on the electrophysiclogical recordings outcomes.
However, using the current literature alone, it is difficult to reach a
consensus ahout the effect of the numerous psychiatric drugs on
the retinal electrophysiological measurements since the studies
were performed on different animal species using different doses
and different drugs {Lavoie et al, 2014h), As an example. it was
demonstrated that the mood stabilizer lithium decreases the Arden
ratio of the EOG, which normalizes with the cessation of the
treatmnent (Emrich et al, 1984). Mevertheless, a recent finding
revealed that lithium increases the rod b-wave amplitude at Vmax
and decreases the rod b-wave implicit time in mice (Lavoie et al,,
2015). Moreover, we should not underestimate that a combina-
tion of several drugs wsually constitutes the pharmacotherapy of
psychiatric patients. Since some of the drugs are known to modu-
late retinal function, their effect on electrophysiological recordings
must be taken into consideration in the analysis and interpretation
of the results,

Another aspect that should be considered cautiously is the
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deviation from the standards of the International Society for
Clinical Electrophysiology of Vision (ISCEV) in the protocols used
for retinal function assessments, 1SCEV standards are regularly
actualized lor each ane of the techniques described in this review
(Marmar et al, 2011; Hood et al, 2012; Bach et al, 2013;
MeCulloch et al,, 2015), Concerning the fERG, studies reported in
this review do not systematically assess the rod and cone systems,
Studying hoth light- and dark-adapted fERG is actually critical
since it provides insights on beth systems that are associated with
their own physiology and functioning. Moreover, the use of
corneal electrodes together with dilated pupils is important to get
reproducible recordings with larger amplitudes of the waves
{McCulloch et al., 2015). These criteria recommended by the ISCEV
were nol systematically used in the studies reported in this re-
view. Since electrophysiological measurements can be affected by
inter-individual vardations, it is crucial to use standardized pro-
tocols to ensure more reliable results and allow comparison be-
tween studies, Siomlarly, there 15 a need for replications of
previous studies to provide a clearer picture of the electrophysi-
ological dysfunctions found in the retina of patients with MDD
Additionally. since no study performing mfERG in patients with
MDD has been published yet, exploring the spatial properties af
the retinal cone function (Holder et al. 2010} in MDD patients
could be worthwhile.

An accurate matching between the patients and healthy
controls is also crucial. In fact, as previously discussed (Lavoie
et al, 20141}, the age, the gender and the race of the subjects
can affect the retinal function assessments. Moreaver, it is
important to reach sample sizes that are representative of the
general population. Studies with low sample size need to be
replicated in order to validate the cbservations previously re-
ported. With all these technical considerations being taken into
account, we believe that objective retinal electrophysiological
measurement studies may lead to reliable observations and may
further be used as tools to investigate the pathophysiology of
M,

Fimally. to this date, it is unfortunately impossible to compare
the fERG abnormalities between MDD and seasonal affective dis-
order patients because of the different approaches and protocols
used to investigate these pathologies. Noteworthy, photopic fERG in
bipolar disorder has also been investigated using a single flash
stimulation and no significant difference was reported in compar-
ison with healthy matched controls (Balozh er al, 2008). A study
investigating the dynamic of the fERG response using a luminance
response funchion would be worthwhile in order to determine if the
retinal sensitivity of patients with MDD and bipolar disorder is also
affected during the depressive state and thus be used as 3 general
state biomarker for depression. Moreover, studies investigating the
drug effect of other types of antidepressant drugs on the fERG are
strongly warranted to validate the use of this technique as a tool to
moniter drug response.

5. Conclusion

Studying the retinal electrophysiological abnormalities in pa-
tients with MDD represents a young emerging field in psychiatric
research. Despite the small number of investigations published on
this topic, we think that the findings highlighted in the current
literature are promising and we believe that objective retinal
electrophysiological measurements represent relevant tools (o
investigate the pathophysiology of MDD. As outlined in this review,
it is important to take advantage of each ome of the different
rechmiques, since they assess specific types of cells and give
different information on the pathophysiology of MDD, Nonetheless,
there is a need to adjust the study design according to the desired

outconie. For example, in a context where the goal of the study is to
investigate the response (0 a new anti-depressive drug in MDD
patients, using (ERG recordings may serve to predict and monitor
drug response, while assessing the retinal contrast gain with the
PERG may be used to predict the state of the disease. Importantly, it
is crucial to combine several of these technigues to get a clear
picture of the retinal function phenotypes observed in MDD since
they are mon-invasive, costless and relatively easy to perform.
Consequently, there is an urgent need for replication studies with
larger sample sizes together with studies investigating the molec-
ular underpinnings of the retinal electrophysiological abnormal-
ities reported in MDD patients.
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3. CONCLUSION ET PERSPECTIVES

3.1 Résumé des resultats

Le développement de marqueurs biologiques est un domaine émergent de la recherche
en psychiatrie. En complément de I’entretien clinique qui reste un moment privilégié de la
relation thérapeutique et essentiel dans le processus de soins, les marqueurs biologiques
pourraient représenter des outils précieux, objectifs et mesurables, pour le clinicien comme
aide au diagnostic et pour orienter et évaluer les stratégies thérapeutiques. Dans ces
perspectives, la fonction visuelle est une porte d’entrée accessible du cerveau et facilement
mesurable qui pourrait également permettre d’étudier la pathogenese des maladies mentales
(14,20,47). Le premier relai dans le traitement de I’information visuelle qui permet au sujet de
voir I’environnement qui I’entoure est la rétine. En dépit de 1’originalité de cette démarche et
bien qu’il soit délicat de corréler des anomalies de la fonction rétinienne a des maladies
complexes comme les maladies mentales, un certain nombre d’études ont déja essay¢ de le

faire et semblent montrer des résultats prometteurs (33,34).

Parmi les maladies mentales, le trouble dépressif majeur est une maladie complexe et
hétérogene a I’origine d’un handicap important chez les patients. Les marqueurs biologiques
pourraient de ce fait se révéler €tre utiles dans la pratique clinique. Il existe a ce jour, un
nombre limité d’études de la fonction rétinienne chez les patients souffrant d’un trouble
dépressif majeur mais les résultats existants montrent des anomalies électrophysiologiques
rétiniennes objectivées avec I’ERG flash, ’ERG pattern et ’EOG chez ces patients (33). A la
lecture des résultats, ces examens sont complémentaires pour explorer la physiopathologie de
la maladie et chacun d’eux pourrait avoir une utilité propre pour la pratique clinique. Par

exemple, ils pourraient servir d’aide au diagnostic, fournir des informations relatives au stade
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clinique de la pathologie et a sa sévérité, ou bien encore prédire la réponse au traitement (33).
Ces mesures ¢électrophysiologiques présentent plusieurs avantages qui font qu’elles pourraient
représenter des marqueurs biologiques adaptés a la pratique clinique. En effet, ces mesures

sont fiables, reproductibles, non-invasives, relativement simples, faciles a utiliser et peu

couteuses.

3.2 Limites de la littérature actuelle

Il existe un certain nombre de limites a la littérature actuelle rendant, a ce jour,
impossible d’envisager les mesures ¢lectrophysiologiques rétiniennes comme marqueurs
biologiques dans le trouble dépressif majeur. Les €tudes actuelles ont été réalisées sur un
nombre limité de sujets et sont donc non représentatives de la population générale, non
applicables au niveau individuel ni en pratique courante. Ces études restent encore isolées et

les protocoles utilisés sont variables d’une étude a I’autre.

Comme un grand nombre d’autres candidats qui sont au stade de la découverte, ces
mesures doivent étre répliquées dans des cohortes de grandes tailles, longitudinales, réalisées
dans des conditions de vie réelle afin d’étre davantage représentatives de la population
générale (10). Des protocoles standardisés pouvant étre répliqués doivent é&tre utilisés,
permettant ainsi de diminuer la variabilité des résultats et d’assurer leur reproductibilité et leur
validité. Afin de prendre en compte les variations individuelles et le pourcentage d’erreurs lié
au marqueur, il est indispensable d’y associer des valeurs normatives. Le rapport cott-
efficacité doit également étre apprécié et des calculs statistiques de sensitivité, spécificité,
valeur prédictive positive et négative sont indispensables pour définir la pertinence de ces
marqueurs potentiels. Il semble aujourd’hui qu’une simple mesure est insuffisante pour

satisfaire a elle seule toutes les caractéristiques d’un marqueur clinique pertinent et valide.
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Des stratégies multimodales semblent plus adaptées et prometteuses qu’une simple mesure car
elles intégrent des techniques complémentaires. Les mesures ¢Electrophysiologiques
rétiniennes pourraient par exemple étre associées a des potentiels évoqués visuels mesurés
isolément ou pendant des taches de perception visuelle pour évaluer un éventuel déficit
cérébral du traitement de I’information, a des mesures génétiques pour différencier la part des
composantes génétique et épigénétique et a des mesures de neuro-imagerie pour dépister
d’éventuelles modifications anatomiques sous-jacentes. Elles permettraient ainsi d’avoir une
idée plus claire de la pathogénése du trouble dépressif majeur. Toutes ces mesures doivent
étre évaluées simultanément sur une période de temps suffisamment longue. Enfin, certaines
variations étant spécifiques de la fonction visuelle, il est également crucial de pouvoir les
considérer. Par exemple, il est reconnu que la réponse rétinienne obtenue avec les
explorations ¢électrophysiologiques décroit avec I’age (48). Il pourrait donc étre pertinent de
cibler une population de patients plus jeunes qui présente une fonction rétinienne préservée et

ainsi limiter I’influence de 1’age sur les mesures.

3.3 Perspectives des mesures électrophysiologiques rétiniennes en santé mentale

Ces anomalies détectées chez les patients souffrant d’un trouble dépressif majeur sont
retrouvées au niveau de la rétine, le stade le plus précoce du traitement de I’information
visuelle. Par conséquent, d’autres études sont nécessaires pour vérifier si ces anomalies
persistent aux stades supérieurs et plus intégrés, le thalamus et le cortex visuel. Cela
permettrait d’appréhender si ces anomalies sont corrigées et éventuellement comment elles le
sont. Devant ces hypotheses, des mesures de potentiels évoqués visuels, simultanées aux

mesures rétiniennes pourraient se révéler utiles. Bien que le cerveau soit le stade le plus
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intégré des voies visuelles, le traitement de I’information qu’il réalise et qui permet au sujet
de percevoir son environnement, va dépendre des informations recues des stades antérieurs
dont le stade rétinien. De ce fait, il pourrait étre légitime de s’interroger si les anomalies
percues au niveau rétinien peuvent avoir d’éventuelles conséquences fonctionnelles et
d’évaluer leur éventuel impact sur les activités de la vie quotidienne. Enfin, en considérant
que certains symptomes présents dans le trouble dépressif majeur sont corrélés a des
anomalies électrophysiologiques spécifiques au niveau rétinien, il pourrait étre pertinent de
pratiquer ces examens chez des patients souffrant d’autres maladies mentales afin de savoir si
ces anomalies sont spécifiques au trouble dépressif majeur ou caractéristiques d’un symptome
précis pouvant étre retrouvé dans d’autres entités nosographiques. Ces informations
permettraient d’avoir une idée plus claire de la sensibilité et de la spécificité de ces techniques

comme marqueurs biologiques pouvant étre utiles dans la pratique clinique.

Certaines de ces explorations ¢lectrophysiologiques rétiniennes ont déja été étudiées
dans d’autres pathologies mentales comme par exemple la dépression saisonnicre, la
schizophrénie, le trouble bipolaire ou encore les troubles du spectre autistique (34). Comme
pour le trouble dépressif majeur, ces études ont été réalisées sur de petits échantillons,
méritant d’€tre répliquées sur des populations plus grandes en utilisant des protocoles

standardisés pour assurer la reproductibilité des résultats.

Paralléelement aux données présentes dans la dépression, 1’é¢tude de la fonction
rétinienne dans la schizophrénie bénéficie actuellement d’un intérét croissant (47,49-51). La
schizophrénie est également une pathologie mentale fréquente, puisqu’elle touche environ
0.5% a 1% de la population générale, et complexe qui nécessite une prise en charge spécifique
et adaptée a chaque patient (52). L’installation de cette maladie mentale résulte de facteurs
génétiques, environnementaux et neurobiologiques dont certains mécanismes auraient pour
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conséquence un dysfonctionnement des systémes de neurotransmission cérébrale, notamment
la voie de signalisation dopaminergique. Elle touche principalement les personnes agées de 18
a 35 ans, dont certaines pourraient développer avant le début de la maladie un certain nombre
de signes précurseurs appelés prodromes (52). Ces prodromes pourraient étre dépistés avant le
début de I’installation de la maladie et leur identification pourrait conduire a une prise en
charge précoce et adaptée, permettant peut-étre d’éviter le développement de la maladie chez
certains patients. Une étude réalisée en 2008 sur 26 patients souffrant de schizophrénie a
montré que ces patients présentaient une diminution de I’onde a de ’ERG flash en condition
photopique (marqueur du fonctionnement des cones) au stade aigu de la maladie par rapport
aux sujets sains (50). Cette anomalie a été corrélée négativement avec les symptomes positifs
de la maladie et ne serait plus détectable apres une période de traitement et de suivi adaptés.
Ces résultats montrent que cette anomalie pourrait étre spécifique de la maladie, varier selon
les symptomes positifs et disparaitre avec une prise en charge thérapeutique adaptée. Ces
anomalies de I’onde a de I’ERG flash ont été retrouvées dans une étude récente réalisée chez
105 patients souffrant de schizophrénie en comparaison a 150 sujets sains (51). Dans cette
nouvelle étude sur un échantillon de patients plus importants, d’autres anomalies ont €té mises
en évidence, comme par exemple une diminution de I’amplitude et une augmentation de la

latence de ’onde b de ’ERG flash réalisé en condition photopique.

A la lecture de ces résultats et en considérant le fonctionnement de la rétine, ’ERG
pattern, qui n’a a ce jour pas été évalué dans la schizophrénie, pourrait représenter une mesure
complémentaire, pertinente et sensible, pour améliorer la compréhension de la
physiopathologie de la maladie. L’ERG flash et ’ERG pattern sont des mesures
complémentaires qui évaluent des stades rétiniens différents et apportent donc des

informations différentes sur la physiopathologie. L’ERG flash évalue principalement le bio-
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potentiel électrique évoqué par les premiers stades du traitement de I’information rétinienne,
les photorécepteurs et les cellules bipolaires. L’ERG pattern renseigne sur le fonctionnement
des cellules ganglionnaires, dernier stade rétinien avant que 1’information visuelle ne soit
transmise au thalamus et au cortex visuel par le nerf optique (21). L’ERG pattern utilise la
présentation d’un renversement de damiers noirs et blancs réalisant ainsi un changement de
niveaux de contraste dont est particulierement sensible l'organisation ON-OFF des champs
récepteurs des cellules ganglionnaires. Le signal électrique transmis aux cellules
ganglionnaires provient donc des cellules photoréceptrices et des cellules bipolaires et est
sous l'influence des cellules amacrines et des cellules horizontales. Le signal émis au niveau
des cellules ganglionnaires résulte donc de l'intégration des signaux émis par les niveaux
antérieurs de la rétine. Il est donc plus intégré a ce stade qu’au niveau des photorécepteurs et
des cellules bipolaires. De plus, il semble que ’ERG pattern apparait étre un bon examen pour
¢tudier la transmission dopaminergique, qui est altérée dans la schizophrénie (53,54). Les
changements de niveaux de contraste des damiers noirs et blancs durant I’examen induiraient
une réponse largement influencée par les cellules dopaminergiques amacrines rétiniennes
(55). Enfin, des anomalies de I’ERG pattern ont été retrouvées dans la maladie de Parkinson
qui est une pathologie dopaminergique (56). Ces altérations apparaissent de bons marqueurs
biologiques dans la maladie de Parkinson puisqu’elles peuvent prédire la qualité de vie et la

sévérité de la maladie (56).

Un des facteurs de risque de la schizophrénie est constitué par les consommations de
cannabis qui pourraient dans une sous-population spécifique augmenter le risque de
développer la maladie (57). Les consommations importantes de cannabis et la dépendance au

cannabis s’inscrivent dans le domaine des pathologies addictives. Ces pathologies résultent en
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partie d’anomalies du circuit de la récompense qui implique la transmission dopaminergique,
dont certaines mesures rétiniennes, notamment le pattern ERG, paraissent sensibles. Il
apparait également que le cannabis, substance neurotoxique, agit sur d’autres systémes de
neurotransmission comme la neurotransmission glutamatergique (57). Le glutamate est
¢galement un neurotransmetteur présent dans la rétine et jouant un role important dans la
transmission verticale du signal rétinien (30,32,58). Les principales cellules rétiniennes, les
cones, les batonnets, les cellules bipolaires et les cellules ganglionnaires expriment des
récepteurs au glutamate et sont impliqués dans des mécanismes de régulation synaptique des
concentrations de glutamate présent dans la rétine (30,32,58). Des mesures rétiniennes
électrophysiologiques comme I’ERG flash et ’ERG pattern pourraient s’avérer des mesures

indirectes pertinentes servant a évaluer la neurotoxicité du cannabis (35).

Toutes ces mesures du fonctionnement du systéme visuel, de la rétine (ERG flash,
pattern, multifocal) au cortex visuel (potentiels évoqués visuels), simultanées ou non,
s’inscrivent dans les perspectives de développement de marqueurs biologiques pertinents qui,
en offrant un accés indirect au cerveau, peuvent permettre d’améliorer la compréhension des
mécanismes cérébraux impliqués dans les maladies mentales, de représenter un jour une aide
potentielle au diagnostic de ces troubles et ainsi de personnaliser les soins proposés aux

patients.

Malgré la recherche pour le développement de marqueurs biologiques en psychiatrie,
cette discipline s’appuie avant tout sur un examen clinique dont vont étre issues les
orientations diagnostiques et thérapeutiques. Cet examen clinique a également pour vertu de
poser avec le patient les fondements d’une relation thérapeutique de bonne qualité qui

favorisera ensuite 1’alliance et 1’observance thérapeutiques, décisives dans I’efficacité¢ des
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soins. Dans ce contexte, les marqueurs biologiques représenteraient simplement une aide
diagnostique et/ou thérapeutique éventuellement disponible pour le clinicien quand celui-ci en

exprimerait le besoin, en complément de 1’examen clinique qui reste irremplagable.
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Abstract

Cannabis is one of the mast prevalent drugs used worldwide, Regular cannabis use is associated
with impairments in highly integrative cognitive functions such as memory, attention and
executive functions. To date, the cerebral mechanisms of these deficits are still poorly
understood, Studying the processing of visual information may offer an innovative and relevant
approach to evaluate the cerebral impact of exogenous cannabinoids on the human brain.
Furthermore, this knowledge is required to understand the impact of cannabis intake in
averyday life, and especially in car drivers. Here we review the role of the endocannabinoids in
the functioning of the visual system and the patential involvement of cannabis use in visual
dysfunctions. This review describes the presence of the endocannabinoids in the critical stages
of visual information processing, and their role in the modulation of visual neurctransmission
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and visual synaptic plasticity, thereby enabling them to alter the transmission of the visual
signal. We also review several induced visual changes, together with experimental dysfunctions
reported in cannabis users. In the discussion, we consider these results in relation to the
existing literature. We argue for more involvement of public health research in the study of
visual function in cannabis wusers, especially because cannabis use is implicated in driving

impairments.

£ 2014 Elsevier B.W. and ECHP All rights reserved.

1. Introduction

Cannabis use is very widespread in industrialized countries.
In the United States, the lifetime prevalence of cannabis
use Is estimated at 42%, and the prevalence in the year
preceding the interview at 21.5% (Degenhardt et al., 2008).
In the European Union, some 75.5 million people aged 15-64
years old report having already smoked cannabis at least
ance in their lives, and 23 million Europeans used cannabis
in the year preceding interview [(European Manitoring
Centre for Drugs and Drug Addiction, and Publications
Office of the European Union, 2010). Regular cannabis use
may have long-term health consequences. Part of these
effects is comparable to that of tobacco, especially when
smoked without a filter, such as bronchopulmenary cancers
(Mehra et al., 2006), chronic respiratory diseases (Tetrault
et al., 2007), arteritis (Sauvanier et al., 2002) and repro-
ductive disorders (Holt et al,, 2003; Vescovi et al., 1992).
However, other outcomes are more directly linked to
cannabis itself, such as psychiatric and coenitive effects.
For example, higher risk of developing schizophrenia is
correlated with canmabis use (Casadic et al., 2011; Moore
et al,, 2007). In a recent cohort study, 20 years of regular
cannabis use was found to result in a significant intelligence
quotient (IQ) decrease and major impairment in executive
functions and processing speed (Meier et al., 2012
More specifically, the best-documented cognitive impair-
ments due to regular cannabis use involve executive func-
tions (Bolla et al., 2002; Pattij et al., 2008; Verdejo-Garcia
et al., 2006), memory (Bolla et al., 200%; Solowij and
Battisti, 2008), and attention (Solowij et al., 1995). Study-
ing the impact of cannabis use on these cognitive functions
is particularly relevant from a clinical point of view,
However, the precise neural mechanisms underlying impair-
ments due to cannabis use, in particular those in cognitive
functions critical for car driving, are still being debated.
Consequently, modeling the effects of exogenous cannabi-
noids on the human brain on this basis is problematic
because these high-level cognitive functions are tightly
integrated and involve many brain areas (Aggleton, 1014;
Funahashi and Andreau, 2013; Somers and Sheremata,
2013).

Low-level vision may therefore be a good candidate for
conceptualizing the neural impact of regular cannabis use for
several reasons. Despite the evolution of mammals, the visual
function displays good preservation of functional and anatomi-
cal characteristics across species (Yoon et al., 2013), thus
allowing the translation of findings between animals and
humans. A broad range of techmigues - electrophysiological,
imaging and pharmacological - can be used alone or coupled to

each other to study anatomical details and physiological or
malecular mechanisms of the visual system (Disney et al., 2007;
Katzner et al., 2011). For example, pharmacological modula-
tion of gabaergic and glutamatergic receptors by the adminis-
tration of agonists or antagonists may be useful techniques. In
the humnan being, studying the earliest stages of visual proces.
sing, for example at the retina level, has the advantage of
being less sensitive to attentional variation during experimental
measurements, thus eliminating the bias of nonspecific
eeneralized attentional deficit, which is difficult to control
{Knight and Silverstein, 2001). Besides this fundamental ques-
tion, and considering that the visual function seems to be
alterad in cannabis users, it s now crucial to obtain more
insight on how cannabis use may change visual perception,
especially given the pervasive role of vision in human everyday
life. For example, cannabis users drive, and so we need to know
whether or mot regular intake of cannabis affects the visual
ability of drivers.

This review looks at the involvement of the endocanna-
binoid system in visual processing, and whether exogenous
cannabinoids may affect visual function. We review human
and animal studies that have examined the distribution of
cannabinoid receptors and ligands, together with those that
have investigated the involvement of the cannabinoid
system in neurotransmission and synaptic plasticity of visual
information processing. We also review studies that have
shown visual changes and experimental visual dysfunctions
following both acute and chronic cannabis use. These
results are discussed on the basis of the existing data in
the literature. Since cannabis constitutes the most preva-
lent illicit drug implicated in road fatalities, we also argue
for more invalvernent of public health research in the study
of visual function among cannabis users (Hartman and
Huestis, 2013).

2. Experimental procedures

& search for relevant articles was conducted in the Pubmed and
Google Scholar databases wsing the following keywords (“"CANNA-
BIS™ OR “CAMMABINDID™ OR "MARIJUANA™ OR “THC™) AND
[“VISION" OR “VISUAL PROCESSING™ OR “WISUAL SYSTEM™ OR
"WISUAL CORTEX™ OR “RETINAL PROCESSING™ OR “RETIMA™ OR
STHALAMUS™), Al results up to February 28, 2014 were examinad
for the selection process. Relevant publications were chesen
through an individual independent selection of titles by three
authars (TS5, YL, RS). The articles selected had to be written in
English and be related to the topic of the review. Additionally, a
manual search was performed on the bibliography of each selected
article,
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3. Cannabis and the endocannabinoid system
3.1. Main psycheoactive components

The psychotropic effects of Cannabis sativa L. are mediated
by two major compounds: A9-tetrahydrocannabinel (THC)
{Gaoni and Mechoulam, 1964; Mechoulam et al., 1967) and
cannabidiol (CBD) (Mechoulam and Shvo, 1963). The con-
centration of THC contained in cannabis consumed has been
constantly increasing since the 1960s, raising the ratio of
THC to CBD (Potter et al., 2008), THC may increase the risk
of psychotic disorders in a specific high-risk population
{Bossong and Miesink, 2010), whereas recent findings sug-
gest that CBD may have antipsychotic properties (Schubart
et al., 2014).

3.2. Receptors

Cannabinoid compounds are mainly active on CB1 and CBZ
receptors (Devane et al., 1988; Herkenham et al., 1990;
Howlett et al., 1986; Matsuda et al . 1990; Munmo et al
1993). CB1 receptors are predomimantly expressed in the
mammalian central nervous system (CHS), with a higher
density in basal ganglia, hippocampus, cerebellum and cere-
bral cortices, correlated with the motor and cognitive regions
of the brain (Glass et al., 1997; Herkenham et al., 1991, 1990;
Hohmann and Herkenham, 1999 Mailleus et al., 1992;
Moldrich and Wenger, 2000; Tsou et al., 1998; Westlake
et al., 1994). CBZ receptors are mainly detected in the
peripheral and immune tissues (Berdyshey, Z000; Munro

A

Pre-synaptic element

et al., 1993; Supiura and Waku, 2000; Wilson and Nicoll,
201, but it appears that CB2 receptors also have a functional
presence in the CNS at a lower level than CB1 receptors
{Ashton et al., 2006; Gona et al., 2006; Lu et al., 2000; Onaivi
et al., 2006, 2008; Ross et al., 2001; Van Sickle, 2005).

3.3. Main endocannabinoids

In mammals, two main compounds act on endocannabinoid
receptors: N-arachidonoylethanolamine (anandamide, AEA)
and 2-arachidonoylglycerol (2-AG) (Devane et al., 1992;
Mechoutam and Hanus, 2000). Anandamide is involved post-
synaptically through CB1 and CBZ receptors as a retrograde
messenger to modulate the release of neurotransmitters
(Egertova and Elphick, 2000; Glass and Northup, 1999), and
expresses more affinity for CB1 than CBZ receptors (Felder
et al,, 1995), 2-AG acts pre-synaptically and has more affinity
for CB1 receptors (Hanus et al., 2001; Marzo et al., 2004;
Sugiura and Waku, 2000). Recent findings have shown that
2-AG is more readily detected in the brain than anandamide,
and that it exerts less affinity for CB1 receptors than
anandamide (Chevaleyre et al., 2006). In goldfish, ananda-
mide and 2-AG appear to be expressed in all brain areas, with
a higher level of anandamide in the hypathalamus and a
higher level of 2-AG in the telencephalon (Valenti et al.,
2005). In rats and humans, anandamide has been found in the
cortex, hippocampus, striatum and cerebellum (Felder et al.,
1995), correlated with higher levels of CB1 receptors, and in
the thalamus, correlated with low levels of CB1 receptors
(Edertova and Elphick, 2000; Felder et al,, 1996).

B

Figure 1 Role of the cannabinoid system in the regulation of neurotransmission in a glutamatergic synapse (A) and dysregulation
induced by exogenous cannabinoids {B). (A) The synaptic release of giutamate (Glu) results in a post-synaptic influx of calcium (Ca’~)
through MMDA receptors (NMDA). The glutamate receptor (mGlu) is then stimulated, engaging a post-synaptic synthesis of
endocannabingids. Consequently, they regulate, through cannabincid receptors CB1 (CB1), the synthesis and release of glutamate,
thus preventing an increase in post-synaptic influx of Ca®* . (B) The blockade of CB1 receptars by exogenous cannabinaids such as
THC inhibits the pre-synaptic regulation of glutamate release, leading to an excess of post-synaptic influx of Ca®*. This therefare

induces apoptosis of the cell,
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31.4. Synaptic process

CB1 receptors are detected at the level of pre-synaptic
localization in the brain neurons {Mechoulam and Parker,
2013). They play a post-synaptic regulatory role by mod-
ulating the release of neurotransmitters such as gamma-
aminobutyric acid (GABA) and glutamate (Mechoulam and
Parker, 2013; Straiker and Mackie, 2006; Wilson and Nicoll,
2001). The stimulation of a glutamatergic neuron results in
a synaptic release of glutamate, which induces a post-
synaptic influx of calcium through MMDA receptors (Bossong
and Miesink, 2010). The post-synaptic increase in the Ca**
concentration activates the process of synaptic strengthening
(Bossong and Miesink, 2010), and by stimulating the post-
synaptic metabotropic glutamate receptor mGlu engages a
post-synaptic synthesis of endocannabinoids. Through CB1
pre-synaptic receptors, endocannabinoids achieve a regula-
tory role on pre-synaptic glutamate release, which prevents
an excessive post-synaptic release of calcium (Bossong and
Miesink, 2010; Yazulla, 2008), Exogenous cannabinoids, such
as THC, prevent the pre-synaptic regulation of glutamate
release induced by endocannabinaids by blocking the canna-
binold CB1 receptor, and may lead to an excess of post-
synaptic calcium influx, thus accelerating the pruning of the
post-synaptic part of the synapse and the apoptosis of the
cell (Bossong and Miesink, 2010; Yazulla, 2008). The role of
the cannabinoid system in the synaptic process of a gluta-
matergic neuron is presented in Figure 1.

4, The endocannabinoid system and vision

Visual perception is a complex mechanism that embraces
the cognitive processes for the retrieval of information from
environmental light in order to construct a meaningful
representation of the environment. Briefly, visual processing
begins in the retina with the absorption of light by the
photopigment of the photoreceptors, thus initiating the
conversion of light into neural activity (Hoon et al., 2014).
The retina also contains amacrine and horizontal cells
acting as interneurons, and which join together bipolar
and photoreceptor cells respectively, and Miller cells,
which have a glial function (Hoon et al., 2014). The visual
information is relayed to the brain by the optic nerve
formed by the axons of the ganglion cells (Hoon et al,,
2014). The first main relay in the brain's visual pathways is
in the thalamus, where the lateral geniculate nucleus
performs differential processing of contrast, spatial distri-
bution and temporal sequence (Tootell et al., 1988). The
information is then transmitted to the occipital cortex,
especially in the primary and secondary visual cortex, which
provides knowledge about forms, movements or colors
{Livingstone and Hubel, 1988). From there, the ventral
pathway goes to the frontal lobe through the temporal
lobe, while the dorsal pathway goes to the frontal lobe
through the parietal lobe. These two pathways perform
differential processing, allowing the identification and
localization of the information, and help to form a coher-
ent, complex representation of the environment
(Livingstone and Hubel, 1988). All the areas briefly pre-
sented here are densely interconnected, allowing retro-
active complex interactions (Mowak et al., 1997). Analysis

of the literature on cannabis and vision yields information
on three main stages in this visual processing that are of
interest because of their critical role and their accessibility
for measurement: retina, thalamus and visual cortex.

4.1. Retinal localization

Animal studies have shown that cannabinoid CB1 and CB2
receptors are expressed in the retina of several species. CB1
and CBZ receptors are detected in the retina of eoldfish
{Cottone et al,, 2013; Straiker et al., 199%a; Yazulla et al.,
2000}, rodents (Buckley et al., 1998; Cecyre et al., 2013;
Lalonde et al., 2006; Loper et al., 2011; Lu et al., 2000;
Porcella et al., 1998; Straiker et al., 1999a; Zabouri et al.,
2011) and non-human primates (NHP) (Bouskila et al,, 2012,
2013; Straiker et al., 1999a). CB1 receptors are found in the
retina of the chick and the tiger salamander (Straiker et al.,
199%a).

In addition, CB1 and CB2 receptors are expressed in the
human retina. CB1 receptors are detected in the human
retina in the inner plexiform layer (IPL), outer plexiform
layer {OPL), two synaptic layers of the retina, inner nuclear
layer, ganglion cell layers, outer segments of photoreceptor
cells and retinal pigmentary epithelium (RPE) cells (Forcella
et al., 2000; Straiker et al., 199%h; Wei et al., 2009), CB2
receptors are expressed in the human RPE cells (\Wei et al.,
2009). Recent findings suggest that the deletion of CB1
receptors in the human RPE may protect RPE cells from
oxidative damage, the key mechanism of age-related
macular degeneration (AMD) (Wei et al., 2013). This sug-
gests a passible modulation of information transmission by
the cannabinoid system at the retina level.

2-AG and anandamide, two major ligands of CB1 and CB2
receptors, have also been detected in the retina. In animal
species, 2-AG and anandamide are expressed in rat and
bovine retina (Bisogno et al., 1999; Straiker et al., 1999a),
while anandamide is found in goldfish, porcine and bovine
retina (Bisogno et al., 1999; Glaser et al,, 2005; Matsuda
et al., 1997). In humans, 2-AG is expressed at a high level in
the retina (Chen et al., 200%; Matias et al., 2006), whereas
anandamide is detected at a lower level in the retina (Chen
et al., 2005; Matias et al., 2006; Stamer et al., 2001).
Interestingly, a recent study showed that their concentra-
tions might be changed in diabetic retinopathy (DR) and
AMD (Matias et al., 2006), also showing a possible involve-
ment of cannabinoid ligands in the retinal pathologic
processes,

The retina constitutes the best documented level of
yisual information processing concerning the regulatory role
of the cannabinoid system. A number of animal studies have
highlighted the involvement of the cannabinoid system in
the synaptic process, thus allowing the modulation of the
neurotransmission at the retina level. First, the cannabinoid
system is involved in the regulation of several inward and
outward ionic channels. For instance, cannabinoid agonists
induce a dose-dependent reversible modulation of calcium,
potassium and chloride currents in bipolar, rod, cone and
ganglion cells (Fan and Yazulla, 2003, 2004, 2003, 2007;
Lalonde et al., 2006; Opere et al., 2006; Straiker et al.,
1999a; Strafker and Sullivan, 2003; Yazulla et al., 2000;
Thang et al., 2013). Additionally, THC may inhibit the
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maonoamine oxidase activity in the retina, thus regulating
the level of neurotransmitters (Gawienowski et al., 1982).
Also, cannabinoid agonists alter the spontaneous post-
synaptic currents within retinal ganalion cells (Middleton
and Protti, 2011). Finally, by acting on ionic currents and
electrical potentials, the cannabinoid system may modulate
the release of several neurotransmitters such as dopamine,
noradrenaline, GABA, and glutamate (Middieton and Protti,
2011 Opere et al_, 2006; Schlicker et al., 1996; Straiker and
Sullivan, 2003; Weber and Schiicker, 2001). By their likely
involvement in the retinal neuratransmission, cannabinoid
agonists affect phototransduction, leading to alterations in
the retinal sensitivity, which was studied using whole-cell
patch-clamp recordings performed from OM-bipolar cells
and cones (Fan and Yazulla, 2005; Struik et al,, 2006;
Yazulla et al., 2000). Interestingly, such involvement of
the cannabinoid system in the modulation of the retinal
response has been confirmed by ERG measurements. The
retinal function may be assessed by several ERGs using
different stimulations. Flash ERG measurements allow the
assessment of the functional properties of the photorecep-
tors and bipolar-Miller cell complex following a flash
stimulation. Pattern ERG evaluates the macular and gang-
lion cell functions in response to a reversible black and
white checkerboard, and multifocal ERG explores the
spatial characteristics of central retinal cone function in
response to multiple hexagons distributed over a screen
{Holder et al., 2010). Using fERG under both scotopic and
photopic conditions, mice lacking CB1 or CBZ receptors
presented maodifications of a-wave and b-wave amplitudes
{Cecyre et al., 2013). These waves respectively represent
an electronegative component generated by the photore-
ceptors and an electropositive component originating from
bipolar cells and Miller cells.

Besides, Chaves et al, (2008) have shown the involverment of
the cannabinoid system in plasticity mechanisms occurring
between the retina and the thalamus. Using immunohisto-
chemistry, immunoblotting, and real-time PCR technigues,
they have demonstrated that retinal ablation increases the
level of CB1 protein in the controlateral optic tectum in the
adult chick brain. These findings suggest that the cannabinoid
systemn  participates in the neuroprotection of the visual
function and plays a major role in development, through
synaptic plasticity, of the visual system. Such functions may
therefore be disrupted by exogenous cannabinaids,

Based on these findings, the cannabingid system may
modulate the human visual function at the retina level by
its involvement in the retinal transmission of the visual
signal {Laprevote et al., 2015). Since alterations at the
central level in dopamine and serotonine neurotransmission
may affect the ERG measurements and thus alter the retinal
response, the retinal function may constitute a possible
biological marker of brain neurochemistry {Lavoie et al.,
2014).

4,2, Thalamus localization

CB1 receptors are heterogeneously distributed in the tha-
lamus in rats (Herkenham et al., 1990, 1991; Moldrich and
Wenger, 2000; Tsou et al., 1998), mice (Yoneda et al,, 2013),
MHP {Herkenham et al., 1990; Yoneda et al., 2013), and

humans (Glass et al., 1997; Herkenham et al., 1990).
Interestingly, CB1 receptors are detected in the lateral
geniculate nucleus (LGM), the colliculus superior and the
suprachiasmatic nucleus in the rat and mouse (Herkenham
et al., 1591; Yonpeda et al., 2013), and in the LGN and the
colliculus superior in humans (Glass et al., 1997), Both the
LGN and the celliculus superior have neural connections
with the primary visual brain area, and relay visual informa-
thon from the retina to the primary visual cortex (Sherman
and Guillery, 2002).

Dasilva et al. [2012) have shown that the administration
of cannabinoid agonists induces an excitatory effect on a
part of cells and an inhibitory effect on another part of the
cells in the LGN of adult rats, thus revealing two cell
populations. These effects were mediated by the activation
of CB1 receptors, and were blocked by a cannabinoid
antagonist. As a conseguence, both spontaneous and visual
activities of the cells were altered. According to these
findings, cannabinoid agonists, through CB1 receptors, may
modulate, at a cellular level, the visual neurotransmission
from the thalamus to the visual cortex. This demonstrates
the potential ability of canpabis to disrupt the processing of
visual information at the thalamic level.

4.3. Cortical localization

The visual cortex forms a later stage in visual information
processing. CB1 and CBZ receptors are detected in the
primary (V1) and secondary (VZ) visual cortex of rats and
mice {Gong et al., 2006; Herkenham et al., 1991; Onaivi
et al,, 2006: Tsou et al., 1998: Yoneda et al., 2013). In NHP,
CB1 receptors have also been found in ¥1 and ¥2 (Ong and
Mackie, 199%). Interestingly, CB1 receptors are maore
strongly expressed in V2 (layers |, I, IV, V, ¥I) than in V4
(Layers 1, I, I, MA, IVB, IVC, ¥, ¥} in humans (Glass et al_,
1997).

Like in the retina and the LGN, the cannabinaid system is
able to modulate the neural transmission in the adult visual
cortex. Interestingly, Ohiorhenuan et al. (2014} have
recorded the electroencephalogram (EEG), local field
potentials {LFP) and single-unit activity of V1 and V2 in
adult WHP. A decrease in EEG power, LFP power and LFP
coherence was induced by the administration of a cannabi-
noid agonist, Additionally, at the level of individual neurons
they found an increase in the latency and duration of the
neurgnal response. Taken together, these findings show the
involvement of the cannabinoid system in the modulation of
the neuronal activity of the visual cortex at the level of
individual neurons as well as at the level of neurcnal
networks,

Besides, the developmental role of the cannabinoid
system during early postnatal development in visual cortical
plasticity has been recently established in animal studies.
This knowledge warrants attention because it may inform us
on the potential effects of cannabis use during pregnancy.
In mice aged from postnatal day 13 (P13) to P27, the
administration of a cannabinoid aganist significantly reduced
both the amplitude and the freguency of inhibitory post-
synaptic currents (IPSC) in layer IV of ¥1 (Garkun and Maffei,
2014). Using the ocular dominance plasticity, a model of
cortical plasticity Liu et al. (2008) found that during
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Table 1 Summary of cannabinoid functions in critical stages of visual processing.
Visual Functions of cannabinoids Species References
structures
Retina lonic channels Tiger Straiker et al. (1999a), Strafker and Sullivan (2003)
salamander
Goldfish Fan and Yazulla (2003, 2004, 2003, 2007), Yazulla et al.
(2000)
Rat Lalonde et al. (2006), Zhang et al. (2013)
Bovine Opere et al. (2006)
Enzymatic activity Bowvine Gawienowski et al. {1982)
Release of neurotransmitters Tiger Straitker and Sullivan (2003)
salamander
Guinea-pig  Schlicker et al. (1996), Weber and Schiicker {2007)
Maouse Middleton and Protti (2011)
Bovine Opere et al. (2006)
Synaptic plasticity Chick Chaves et al. (2008)
Retinal sensitivity Goldfish Fan and Yazulla (2005), Struik et al. {2006), Yazulla =t al.
(2000)
Functioning of photoreceptors and  Mouse Cecyre et al. {2013)
bipolar-miiller cells
Ouidative damage Human Wei et al. (2013)
Thalamus Meurotransmission Rat Dasilva et al. {2012)
Cortex Neurgtransmission Mon-human  Chiorhenuan et al, (2014)
primate
Synaptic plasticity Mouse Garkun and Maffel (2014), Liu et al. (2008), Huang et al.

(2008), Jhiang et al. {2010a, 20100}

pastnatal development, the blockade of cannabinoid recep-
tors prevented the ocular dominance shift in layer 1171, but
not in layer IV. As ocbserved in long-term depression (LTD),
cannabinoid ligands are involved in the heterosynaptic LTD
(hetero-LTD) of excitatory synapses, which is predominant
from P7 to P14 (Crozier et al., 2007; Huang et al., 2008).
Finally, the cannabinoid system plays a major role in the
maturation of GABAergic transmission between eye opening
and puberty (Jiang et al,, 2010a, 2010b).

The endocannabinoid system is detected through the
critical stages of visual information processing. As this
system is involved in neural transmission and synaptic
plasticity in the visual cortex, excgenous cannabinoids
may lead to impairment of the visual function. The main
functions of cannabinoids in these crucial stages of visual
processing are summarized in Table 1.

5. Cannabis use and human vision
5.1. Case reports and case series

Several publications have related that acute use of cannabis
results in improved visual function and contributes to visual
side-effects. The most surprising report concerns Jamaican
fishermen, whose night vision improved shortly after smok-
ing C. sativa, and who were able to navigate safely through
coral reefs in night conditions (West, 1991). This observa-
tion was recently confirmed by showing that the adminis-
tration of dronabinol, a synthetic THC, resulted in a dose-
related increase in scotopic sensitivity, and that inhaling

a mixture of €. sativa and tobacco resulted in an enhanced
dark adaptation and scotopic sensitivity (Russo et al., 2004),
In both situations, vision was improved. Furthermore,
Consroe et al. (1997) report that patients with multiple
sclerosis wsed cannabis to reduce some of their symptoms
including wvisual symptoms such as double vision or vision
dimness. On the other hand, a study conducted nearly four
decades ago, which examined the analgesic effect of THC,
found that single oral dose administration of THC induced
visual side-effects such as blurred wision (Moyes et al.,
1975). Interestingly, all these effects are acute conse-
quences of cannabis use.

Besides these acute visual changes, several case series
have described residual visual effects of regular cannabis
use, A case report describes the occurrence of flickering
black spots in a man after cessation of five years of daily
cannabis use, and persisting for 8 months after drug
abstinence (Laffl and Safran, 1993). Similarly, a case series
reported several wvisual disturbances (visual distortions,
illusions of movement, color vision disturbances, flashbacks)
in eight regular cannabis smokers, which persisted after
cessation of use (Lerner et al., 2011). These findings
showing the involvement of canmabinoid use in wvisual
abnormalities are isolated, and only one study, to our
knowledge, has studied the impact of chronic cannabis use
on a large number of visual parameters compared with a
non-user group (Dawson et al., 1977). In this large study,
anly small differences were measured concerning Snellen
acuity, intra-ocular pressure, pupil response and color
vision. Unfortunately, contrast sensitivity was not evaluated
in cannabis users in this study.
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5.2. Experimental studies

Despite these clinical presumptions, few studies have evalu-
ated the earliest stages of visual processing in cannabis users.
Even so, experimental tests of the visual function have shown
several impairments. For example, regular cannabis users have
increased foveal glare recovery time after smoking a cigarette
containing B or 15 mg of THC (Adams et al., 1978). This might
demonstrate a possible direct acute action of THC on retinal
processing. Ehrenreich et al, (1999) have shown that the use of
cannabis between ages 12 and 16 years was associated with
impairments in visual scanning in adulthood. Similarly, chronic
cannabis wsers with early age drug consumption have shown
longer response times and a higher number of fixations on a
square stimulus than controls in a wvisual scanning task
(Huestegge et al., 2002), and both are residual effects of
cannabis use, In a study assessing the residual impact of regular
cannabis use on visuomotor integration, the authors showed
that cannabis affected the strength of the binding between
task-relevant stimulus and response features (Colzato and
Hommel, 2008). This suggests a critical role of dopaminergic
transmission, in particular through CB1 receptors, in visuomo-
tor integration, which may be modulated by cannabinoids.
Binocular depth inversion (BDI) is an illusion of visual percep-
tion informative of impaired visual processing. It is sensitive
and regularly used in psychiatric and addictive disorders such
as psychotic states and alcohol withdrawal (Emrich, 1989
Schneider et al., 1998, 2002). Both acute and chronic cannabis
use may induce a reduction of BDI, showing acute and residual
effects of cannabis, respectively (Emirich et al., 1991; Leweke
et al., 1999; Semple et al., 2003).

A few studies using cerebral imaging have investigated
the consequences of cannabis use on brain areas involved in
visual processing. A radial visual checkerboard in alterning
block viewed during functional magnetic resonance imaging
{FMRl) was used to assess the acute impact of 10 mg of THC
and &00meg of CBD compared with placebo on wvisual
processing in healthy volunteers (Winton-Brown et al.,
20M1). THC decreased activation in the secondary visual
cortex, which was activated in the placebo condition, and
increased activation in the primary visual cortex in the right
hemisphere, compared with placebo. Also, CBD increased
activation in the right occipital lobe compared with pla-
cebo. Interestingly, during visual processing, THC and CBD
have similar effects on brain response in several regions and
opposite effects in others, Additionally, in MRI, an interest-
ing study has reported as a residual consequence of
cannabis use a significant reduction in global and bilateral
thalamic volume in cannabis users compared with a non-
user group in a population at high familial risk of developing
schizophremia (Welch et al., 2011). Since the thalamus
relays the visual information between the retinal and
cortical pathways, and has neural connections with the
retina and the primary visual cortex, the loss of thalamic
volume due to cannabis use may have potential conse-
quences on the processing of visual information.

Several studies performing visually evoked potential mea-
surements in cannabis users have shown inconsistent results, in
particular for the P300 component. This is a positive wave that
represents the amount of attentional resources involved in
stimulus characterization (Polich, 2007). For example, cannabis

users showed a reduction in the amplitude of the visual P300
compared with non-users when all subjects were psychiatric in-
patients. However, when users and non-users were screened o
be healthy participants, no difference was seen (Patrick et al.,
1995), In this situation, psychiatric disorders and drugs could
disturb the results. In addition, in an older study that evaluated
the consequences of the inhalation of THC on many cardiovas-
cular, respiratory and neurological parameters, no difference
was shown on visually evoked potentials {Low et al,, 1973).
More recently, visually event-related potentials recorded 2 h
after acute intakes of different THC doses during a wvisual
selective attention task showed a dose effect on several
parameters (Bocker et al., Z010). A significant acute dose
effect on the amplitude of P300 and SFD 80, which is related to
perception of high versus low spatial frequency gratings, was
observed. This suggests a non-selective decrease in attentional
or processing resources. Evaluation of steady-state wisually
evoked potential (SSVEF), which represents a type of EEG
response of visual occipital brain areas to periodic visual
stimulation, has shown residual effects of cannabis, such as
impairments in 55VEP and transient M160 component in
cannabis users (Skosnik et al, 2006). The transient M160
component is a negative component representing a main stage
of processing in the recognition and extraction of a visual
pattern (Simon et al., Z007). Interestingly, fermale cannabis
users and cannabis users with early age drug consumption
showed decreased power values at 18 Hz in S5VEP Additionally,
the transient W160 component appears to be reduced in
cannabis users. Based on these findings, cannabls use may
affect both early and later cortical stages of visual information
processing.

These impairments in visual processing are correlated
with previous clinical observations. In both situations,
cannabis use is implicated in clinical and electrophysiologi-
cal wvisual dysfunctions. As cannabis use Is implicated in
visual dysfunctions, the impact of regular cannabis use on
visual information processing warrants evaluation for its
consequences an public health,

6. Discussion

This review examines the broad involvement of the canna-
binaid system in wisual processing, and the potential con-
sequences of regular cannabis use, The cannabinoid systemn
is closely involved in the visual function for several reasons.
Endocannabinoids are expressed through critical stages of
the visual system, such as in the retina, the LGN and the
visual cortex. The moadulation of the cannabinoid system by
EXDZENOUS agonists or antagonists may disrupt the neural
transmission in the retina, the thalamus and the wvisual
cortex, thereby modifying the processing of the visual
information. In the longer term, the endocannabinoid
system may play a dynamic role in the development and
function of the visual system through synaptic plasticity,
Besides the potential role of the cannabinoid system on
the early processing of visual information, there is still a
lack of knowledge about the potential effect of regular
cannabis use on the human wvisual function. Monetheless,
acute and regular cannabis uses are correlated with altera-
tions of human vision. Interestingly, case reports and case

64



The cannabinoid system and wisucal processing: A review on experimental findings and clinical presumptions 107

series have shown that cannabis use can lead to visual
disturbances, reduction of visual symptoms and improve-
ment of the visual function. Furthermore, experimental
studies have reported several dysfunctions at the retina and
cortical level in visual information processing of cannabis
users. Based on these findings, we need more studies, for
example clinical prospective studies in cannabis users versus
healthy controls, that evaluate visual information proces-
sing in cannabis users in arder to find out whether cannabis
use disturbs visual function. Such information is critical and
constitutes a major public health challenge, since cannabis
is one of the most prevalent drugs detected in drivers’ blood
or oral fluid, and is implicated in motor vehicle accidents
[MMAs) (Hartman and Huestis, 2013). The association
between cannabis and driving impairments has been clearly
established in the United States and the European Union
(Hartman and Huestis, 2013; Raes and Verstraete, 2006).
For example, driving under the influence of cannabis is
correlated with increased crash risk and decreased driving
ability {(Hartman and Huestis, 2013). Car drivers classified as
positive for cannabis therefore represent an expanding
target audience for prevention campaigns in public health-
carg provision. A better knowledge of the impact of
cannabis on cognitive functions critical for driving is there-
fore crucial, especially for the decrease in mortality and
marbidity on roads and for the development of appropriate
legislation. Further investigation to evaluate the wisual
function in regular cannabis users and to assess the impact
on regular cannabis use on driving is needed.

On this basis, studying the wisual function in regular
cannabis users represents a relevant and original approach
allowing the evaluation of the impact of exogenous canna-
binoids on an accessible, well-studied function {Palczewski,
2011). Currently, mounting evidence suggests that visual
processing represents an additional interesting measure Lo
explore neural dysfunctions associated with mental disor-
ders (Javitt, 200%; Yoon et al., 2013). The visual system
farms one of the early information processing entities, and
has now been largely studied (Palczewski, 2011). Much
technological progress has been recently made in the study
of structural and functional characteristics of the wisual
system (Disney et al., 2007; Katzner et al., 2011;
Palczewski, 2011), such as the development of non-
invasive methods yielding valuable information on the
central level of neurctransmitter, for example magnetic
resonance spectroscopy (MRS). Additionally, there are stan-
dardized measures to examine different stages of visual
processing. Concerming the retina, standard clinical elec-
troretinography allows the evaluation of the retinal function
in dark and light adaptation to differentiate the rod and
cone responses (Marmor et al., 2009). Scotopic ERG evalu-
ates the rod response and the response of the OM-bipolar
cells, while photopic ERG evaluates cone response and
simultaneous ON and OFF pathways (Holder et al., 2010).
The contrast sensitivity function assesses spatial specificity,
and temporal discrimination of the visual system is evalu-
ated by both visual backward masking (Giersch and Herzog,
2004) and simultaneity threshold measurements (Brown
et al., 2003). These behavioral measurements can be
extended by electrophysiological ones such as event-
related potentials (ERP) to evaluate temporal dynamics of
early visual processing. Cerebral imaging coupled with the

previous behavioral paradigms then allows the evaluation of
the cerebral areas involved in visual information processing.
There are many possible reasons for the difficulties met
in developing clinical studies assessing the impact of
cannabis consumption (Carlin et al., 1972; Weil et al.,
196%). Firstly, because cannabis is an illicit drug in maost
countries, cannabis users may be suspicious and reluctant to
participate in a clinical study. They may think that the main
goal of studying cannabis is to prove its toxic effects and
thus plead against its legalization. Secondly, it is important
to control composition and route of administration to limit
some variations in measurements. Cannabinoid agonists may
be administrated by oral, intra-venous or inhaled routes,
and this may change the dose ingested. Similarly, the
frequency and extent of use may vary with the type of drug
(Huestis, 2007). Furthermore, the evolution of the concen-
tration of THC and CBD contained in the cannabis consumed
complicates the understanding of dose-related effects of
each compound. Thirdly, the acute administration of can-
nabis induces impairments in cognitive functions (Crean
et al., 2011; Lundgvist, 2005; Solowij and Battisti, 2008),
making it difficult to perform any kind of measurement, and
especially to interpret the results. Fourthly, cannabis may
be associated with other psychoactive drugs, complicating
the extraction of the specific effect of cannabis use
(Gonzalez Pérez et al., 1995), A number of studies that
have evaluated the cognitive functions in cannabis users
have already overcome these various difficulties. Conse-
quently, it is critical to abtain data regarding the impact of
cannabis intake on the visual function in regular users.
Several methodological considerations have to be borne
in mind for future research on cannabis. One is to accu-
rately evaluate, with a consistent measurement tool, the
dose of cannabinoids consumed to seek a dose-effect
relationship. Also, cannabis may induce acute, residual or
withdrawal effects that can be evaluated and so reported ta
provide a clear picture of the conseguences of cannabis use,
In studies assessing the residual effects of cannabis, mea-
surements must be performed some time after the last
cannabis use to prevent acute cognitive deficits such as
attentional and awareness disturbance (Knight and
Silverstein, 2001). The use of licit or illicit drugs assaciated
with cannabis use makes screening for these drugs neces-
sary, as they are liable to disrupt the functioning of several
biclogical systems, for example thiamine deficiency in
alcohol use, thus altering the cannabinoid function. In
future studies, urine analyses should therefore be system-
atically performed to rule out these confounding factors,
Some substances such as tobacco or alcohol may also be
evaluated by questionnaires. Finally, since cannabis is
widely used with tobacco, for example smoked as a mixture
(Agrawal et al., 2012}, a control group of tabacco users may
be needed to differentiate the effects of each drug.
Developing new models and biomarkers assessing the
neurotoxicity of substance consumption and allowing the
early detection of these disorders now represents a new
challenge in the neurosciences. For example in schizophre-
nia, the development of tasks that allow the evaluation of
visual perception has been added to the Cognitive Neu-
roscience Treatment Research to |Improve Cognition in
Schizophrenia (CNTRICS) battery (Carter et al., 2011). Thus
further work is needed to develop wvalid, reproducible,
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reliable and easy-to-use markers of neural activity in
cannabis users, thereby facilitating the screening of these
disorders and the understanding of neural mechanisms
underlying related deficits. Visual function may provide
some of these markers,

7. Conclusion

Although visual abnormalities have been observed in canna-
bis users, few studies have yet evaluated the impact of
cannabis use on wvisual information processing. Recent
findings in animal and human studies have shown the
distribution of endocannabinoids throughout the wvisual
system and their involvement in critical mechanisms such
as visual synaptic plasticity and wisual neurotransmission.
Such knowledge may enhance our understanding of the
biological mechanisms underlying cannabis-related deficits,
and so prompt more studies in cannabis users. Additionally,
technological advances such as the development of precise,
non-invasive measurement, together with standardized
protocals, currently allow the rigorous assessment of visual
function and ensure reproducible results. Consequently,
further investigation of the wvisual function at the retinal
and cortical levels after both acute and chronic cannabis
use s needed to provide a clearer picture of wvisual
dysfunctions due to cannabis use. We see that studying
the effects of cannabis use is far from straightforward. This
review outlines some methodological considerations that
may help future research on this public health issue.
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RESUME DE LA THESE

Un des défis actuels de la recherche en psychiatrie est le développement de nouveaux
marqueurs permettant d’étudier la physiopathologie des maladies mentales, fournissant une
aide diagnostique et permettant de surveiller la réponse aux traitements pharmacologiques,
afin de fournir des stratégies thérapeutiques personnalisées et adaptées a chaque patient.
Parmi ces approches, la fonction visuelle présente un intérét particulier pour étudier de
maniere indirecte le fonctionnement du cerveau. Elle présente de nombreuses caractéristiques
propres a un bon marqueur biologique. Le premier stade du traitement de I’information
visuelle se situe au niveau de la rétine, qui est une extension anatomique et développementale
du systéme nerveux central. De par son accessibilité aux mesures, elle constitue donc un site
appropri¢ pour ¢étudier les pathologies mentales. De plus, la fonction rétinienne peut étre
¢tudiée avec des méthodes électrophysiologiques qui sont standardisées, assurant ainsi la
reproductibilité des résultats. Ces dernieres années, plusieurs équipes ont ¢valué¢ la fonction
rétinienne avec ces techniques chez les patients souffrant de maladies mentales et des résultats
intéressants ont pu €étre mis en évidence. Nous passons en revue ici les anomalies rétiniennes
détectées, avec des mesures ¢lectrophysiologiques comme 1’¢lectrorétinogramme flash (ERG
flash), I’¢électrorétinogramme pattern (ERG pattern) et I’¢lectro-oculogramme (EOGQG), chez les
patients souffrant d’un trouble dépressif majeur. Ces résultats sont discutés avec ceux
retrouvés dans d’autres pathologies psychiatriques et nous présentons les perspectives de ces

mesures rétiniennes dans le domaine de la recherche en psychiatrie.
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