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RÉSUMÉ 

L'apolipoprotéine D (apoD), largement synthétisée dans le système nerveux central 
(SNC), est une lipocaline dont Je rôle principal est le transport de peti tes molécul es 
hydrophobes. Son express ion est augmentée suite à des lésions et des 
dégénérescences, telles que les maladi es d' Alzheimer, de Parki nson et de Niemann­
Pick. Cette impo1tante modulati on de l'expression de l'apoD s'établi t spécifiquement 
au niveau des sites de lésions dans le SNC, suggérant ainsi un possible rô le de l'apoD 
dans la protection des neurones en situation de stress . Plusieurs études démontrent 
d'ailleurs que la surexpress ion de l'apoD protège la souris contre des 
dégénérescences induites par un stress infla mmatoire et oxyda tif. 11 est donc 
important de déterminer la relat ion fo nctionnelle qui ex iste entre l' express ion de 
l' apoD dans le SNC et le process us de neuroprotection dans un contexte 
neuropathologique et lés ionnel impliquant de nombreux mécanismes d'aggravation 
de l'état neurodégénérati f (par exemple le phénomène d'excitox icité) . C'est pourquoi 
nous nous sommes intéressés, dans cette thèse, à mieux comprendre les mécanismes 
impliqués dans l' effet neuroprotecteur de l'apoD face à une lésion neurodégénérative . 

Ces travaux ont tout d'abord permis de mettre en év idence, à l'aide de souris 
transgéniques surexprimant l 'apoD humaine dans leur SNC, de nouveaux 
mécanismes de neuroprotection sui te à l' excitotox icité induite par injection de 
kaïnate. Ainsi, nous avons pu établir que la surexpress ion de l'apoD dans le SNC 
induit une rés istance accrue aux convul sions et atténue de manière significat ive la 
réponse inflammatoire, conférant ainsi une protection contre l' apoptose induite par le 
kainate. De plus, nos résultats suggèrent que cette protection de l ' apoD pourra it être 
attribuée à sa capac ité i) de moduler l'expression de protéines clés dans le mécanisme 
d'exc itotox icité (PMCA2 et NR23 8 ) dans l' hippocampe et ii ) de régul er la 
di stribution du cholestéro l dans les neurones , surtout que l' inte rnali sation de l' apoD 
est accentuée dans les neurones matures et en condition de stress. Par la suite, nos 
travaux ont permis de démontrer que l' internalisation de l'apoD nécessite la présence 
d' un récepteur. En effet, nos résultats ont montré que la modulation de la bas igine 
affecte le processus d' internali sation de l'apoD, suggérant que la bas igine serait 
potentiellement le récepteur de l'apoD. Par ailleurs, certaines mutations loca li sées 
dans la région de liaison de l'apoD ont affecté son processus d' internalisation. 
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L'ensemble des travaux présentés dans cette thèse ont donc permis de confirmer 
l'effet neuroprotecteur de l'apoD face à la neurodégénérescence en élucidant en partie 
les mécanismes impliqués dans cette neuroprotection. 

Mots clés : apolipoprotéine D, excitotoxicité, acide kaïnique, cholestérol , neurone, 
basigine 



INTRODUCTION 

Les maladi es neurodégénératives constituent un groupe de maladies dégénératives 

indui sant un dysfonctionnement du système nerveux de manière progress ive. Ce 

processus délétère aboutit généralement à une altérati on du fo nctionnement des 

cellules nerveuses, menant ainsi à leur mort. De par leur di vers ité, ces 

neuropathologies constituent un redoutable fl éau pouvant affecter autant le cerveau 

que la moe lle épinière, autant les fo nctions motri ces que supéri eures, autant l'enfant 

et le jeune adulte que de fa ire partie des maladies liées au vieilli ssement. Ces 

maladies peuvent affecter l'ensemble des constituants du système nerveux (les 

neurones comme la myéline) mais peuvent éga lement se limiter à des rég ions très 

précises. Malgré la grande variété de leurs symptômes, toutes ces maladies 

neurodégénératives ont un point commun qui fa it finalement leur unité : toutes sont 

caractéri sées par une dégénérescence progress ive et une absence de substances 

thérapeutiques, ce qui en fa it un fl éau redoutable. A un moment de sa vie, un 

Canadien sur troi s (so it environ 10 millions de Canadiens) sera touché par un trouble 

neuro logique ou psychiatrique. L'augmentat ion de l'espérance de vie et le 

vieilli ssement de la population ne fero nt, malheureusement, qu' aggraver ce bilan. 

L'apolipoprotéine D est une lipocaline largement exprimée dans le système nerveux. 

Son express ion se trouve être augmentée dans de nombreuses maladies 

neurodégénératives tell es que les maladies d' Alzheimer, de Parkinson, de Niemman 

Pick de type Cet les scléroses multiples. De nombreuses études suggèrent que l' apoD 

permettrait de promouvoir la réparation du ti ssu nerveux. 

Ainsi, l' utili sation de l'apoD, comme un outil thérapeutique potentiel pour traiter les 
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maladies neurodégénératives, pourrait être envisagée. Pour cela, i 1 reste encore à 

définir, d'une part, si cet effet neuroprotecteur de la surexpression de l'apoD est 

également observé au niveau d'autres mécanismes bien établis dans un grand nombre 

de maladies neurodégénératives et d'autre part, les mécanismes moléculaires 

responsables de cet effet bénéfique de l'apoD. 



CHAPITRE! 

ETAT DES CONNAISSANCES 

L'apolipoprotéine D (apoD) est une glycoprotéine appartenant à la fa mille des 

lipocalines, dont le rôle principal est le transport de petites molécules hydrophobes. 

Plusieurs études ont permis de mettre en év idence la fo rte express ion de cette protéine 

dans de nombreux organes autres que le fo ie et les intestins qui sont habituell ement 

les organes producteurs des apolipoprotéines (Provost et al. , 199 1 b; Seguin et al. , 

1995 ; Smith et al. , 1990). De par sa large distribution tissulaire et son assoc iation 

avec une grande variété de ligands (tels que plusieurs stéroïdes, le cholestéro l, la 

bilirubine et l' acide arachidonique), l' apoD semble donc être une protéine 

multifo nctionnelle dont le rôle pourrait varier d' un organe à un autre (Rassart et al. , 

2000). 

1.1 Caractérist iques de l 'apolipoprotéine D 

L'apoD a été initialement découverte par McConathy et Alaupov ic en 1973 

(McConathy and Alaupovic, 1973). Il s'agit d' une glycoprotéine, qui a 

principalement été associée aux lipoprotéines de haute densité (HDL). D'autre part, 

selon les caractéri stiques de sa structure primaire, l'apoD est une apolipoprotéine 

atypique et appatiient en fait à la famille des lipocalines. 
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1.1.1 Structure de l' apoD 

1.1.1.1 Structure du gène 

Le gène de l' apoD humaine est localisé au niveau du chromosome 3 (Drayna et al. , 

1987) tandi s que, chez la souri s, il se retrouve sur le chromosome 6 (Warden et al. , 

1992). Le promoteur de l' apoD humaine présente plusieurs éléments régul ateurs. 

Parmi ceux-ci, fi gurent les éléments de réponse aux hormones stéroïdes, te ll es que 

l'œstrogène, la progestérone et les glucocorticoïdes (respecti vement connus comme 

ERE, PRE et GRE), mais également les éléments de réponse aux ac ides gras, au 

sérum, à la phase aigüe ainsi qu ' à des facteurs de transcription impliqués dans la 

réponse inflammatoire, tels que N F-kB (Nuclea r fac tor kappa B) (Do Carm o et a l. , 

2002 ; Do Canno et al. , 2007 ; Lambert et a l. , 1993). La présence de ces nombreux 

éléments régulateurs sur le promoteur de l'apoD humaine refl ète la co mplexité de la 

régul ati on de l'express ion de cette protéine . 

1.1 .1.2 Structure de la protéine 

La séquence en acides aminés de l' apoD ne montre pas de s imilarité avec d ' autres 

apolipoprotéines, mais présente plutôt une grande homologie avec les membres de la 

famill e des lipocalines. En effet, parmi ces lipoca lines, on note 25% d ' homologie 

entre l'apoD et la Retinol-B inding Protein (RBP) ainsi que 30 à 40% d ' homologie 

avec la Bilin Binding Protein (BBP) qui est une proté ine d ' insecte (Drayna et a l. , 

1987; Weech et a l. , 1991). La séquence déduite à partir de l' ADN complémentaire 

(ADNc) de l' apoD révè le la présence d ' un peptide signa l de 20 acides aminés, suivi 

d ' une proté ine mature de 169 acides aminés (Drayna et a l. , 1987). Le po ids 

moléculaire de l' apoD calculé à paitir de son A DNc est de 18 kDa. Cependant, à 

cause de la présence de deux sites de g lycosy lati on sur les résidus d 'asparagine en 

position 45 et 78, le poids moléculaire apparent de l' apoD varie entre 20 et 32 kDa 
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(Rassart et al. , 2000; Schindler et al. , 1995; Weech et al. , 1991 ; Yang et al. , 1994). 

Cette glycosylation constitue environ 18% de la masse de la protéine (Drayna et al. , 

1987). La structure tertiaire de l' apoD révèle la présence de huit brins de feuillets ~ 

antiparallèles formant une cavité hydrophobe ouverte au sonimet et dont la base 

fermée est de forme conique (Figure 1.1) (Eichinger et al. , 2007; Peitsch and 

Boguski , 1990). Cette structure en forme d ' entonnoir permet le transport ou la liaison 

des différents ligands de l' apoD qui viennent se loger dans sa cavité hydrophobe. 

A B 

Figure 1.1 Représentation de la structure tertiaire de l ' apoD formant un complexe 
avec la progestérone. 
(A). Représentation transversale. L' analyse cristallographique de l' apoD montre (vue 

transversale A) qu ' elle est constituée de 8 brins de feuillets~ antiparallèles (en jaune) 
formant une cavité hydrophobique. Ces brins sont reliés entre eux par quatre boucles 
à l' entrée de cette cavité (en bleu clair) connues sous le nom de ' loop ' A/B, ' Loop ' 
CID, ' Loop ' E/F et ' Loop' G/H. D' autres boucles (en vert) sont également présentes 
du côté opposé de l'entrée de la cavité. On retrouve aussi deux hélices alpha (en 
mauve), dont une située sur le côté de la cavité et l'autre à l' extrémité opposée de 
l' entrée de la cavité, permettant la fermeture de cette cavité. Les sites de 
glycosylation (indiqués en bleu) sont localisés sur les résidus asparagine à la position 
45 (N45) et 78 (N78).(B). Représentation axiale. Cela illustre l' intérieur de la cavité 
dans laquelle se logent les ligands de l' apoD tels que la progestérone (en gris). 
Figure adaptée de (Eichinger et al. , 2007). 
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Les feuillets sont reliés entre eux, à l'entrée de cette cavité, par quatre boucles 

connues sous le nom de 'loop' A/B, CID, EIF et GH (Figure l). Trois de ces quatre 

boucles, c'est-à-dire les boucles 'loop ' A/B, ' loop' E/F et ' loop ' G/H, présentent des 

chaînes hydrophobes. Il a été suggéré que ces boucles hydrophobes exposées 

pourraient permettre à l'apoD de s'insérer dans la phase lipidique des HDL ou au 

niveau de la membrane des cellules (Eichinger et al., 2007) grâce à la présence de 

résidus de cystéine. L'apoD humaine contient 5 résidus cystéine dont 4 forment des 

ponts disulfures intramoléculaires. Le cinquième résidu cystéine reste libre pour 

former des ponts disulfures avec d 'autres protéines associées aux HDL dont l'apoA-

1, l 'apoA-II et la lécithine cholestérol acyl-transferase (LCA T) (Blanco-Vaca et al. , 

1992; Fielding and Fielding, 1980; Weech et al., 1991 ; Yang et al. , 1994). 

L'extrémité opposée de l'ouverture de la cavité de l'apoD, qui est de forme conique, 

pourrait quant à elle constituer le site d'interaction de l'apoD avec son éventuel 

récepteur (Eichinger et al., 2007). 

1.1.2 Ligands de I 'ApoD 

1.1.2.1 Les hormones stéroïdiennes 

L'apoD, constituant la protéine majeure du fluide kystique mammaire humain 

(initialement appelée GCDFP-24), a été tout d'abord caractérisée comme ayant des 

propriétés de liaison spécifique avec diverses classes de stéroïdes. Cette protéine se 

lie notamment avec une forte affinité à la progestérone et la prégnénolone, mais 

également avec une faible affinité à l'œstrogène (Balbin et al., 1990; Lea, 1988; 

Pearlman et al., 1973 ; Vogt and Skerra, 2001 ). Toutefois, une étude récente (Ruiz et 

al. , 2013) a noté une absence d'interaction entre l'apoD et l'œstradiol~, suggérant que 

!'oestrogène ne constitue pas un ligand fonctionnel de l'apoD. De plus, la liaison de 

la prégnénolone n'est plus possible avec une apoD recombinante (produite chez la 

bactérie) non glycosylée (Vogt and Skerra, 2001), suggérant que le niveau de 



glycosylation de l'apoD est important dans son interaction avec certains de ses 

nombreux ligands. 

1.1 .2.2 L'acide arachidonique 
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Le ligand phys iologique avec lequel l'apoD a la plus forte affi nité est l' ac ide 

arachidonique (Morais Cabral et al. , 1995). En effet, il a été montré que l'apoD se li e 

avec l'ac ide arachidonique (dont la constante d'association Ka est de l'ordre de 108 

M- 1
) avec une affi nité beaucoup plus importante que ce lle de la progestérone (Ka de 

106 M- 1
) (Morais Cabral et al. , 1995). Toutefo is, cette différence d'affi ni té de liaison 

entre l'acide arachidonique et la progestérone pour l' apoD semble di sparaître en 

absence de glycosylation de l'apoD (Vogt and Skerra, 200 1). En effet, l'acide 

arachidonique et la progestérone se lient à l' apoD recombinante prod ui te chez la 

bactérie avec une affinité relativement similaire (Vogt and Skerra, 200 1 ). Un fa it 

intéressant est que l'acide arachidonique est le précurseur de la synthèse des 

eicosanoïdes (prostaglandines et leucotriènes) (Kuehl and Egan, 1980). Produi ts 

loca lement dans l'organisme en réponse à différents sti muli , ces agents sont 

impliqués dans de nombreux phénomènes biologiques tels que l' infla mmation, 

l' agrégation des plaquettes et la régul at ion ce llulaire (Kuehl and Egan, 1980). En fa it, 

sous l'action de la phospholipase A2 (PLA2), l'ac ide arachi do nique, présent dans les 

membranes, est li béré et dev ient ai nsi le substrat d' enzymes te lles que la 

lipoxygénase et la cyc lo-oxygénase (notamment Cox-2) condui sant à la fo rmation des 

prostaglandines et des leucotriènes en situation inflammatoire (S mi th et al. , 2000). 

Ceci permet de penser que l' apoD pourra it agir comme transpo11eur de l'acide 

arachidonique qui serait alors mobilisé à des fi ns de régulation et de protecti on 

ce llulaire. 
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1.1 .2.3 Le cholestérol 

Le cholestérol est un constituant majeur des membranes cellulaires et est impliqué 

dans la régulation de nombreuses fonctions cellulaires notamment des fo nctions 

neuronales (Simons and Toomre, 2000). L'apoD est généra lement identifiée comme 

un composant des HDL. Ainsi en association avec LCA T, apoA-1 ou CETP 

(Cholesteryl Ester Transfer Protein), cette protéine pourrait être impliquée dans le 

transport du cholestérol des ti ssus périphériques vers le fo ie pour qu ' il y so it 

métaboli sé (Blanco-Vaca et al. , 1992; Spreyer et al. , 1990; Weech et al. , 199 1; Yang 

et al. , 1994). Une augmentation de l' activité d' estérifi cati on de la LCAT a 

effectivement été observée en présence de l'apoD (F ielding and Fielding, 1980; 

Steyrer and Kastner, 1988). Cela suggère que l ' apoD fo rmerait un complexe avec la 

LCA T et pourrait alors jouer un rôle de stabilisateur pour cette enzyme. Cette 

association avec la LCA T a amené à considérer le cholestéro l et ses esters comme 

étant les principaux ligands de l'apoD (Drayna et al. , 1986). Une liaison de l'apoD 

avec le cholestérol a bien été mise en évidence mais cette li aison a été démontrée 

comme étant de fa ible affinité (Patel et al. , 1997). Cette fa ible affi nité de l'apoD pour 

le cholestérol pourrait expliquer la ra ison pour laquelle l' interaction directe entre 

l'apoD et le cholestérol est controversée. En effet, d'autres études n' ont pas pu 

détecter cette liaison entre l' apoD et le cholestéro l (Morais Cabra l et al. , 1995 ; Ruiz 

et al. , 201 3). Cette observation d'absence d' interact ion directe pourra it s' expliquer 

par la sensibilité des techniques utili sées pour mesurer la li aison entre l' apoD et le 

cholestéro l. Ce la pourrait également être dû au fa it que l 'apoD pourra it interagir avec 

le cholestérol de manière indirecte, via la sphingomyéline qui a été identifiée comme 

étant un ligand de l'apoD (Ruiz et al. , 2013). 
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1.1.2.4 Autres ligands 

Des études de modélisation moléculaire révèlent que des composants déri vés de 

!' hème, tels que la bilirubine, constitueraient des ligands plus probables de l'apoD 

que le cholestéro l et ses esters (Peitsch and Boguski , 1990). Ces données ont été 

confirmées par une étude mettant en év idence une liaison entre l' apoD et la bilirubine 

(Ka de 3.107 M- 1
). Cette liaison favoriserait ainsi l' interacti on de la bilirubine avec les 

HDL (Goess ling and Zucker, 2000). Comme pour la prégnénolone, l'affinité de 

l' apoD pour la bilirubine semble être éga lement dépendante du ni veau de 

glycosylation de l'apoD (Vogt and Skerra, 2001 ). D'autres ligands pour l'apoD ont 

également été proposés, tels que l'acide E-3 méthyl-2-héxénoïque (E-3M2H) qui est 

une composante odorante des sécrétions ax ill aires (Zeng et al. , 1996), l'acide 

rétinoïque impliqué dans la différenciation ce llulaire, la sphingomyéline et les 

sphingo lipides qui sont des constituants impo1tants des particul es des HDL et de la 

membranes plasmique (Breustedt et al. , 2006; Rhinn and Dol le, 20 12; Ruiz et al. , 

201 3; Vance, 201 2). Toutefoi s, comme pour le cholestérol, la lia ison de l'apoD avec 

certains de ces ligands te ls que la bilirubine et le E-3M2H reste controversée (Ruiz et 

al. , 201 3). De plus, ! 'association de l'apoD à son li gand peut varier dépendamment 

des conditions et du site d'express ion, lui permettant ainsi d'exercer diffé rentes 

fonctions. 

1.1.3 Express ion de I 'ApoD 

1.1.3. 1 Expression ti ssul aire de l'ApoD 

La large di stribution ti ssulaire de l'expression du gène de l'apoD semble refl éter son 

importance et son rôle comme protéine multifo nctionnelle (Tableau 1.1 ). Depuis sa 

découverte, l'apoD a été caractéri sée chez cinq espèces de mammifè res (rat, souri s, 
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cocho n d ' inde, macaque et homme) et a également été détectée chez le poulet 

(Ganfo rnina et al. , 2005). De proches homologues de l' apo D ont également été 

retrouvés chez la bactérie Escherichia coli (Bishop et a l. , 1995), chez la drosophil e 

(Sanchez et a l. , 2006) ainsi que chez les plantes (Frenette Charron et al. , 2002) . 

Préférent ie llement assoc iée avec les lipoproté ines pl asmatiques, l' apoD avia ire est 

présente dans l 'ovocyte en cro issance rapide. Ce la suggère qu 'e lle y joue un rô le dans 

le transport et/ou la mobilisation des lipides et des mo lécul es régul atrices durant 

l'embryogenèse chez les espèces ov ipares (V ie ira et a l. , 1995 ; Yao and Vieira , 2002). 

Chez l' homme, l'apoD est fa iblement exprimée dans le fo ie et les intest ins, deux 

organes correspondant à des sites majeurs de synthèse d ' autres apo li poproté ines . Une 

importante expression de l'apoD a auss i été notée dans le pancréas, le pl acenta , le 

re in, les test icules, les ovaires, le placenta et le système nerveux (dont le cerveau, le 

fluide cérébrospina l et les nerfs périphériques) (Drayna et al. , 1986). Chez le singe 

(Smith et a l. , 1990), le lapin (Provost et a l. , 1990 ; Provost et al. , 199 1 b ), et le cochon 

d ' Inde (Provost et a l. , 1995), la d istribut ion de l' apoD est s imilai re à celle retrouvée 

chez l' huma in (Drayna et al. , 1986). Néanmo ins, chez la souri s et le rat, l' ana lyse par 

buvardage de type northern montre que la distri bution tissula ire de l'apoD di ffère de 

ce lle de l' homme, du singe et du lapin. En effet, chez ces rongeurs, la di strib ution de 

l' apoD est majorita irement restre inte au système nerveux. On la retrouve notamment 

dans la moelle ép inière, le cervelet et le cerveau (Boy les et a l. , l 990b; Seguin et a l. , 

1995). 



Tableau 1.1 Distribution tissulaire de I' ARNm et de la protéine de l'apoD dans 
différentes espèces (modifié de (Rassart et al. , 2000)). 
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1.1.3 .2 Distribution ce llulaire de I' apoD 

L'ARNm de l'apoD est essentiellement exprimé par les fi broblastes et, plus 

spécifiquement, par les fi broblastes à proximité des vaisseaux sanguins (Provost et 

al., 199 la; Smith et al., 1990) . Dans le système nerveux centra l (SNC), l'express ion 

de l'apoD est principalement observée dans les cellules gli ales de la matière blanche, 

plus particulièrement dans les astrocytes et les oli godendrocytes . Par contre, dans le 

système nerveux périphérique (SNP), l'apoD est synthéti sée par les fi broblastes 

endoneuraux (Boyles et al., 1989; Boy les et al., l 990b; Provost et al., 199 1 a). De 

plus, en conditions normales de culture in vitro , l' apoD a été démontrée comme étant 

sécrétée, puis internali sée pour se retrouver au ni veau de la région périnucléa ire dans 

les fib roblastes de souri s NIH/3T3. Les mécani smes impliqués dans l' internali sati on 

de l' apoD restent cependant encore ince11ains. Il est intéressant de noter qu'en 

situation de stress, tels que l'arrêt de cro issance ou le stress inflammato ire, l' apoD se 

trouve à être localisée essenti ell ement au ni veau nucléaire (Do Carmo et al., 2007). 

De plus, il a été noté dans cette étude que l'apoD nucléa ire éta it dérivée de la protéine 

sécrétée. De par sa large distribution tissulaire et de son assoc iation avec une grande 

variété de ligands, l' apoD semble donc être une protéine multi fo ncti onnelle dont le 

rôle varie d' un organe à l'autre et qui est impliquée dans de nombreuses pathologies 

(Rassart et al., 2000). 

1.1 .4 Modulation de l'apoD en conditions phys iologiques 

Chez des individus ne présentant aucun signe pathologique, la concentration estimée 

d'apoD dans le plasma varie entre 5 à 23 mg/l OOm L (Camato et al., 1989). Mais 

divers facteurs biolog iques, mis en év idence par de nombreuses études, sont 

impliqués dans la modulation de cette proté in e. Ces études démontrent la complexité 



de la régulation de l'expression de l'apoD, mais également son implication dans de 

nombreux processus physiologiques et pathologiques. 

1.1.4. l Implication de l'apoD dans la cro issance et la différenciation cellulaire 

13 

Différentes études mettent en év idence l' existence d' une corrélation inverse entre 

l' express ion de l'apoD et la pro lifération ce llulaire . En effet, l' induction de 

l'expression est observée sur des cultures de ce llules immorta lisées ou primaires 

ayant subi un arrêt de cro issance via la déprivation de sérum, la sénescence ou la 

confluence (Do Carma et al. , 2002 ; Provost et al. , 199 1 a) . Para llèlement, des études 

réalisées sur des lignées cellulaires du cancer du sein et de la prostate indiquent que 

l' expression de l'apoD est inhibée par les œstrogènes alors qu'elle est stim ulée par les 

androgènes (S imard et al. , 1990; Simard et al. , 199 1 ). Cette express ion de l' apoD est 

inversement reliée à la pro lifération ce llulaire (S imard et al. , 1990; Simard et al. , 

199 1 ). De plus, certaines lignées cel lu tai re de cancers mammaires vo ient leur 

pro lifération inhibée en présence d' interleukine- la (IL-1 a) et d' ac ide rét inoïque alors 

que leur sécrétion de l'apoD est stimulée (B lais et al. , 1994; Lo pez-Boado et al. , 

1994). Finalement, une étude de Sarjeant et de ses co llaborateurs révèle que l'apo D 

peut bloquer de manière sé lecti ve la pro li fération (ind ui te par des fac teurs de 

cro issance) des cellules de musc les li sses vascu laires (Sarjeant et al. , 2003). Cette 

suppression se fait via un mécanisme empêchant la translocation nucléaire de la 

fo rme active de la protéine ERK 1 /2 ( extrace llular signal- regul ated kinase 1 /2). 

Toutefo is, cette re lation entre l' express ion de l'apoD et la pro li férat ion cellulai re 

n'est pas présente dans certaines situations te lles qu'en cas de tra itement avec 

!' interleukine 6 (IL-6) . En effet, malgré son effet inhibiteur sur la pro liférat ion, l' IL-6 

diminue l' expression de l'apoD (B lais et al. , 1995). 

Outre la pro lifération cellulaire, l'express ion de l'apoD peut également être liée à la 

diffé renciation cellulaire. En effet, deux médiateurs de la diffé renciation, l'ac ide 
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rétinoïque et la 1,25-dihydroxyv itamin D3, induisent l'expression de l'apoD dans 

les cellules de cancers mammaires (Lopez-Boado et al. , 1994; Lopez-Boado et al. , 

1997). Cette induction de l'apoD est médiée par les récepteurs nucléa ires à l' ac ide 

rét inoïque (RAR) qui induisent une inhibi tion significative de la proli férat ion 

cellulaire. Cec i suggère que l'apoD pourra it être un marq ueur biochimique de la 

différenciation et de l'arrêt de pro li fération médi és par les RAR dans les cellules de 

cancers mammaires (Lopez-Boado et a l. , 1996) . Cette re lation entre l' induction de 

l'apoD, la diffé renciation et l'arrêt de cro issance a également été suggérée dans des 

tissus humai ns de prostate (Aspinall et a l. , 1995). En effet, cette étude montre que 

l'apoD est principalement localisée dans les cellules de l'épithélium glandul ai re 

prostatique ce qui suggère qu 'e ll e pourra it être associée à l'état non-pro lifératif ou 

différencié de ces cellules. 

Certaines condi tions de stress, tels que les stress oxydatif et inflammatoire ainsi que 

les UV, peuvent également activer l' express ion de l' apo D (Do Carmo et al. , 2007) . 

Cette induction de l' express ion de l' apo D est observée spécifiquement à des 

concentrat ions et des doses de peroxyde (i nducteur de stress oxydatif) et d ' UV 

entraînant l'arrêt de cro issance. Cette induction de l' apoD peut être activée par des 

facteurs nuc léa ires impliqués dans ces stress . En effet, plusieurs facte urs nucléa ires, 

tels que PARP-1 (Poly(ADP-ribose) po lymerase-1 ) et APEX (Apuri nic/Apyri midinic 

Endonuc lease-1) (facteurs qui sont régulés à la hausse dans les ce llules en arrêt de 

cro issance) peuvent se lier aux promoteurs de l' apo D et indui re son act ivation dans 

les cellules NIH/3T3 en situation d'arrêt de cro issance (Levros et al. , 20 10) . APEX et 

PARP-1 sont connus pour être indui ts dans plusieurs situations patholog iques 

incluant le stress oxydati f et les conditions neurodégénératives (Duan et al. , 2007; 

Fritz et al. , 2003). 
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1.1.4.2 Contrôle de l' homéostasie énergétique par l' apoD 

li existe une corrélation positive entre la masse adipeuse corporelle, les 111veaux 

circulants de la leptine et l'expression de l'apoD hypothalamique (Liu et al., 2001). 

Toutefois, cette corrélation avec l' adiposité corporelle disparaît chez les souris obèses 

ob/ob (déficitaire en leptine) et db/db (présentant une mutation du récepteur de la 

leptine Ob/R). En effet, ces souris voient leur niveau d'apoD hypothalamique réduit 

par rapport aux souris de type sauvage. De plus, cette même étude met en évidence la 

présence d'une interaction directe et spécifique de l' apoD et du récepteur Ob/R, au 

niveau de la portion cytoplasmique de la forme longue de ce récepteur (OB/Rb) (Liu 

et al. , 2001). Ceci suggère que l' apoD hypothalamique est impliquée dans les voies 

de signalisation du récepteur Ob-Rb de la leptine qui contrôle l' accumulation de gras 

lors d'une diète riche en gras. 

L'apoD se trouve également modulée dans certaines pathologies associées à un défaut 

métabolique, telles que le déficit familial en HDL ou la maladie de Tangier 

(Alaupovic et al. , 1981), le déficit familial en LCAT (Albers et al. , 1985) et le diabète 

de type 2 (Baker et al. , 1994; Hansen et al. , 2004) . Le lien entre l' apoD et la majorité 

de ces maladies pourrait être relié à un défaut du métaboli sme lipidique. De plus, la 

relation de l'apoD avec le diabète de type 2, l' obés ité et l' hyperinsulinémie pourrait 

dépendre des récepteurs hépatiques de type X ou de l' activation des voies 

inflammatoires et pro-angiogéniques qui modifient le métaboli sme de l' acide 

arachidonique (Hummasti et al. , 2004). 

La maladie de Tangier est due à une mutation du gène de transporteur A TP-binding 

cassette Al (ABCAl), qui est impliqué dans l' efflux du cholestérol (Bodzioch et al. , 

1999). La perte de fonction d' ABCA 1 entraine une accumulation de cholestérol dans 

les tissus périphériques et une augmentation de risque de développement de 
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l'athérosclérose (Bodzioch et al. , 1999). De plus, l'analyse du profil protéique des 

particules de HDL isolées de patients atteints d' athérosclérose (dont le taux est fa ible) 

révèle un enrichissement de l'apoD dans les HDL, ce qui pourrait faire parti e d'un 

mécani sme de compensation face à la dérégulation de l'homéostas ie du cholestéro l 

observée chez ces patients (Vaisar et al. , 2007). Outre l' accumulati on de l'apoD dans 

les particules de HDL, la présence de l'apoD dans les athéromes, qui sont des plaques 

essentiellement composées de lipides dans les artères, est assoc iée avec une 

accumulation excessive du cholestérol dans ces plaques observées chez les pati ents 

atteints d'athérosc lérose et dans des modèles murins d'athérosclérose (Perdomo and 

Henry Dong, 2009; Sarjeant et al. , 2003). Ceci peut être corrélé avec le fa it que 

l'apoD, qui a la capacité de se li er au cholestéro l, fac ilite l'éliminati on de l' excès de 

cholestérol des cellules. En effet, l'excès de cholestérol , dont le transport est facilité 

par les HDL, peut être éliminé dans le fo ie (Pfrieger, 2003), qui est considéré comme 

le mécani sme à travers lequel les HDL protègent l'organisme contre le 

développement de l'athérosclérose (Tall , 2008). 

L' implication de l'apoD dans le métabolisme des lipides a été confirmée dans des 

modèles de souris transgéniques surexprimant l' apoD humaine dans le système 

nerveux central (Do Carmo et al. , 2009b). L' express ion de l'apoD humaine dans ces 

souris a en effet été également détectée dans les ti ssus périphériques tels que le fo ie. 

Il a été rapporté dans cette étude que les souri s transgéniques âgées déve loppent une 

stéatose hépatique et une résistance à l' insuline. De plus, ces souri s ne sont ni obèses 

ni diabétiques. Toutefoi s, on ignore si l'accumulati on de lipides induite par l'apoD 

dans le fo ie pourrait être due à la lipogenèse de novo ou à des lipides provenant des 

tissus périphériques provenant des tissus périphériques. 
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1.1.4.3 Rôle de I' apoD dans le développement 

Une modulation de l'expression de l'apoD est également notée durant les périodes de 

gestation et de développement embryonnaire. En effet, des niveaux faib les de 

transcrits de l 'apoD ont été observés chez le cochon d' inde au stade fœtal (Provost et 

al., 199la). Chez la souris, l'analyse du patron d'expression de l'apoD (par 

hybridation in situ) au cours de l'embryogenèse indique que cette expression, 

amorcée entre le gème et le 9ème jour embryonnaire, se trouve être sélectivement 

modulée tout au long du développement embryonnaire, et ce jusqu 'à la naissance 

(Sanchez et al. , 2002). L' induction de l' apoD, durant le développement et durant la 

période néonatale précoce chez le rat, est associée à la maturation et coïncide avec la 

période de myélinisation active et avec la synaptogénèse (Ong et al. , 1999). L'apoD 

est également présente dans le vitellus de l'ovocyte en croissance rapide. Elle y est 

associée avec le transport et la mobilisation des lipides durant l'embryogenèse chez 

les espèces ovipares (Vieira et al. , 1995). 

Chez l'humain, l' apoD est fo1iement exprimée dans l'endomètre pendant la fenêtre 

d' implantation de l' embryon et dans le placenta (Drayna et al. , 1986; Kao et al. , 

2002) Au cours de la grossesse, les niveaux d'apoD plasmatique diminuent, 

phénomène qui se trouve être accentué chez les femmes avec un gain de poids 

excessif (Do Carmo et al., 2009a). 

1.1.4.4 Implication de l'apoD dans le cancer 

Une modulation de l'expression de l'apoD est présente dans plusieurs cancers . Ce lle­

ci se trouve être surexprimée dans de nombreux types de carcinomes, tels que les 

carcinomes de se in , des ovaires, de la prostate, de la peau et du système nerveux 

central. Cette augmentation du niveau d' expression de l'apoD dans les cancers du 

sein et du système nerveux central est essentiellement liée au caractère hautement 

différencié, non-invasif et non-métastatique de ces carcinomes (Hunter et al. , 2002; 
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Porter et al., 2003; Serra Diaz et al., 1999). Cette surexpression de l'apoD est 

également associée à une diminution de possibilité de rechute, et donc à des 

meilleures chances de survie, pour les patients atteints par ces types de cancers (Diez­

Itza et al., 1994). Certaines études mettent de l'avant l' hypothèse que l'arrêt de 

croissance dû à la différenciation pourrait expliquer la présence de l'apoD dans ces 

cancers (Diez-Itza et al., 1994; Porter et al., 2003; Serra Diaz et al., 1999). Toutefois, 

dans les cancers de la prostate, du pancréas et de la peau, le niveau élevé d'expression 

de l'apoD est assoc ié à la nature invasive de ces cancers (Ashida et al., 2004; Aspinal l 

et al., 1995; Hall et al. , 2004; Zhang et al., 1998). L'augmentation de l'expression de 

cette protéine pourrait alors être un facteur défavorable de la progress ion de la 

maladie (Iacobuzio-Donahue et al., 2002; Miranda et al., 2003; Ryu et al ., 2001; West 

et al ., 2004). La transformation maligne dans ces types de cancers favor isera it donc 

l'augmentation simultanée de l'apoD et de la croissance tumorale, abolissant ainsi la 

corrélation inverse entre le niveau élevé d'expression de l 'apoD et la prolifération 

ce llulaire (Hal l et al., 2004). Il reste cependant à déterminer si l'expression de l'apoD 

est une cause ou une conséquence de ces transformations cel lulaires. 

1.1.5 Rôle de l'apoD dans le système nerveux 

L'apoD est exprimée par les ce llules de Schwann dans le système nerveux 

périphérique (Boyles et al., 1990b; Patel et al ., 1995; Provost et al., 1991 a). Chez le 

rat, les fibres nerveuses périphériques présentent une faible quantité d' ARNm d'apoD 

(Boyles et al., l 990b). Cependant, dans un contexte pathologique, cette expression 

subit d' importantes variations. Le tissu nerveux périphérique est capable de 

synthétiser localement certaines apolipoprotéines telles que l'apoD et 

l'apolipoprotéine E (apoE). Il est donc probable que le système nerveux périphérique 

soit doté d' un système de lipoprotéines qui lui soit propre. Cela permettrait donc un 

transport lipidique entre les cellules et un maintien de l' homéostasie du cholestérol 

(Boyles et al., 1989). En effet, lors d' une lésion des nerfs périphériques, la 
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dégradation de la myé line libère une grande quantité de lipides (notamment le 

cholestéro l), qui sont ensuite stockés pour être réutili sés durant la régénération. De ce 

fait, le transport lipidique devrait être plu s actif lors d ' une lés ion de nerfs 

périphériques (Rawlins et al., 1970). Une étude a mis en évidence que le degré de 

vari ation du ni veau du transcrit de cette protéine est en fo nction de la nature des 

lésions nerveuses périphériques (S preyer et al., 1990). En effet, le taux de transcri ts 

augmente de manière modérée dans les nerfs sectionnés de rat dont la régénération a 

été vo lontairement in terrompue par un process us de ligature des extrémités axonales; 

tandi s que lorsqu ' il s'agit de fibres nerveuses comprimées en régénération, le ni veau 

d' ARNm et de la protéine de l' apoD augmente considérablement au moment de la 

cro issance axonale (Boy les et al., 1990; Spreyer et al., 1990) . Une nette augmentation 

de l'apoD a également été observée chez d' autres espèces, te lles que le lapin et le 

si nge marmouset, en situation de compression de nerfs périphériques (Boy les et al., 

1990). L'apoD pourrait donc être impliquée dans ce processus de régénération via le 

transport des lipides (notamment du cholestéro l), permettant ainsi le maintien de 

l' homéostas ie et le recyclage des lipides lors de la repousse axonale dans le système 

nerveux périphérique. Cette hypothèse a été confirmée par une étude réalisée dans un 

modèle de lésions de nerfs périphériques chez des souri s défic ientes en apoD et des 

souri s transgéniques surexprimant l' apoD humaine (Ganfo rnina et al. , 20 10). En 

effet, ces études ont montré que la régénération et la remyé lini sation axonales sont 

retardées en absence de l'apoD et, à l' inverse, la présence de l' apoD stimule ces 

processus de régénération axonale et faci li te la réc upération de la fonction 

locomotrice sui te à la lés ion des nerfs . 

Dans le système nerveux central, l' expression de I ' apoD est observée dans les 

astrocytes, les oligodendrocytes et quelques neurones (Boyles et al., 1990b; Patel et 

al., 1995 ; Provost et al., 1991 b ). Chez l' homme, l'apoD est essentiell ement présente 

dans le cytoso l des cellules gliales dans la mat ière blanche (Hu et al., 200 1; Navarro 
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et al., 1998). Dans la substance grise, l 'apoD est localisée au niveau des astrocytes 

protoplasmiques et dans certains neurones (Navarro et al., 1998; Navarro et al., 

2004). L'apoD a également été détectée dans le cytosol des cellules péri-vasculaires 

et dans les lysosomes des péricytes au niveau des parois des vaisseaux sanguins du 

néocortex (Hu et al. , 2001). Ceci suggère un rôle potentiel de l'apoD dans le transport 

des stérols et des petites particules hydrophobes dans les cellules gliales et (ou vers) 

les vaisseaux sanguins dans le système nerveux central. Fait intéressant, une 

augmentation de l'expression de l' apoD a été observée dans le cortex cérébral de 

patients âgés. Cette augmentation est probablement due à une hausse du nombre 

d'astrocytes réactifs (del Valle et al., 2003 ; Kalman et al. , 2000). L' induction de 

l'apoD a également été rapportée dans de nombreuses lésions et maladies 

neurodégénératives telles que la maladie d' Alzheimer. 

1.2 Implication de I' ApoD dans les maladies neurodégénératives 

1.2.1 Maladie d' Alzheimer 

Bien qu ' une hausse du niveau de l 'apoD constitue un phénomène physiologique dans 

le cerveau vieillissant, une augmentation encore plus importante de l'expression a été 

constatée chez des souris PDAPP âgées qui constituent un modèle de la maladie 

d'Alzheimer. Ceci peut représenter une réponse compensatoire des cellules gliales 

face à l' accumulation de la ~-amyloïde (Thomas et al. , 2001 c). En effet, les souris 

PDAPP sont des souris transgéniques exprimant une forme mutée de la protéine 

précurseur de l'amyloïde humain APP associée à la forme familiale de la maladie 

d' Alzheimer (Garnes et al., 1995). Ces souri s présentent de nombreux dépôts ~­

amyloïdes, une perte synaptique, une astrogliose et une microgliose (Chen et al. , 

1998; Mas! iah et al. , 1996). En effet, dans le cerveau de patients atteints de la maladie 

d' Alzheimer, il existe deux types de lésions, qui sont bien caractérisées (Terry et al. , 

1994): 
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• Les dégénérescences neurofibrill aires (NFT) qui sont des lésions 

intraneuronales correspondant à des enchevêtrements formés de filaments en 

double hélice. Elles sont principalement constituées de la proté ine Tau sous 

fo rme hyperphosphorylée. 

• Les plaques sénil es correspondant à des lés ions situées dans l' espace entre les 

ce llules . Le cœur des plaques est constitué de dépôts anorm aux de la proté ine 

~-amy loïde. 

Ces deux types de lés ions rendent compte de la mort ce llul a ire et de l' appari t ion de la 

démence dans la malad ie d' A lzhe imer. 

Chez des patients atte ints de la maladi e d 'A lzhei mer, une im portante augmentation de 

la protéine apoD a été observée dans le liqui de céphalorachidi en, l' hippocampe et le 

cortex temporal (Desai et a l. , 2005; Ka lman et al. , 2000 ; Terrisse et a l. , 1998). De 

plus, il a été noté que ce taux d 'apoD est corrélé avec le nombre de dégénérescences 

neurofibrill aires mais pas avec celui des plaq ues séniles (Be ll oir et a l. , 200 1; 

Glockner and Ohm, 2003). Néan moi ns, une co- locali sat ion de l' apoD et ces 

dégénérescences neurofibri llaires (NFT) est ra rement observée dans un même 

neurone, suggérant ainsi que l'express ion de l'apoD est augmentée dans les neurones 

stressés avant même qu 'i ls accumulent ces lés ions intraneurona les. Ma is une fo is les 

NFT formées, la transcription de l'apoD est déjà alté rée (Be lloir et a l. , 200 1). Une 

étude a montré que l' apoD est présente dans les plaques séniles mais qu' e ll e est 

locali sée préférentiellement autour ou près des dépôts amyloïdes, a lors que 

l' apolipoproté ine E (apoE) est toujours locali sée au cœur des plaq ues amyloïdes 

(Navarro et al. , 2003). 

L'augmentation de l' apoD dans la maladie d'A lzheimer est corré lée avec le stade 

Braak de dégénération (Glockner and Ohm, 2003), mais est indépendante des 

concentrations protéiques de l' apoE (Terrisse et a l. , 1998). De plus, cette induction de 
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l'apoD est corrélée avec le génotype d'apoE dans l' hippocampe et le liquide 

céphalorachidien (Glockner and Ohm, 2003). Une étro ite relation entre la maladie 

d'Alzheimer et le génotye de l'apoE a été clairement établie: !' isoforme E4 constitue 

un risque de facteur majeur de développement de la maladie (Henderson and Finch, 

1989). Chez les souri s défi cientes en apoE, le ni veau de cholestéro l dans le cerveau 

n'est pas altéré, une conséquence poss ible de l' importante augmentation d'express ion 

de l'apoD et de ABCA 1 comme processus compensatoire permettant de maintenir 

l' homéostasie du cholestéro l dans le cerveau (Jansen et al. , 2009). À l' inverse, 

l' expression de l'apoD est fa iblement augmentée dans le cerveau de souris ' knock in' 

exprimant les isoformes E3 et E4, et qui affichent une accumulation significative du 

cholestérol et de ses métabo lites (Jansen et al. , 2009). Toutefois, il a été montré que, 

contra irement à !' isoforme E2, les isoformes E3 et E4 de l' apoE, qu i peuvent se li er 

sur le promoteur de l'apoD, répriment l'acti vat ion de ce lui-ci dans des cellules de 

gliobastome humain U87 (Levros et al. , 20 13). Cette fa ible augmentation de l'apoD 

chez les modèles de souri s exprimant l'apoE3 et l' apoE4 pourra it être la cause de 

l'addi tion de l' effet répressif direct de l'apoE3 et de l' apoE4 et de l'effet activateur 

des conséquences de l'accumulation du cholestéro l. 

Ainsi, au début de la maladie, l'augmentation de l'apoD en présence d' un all èle E4 

du gène de l'apoE peut être interprétée comme un mécani sme compensatoire et 

pourrait indiquer une ré-innervati on en cours plutôt que des dommages ou de la mort 

ce llulaire. Cependant, cette corrélation di sparaît lors de la progress ion de la maladie 

révélant que l' express ion de l' apoD sera it sous le contrôle de mécanismes di ffé rents 

(Belloir et al., 2001 ; Kalman et al. , 2000; Thomas et al. , 2003c). 

1.2.2 Schizophrénie 

La schizophrénie est un trouble psychotique sévère et chronique qui peut être dû à un 

déséquilibre de l'activité des neurotransmetteurs affectant les systèmes 
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sérotoninergiques, glutaminergiques et dopaminergiques (Jones and Pilowsky, 

2002; Konradi and Heckers, 2003). Cette pathologie neuropsychiatrique est 

caractérisée par une altération du métabolisme des phospholipides (avec un défaut 

d' incorporation d' acide arachidonique dans les plaquettes et les érythrocytes) qui 

pourrait contribuer à l' altération de l' activité des neurotransmetteurs (Horrobin , 1998; 

Laugharne et al., 1996; Yao et al ., 1996). 

Le plasma et le cerveau post-mortem de patients atteints de la schizophrénie 

présentent une altération de l'expression de l'apoD (Mahadik et al., 2002; Thomas et 

al ., 200lb; Thomas et al ., 2003a). Plusieurs études ont mis en év idence une élévation 

du taux de l' apoD dans le cerveau post-mortem de pati ents ch ro niques et de rongeurs 

traités à la clozapine, qui est un médicament antipsychotique atypique (Mahadik et 

al ., 2002; Thomas et al., 200la). Ceci suggère donc que l' apoD a un rôle dans l'action 

pharmacologique de la clozapine. Ce médicament antipsychotique est effi cace dans le 

traitement des patients atteints de schizophrénie (Ciapparelli et al., 2000). Chez ces 

patients schizophrènes traités, la clozapine augmente le taux d'ac ide arachidonique 

dans la membrane érythrocytaire (Vaddadi , 1992; Walker et al., 1999). Or, l' acide 

arachidonique a été identifié comme le ligand ayant la plus fo rte affinité pour l' apoD 

(Morais Cabral et al ., 1995). Une étude a montré que l'apoD stabili se les niveaux 

d'acide arachidonique dans les membranes de cellules embryonnaires de rein humain 

293T (HEK 293T) (Thomas et al ., 2003b). En d' autres termes, une augmentation 

accrue de l'apoD, induite par les antipsychotiques atypiques, pourra it faciliter 

l' incorporati on de l'acide arachidonique, permettant ainsi de stabiliser le taux de 

phospholipides dans les membranes des ce llules . Des défi ciences en acide 

arachidonique ont en effet été constatées chez des patients atteints de schizophrénie 

(Thomas et al., 2003b; Yao et al ., 2005). L'augmentation d'apoD induite par les 

médicaments neuroleptiques serait donc bénéfiqu e à ces patients. Cette étroite 



relation entre apoD/acide arachidonique et la fonction de la clozapine a été 

confirmée chez des souris déficientes en apoD (Thomas and Yao, 2007). 

1.2.3 Maladie de N iemann-Pick de type C 
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La maladie de Niemann-Pick de type C (NPC), caractérisée par un défic it de 

l' homéostasie lipidique, présente également une importante modulation de l'apoD. li 

s'agit d'une maladi e génétique qui implique des anomalies de transport intrace llulaire 

du cholestéro l, aboutissant à une accumulation de cholestéro l non estérifié dans les 

endosomes tardifs et les lysosomes (Kolodny, 2000). Une importante augmentation 

d'apoD a été observée dans le plasma et le cerveau dans un modèle murin de la 

maladi e de Niemann-P ick de type C (souri s NPC). Des niveaux élevés d'apoD sont 

également présents dans les tissus périphériques te ls que le cœur, le tissu adi peux et 

le thymus (S uresh et al. , 1998; Yoshida et al., 1996). Bien que cette altération de 

transport du cholestérol soit observée à la fo is dans les ce llules périphériques et 

nerveuses, les principales caractérist iques de la malad ie de NPC sont assoc iées à une 

neurodégénérescence progress ive, suggérant une plus grande vulnérab ili té des 

cellules nerveuses face à la perturbat ion du trafic intrace ll ulaire du cholestéro l (Sevin 

et al. , 2007; Suresh et al. , 1998). En comparaison avec les tissus périphériques, le 

cerveau est fortement enrichi en cholestéro l qu i se trouve dans la ga ine de myéline 

entourant les axones et facil itant la transmission nerveuse. De plus, le taux de 

cholestéro l dans la membrane peut éga lement infl uencer l' act ivité nerveuse (Dietschy 

and Turley, 2004). Ainsi, l' expression de l' apoD (dont un des ligands est le 

cholestéro l) pourra it être augmentée afin de pallier à la dérégulation du cholestéro l 

intracellulaire chez les souri s NPC. 
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1.2.4 Autres neuropathologies et lés ions neurodégénératives 

Une modulation de l'express ion de l' apoD a été observée dans d 'autres s ituations 

neuropathologiques et neurodégénératives. Chez des patients atte ints de la maladie de 

Parkinson, on note une augmentati on év idente de l' express ion de l'apoD par les 

cellules g li ales dans la substance noire (Ordonez et al. , 2006) . Une accumul at ion de 

l'apoD a également été retrouvée dans le liquide céphalorachidi en de pat ients suite à 

un acc ident vascul aire cérébra l. Le taux d ' apoD est éga lement élevé dans le fl uide 

céphalorachidien de patients atteints de la sclérose en plaques (Re indl et a l. , 200 1 ). 

Suite à une atteinte cérébrale aiguë chez les rongeurs, l'express ion de l' apoD est 

augmentée dans les astrocytes, mais est également retrouvée dans les neurones. C ' est 

le cas, par exemple, dans l' hippocampe de rat sui te à l' injection d ' ac ide kaïni que 

(Montpied et al. , 1999; Ong et a l. , 1997) ou sui te à la lésion du cortex entorhinal 

(Terrisse et al. , 1999) . Dans un modè le d ' ischémique cérébra le chez le rat, l' apoD est 

fo1tement indu ite dès les premiè res heures et continue d ' augmente r jusqu'à 48h 

(Rickhag et a l. , 2006) . Cette induction de l' apoD est détectée dans les neurones 

pyramidaux en dégénérescence dans la rég ion lésée, autour de cette rég ion mais auss i 

dans les oli godend rocytes et cette induction persiste au-de là d ' une semaine (Rickhag 

et a l. , 2008) . 

Cette surexpress1on de l' apoD dans le cerveau vie ill issant et dans ces cond itions 

neuropathologiques soulève la possibili té que l' apoD joue un rô le important dans le 

maintien et dans la protecti on des neurones face à des lésions neurodégénérat ives . 

1.2.5 Fonctions neuroprotectri ces de l'apoD 

Plusieurs études corroborent l' hypothèse d ' un rô le neuroprotecteur de l' apoD face à 

une neurodégérescence indui te par di ffé rentes neuropathologies, incluant le stress 

oxydatif, le stress inflammato ire et l 'exc itotoxic ité (Do Canno et a l. , 2008; 
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Ganfornina et al ., 2008). L'excitotoxicité désigne la mort des neurones survenant à 

cause d'un excès d'activation entraînée par le glutamate ou d'autres agonistes 

excitateurs, tels que l'acide kaïnique (ou kaïnate KA); un puissant excitateur 

neuronaux (Olney et al ., 1971 ; Watkins and Evans, 1981 ). L' excitotoxicité s'est 

révélé être un processus pathologique majeur impliqué dans de nombreuses affections 

neurologiques dégénératives du système nerveux central, auss i bien aiguës (comme 

les accidents vasculaires cérébraux) que chroniques (dont la sc lérose latérale 

amyotrophique, la maladie de Parkinson, la maladie d' Alzheimer et certa ines fo rmes 

d'épilepsies) (Albin and Greenamyre, 1992; Lipton and Rosenberg, 1994). 

Des souri s transgéniques, surexprimant l' apoD dans le cerveau, présentent un 

meilleur taux de survie et moins de sensibilité face à un stress oxydatif induit dans le 

cerveau par injection d' un générateur de radicaux oxygénés libres (ROS), le paraquat, 

en exhibant une augmentation atténuée du taux de peroxydation lipidique. A 

l' inverse, chez les souri s déficientes en apoD (apoD-/-), une élévation de la sensibilité 

face au stress oxydatif ainsi qu ' une défici ence de certaines taches cognitives ont été 

notées après injection du paraquat (Ganfo rnina et al., 2008). Para ll èlement, la perte de 

l' homologue de l'apoD connu sous le nom de gli al lazarillo (G laz) chez la drosophile 

augmente la peroxydation lipidique et la sensibilité au stress oxydati f (Sanchez et al., 

2000). Ces drosophiles mutantes ont une longév ité plus réduite (Sanchez et al., 2006) . 

À l' inverse, la surexpress ion de cette protéine induit une importante rés istance contre 

le stress oxydatif et une augmentation de 29% de la longév ité chez la drosophile 

(Hull-Thompson et al., 2009; Ruiz et al ., 201 2; Walker et al., 2006). Ces mêmes 

effets sont également observés avec la surexpression de l'apoD humaine chez les 

drosophiles, indiquant que le rôle de l'apoD est conservé du rant l'évolution (Muffat 

et al ., 2008). De plus, il a été démontré que cet effet anti-oxydant de l'apoD est médié 

par le rés idu Met93 qui prévient la peroxydation lipidique (Bhatia et al ., 201 2; Oakley 

et al., 2012). Cet effet neuroprotecteur de l'apoD, observé à la suite d' un stress 
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oxydatif, a également été obtenu après induction d ' un stress inflammatoire (Do 

Carmo et al. , 2008). En effet, l' injection intracérébrale du virus OC43 , un coronavirus 

humain capable de causer une inflammation démyélini sante du SNC rappelant la 

sclérose en plaques (Jacomy and Talbot, 2003), entraîne une activati on accrue des 

processus inflammatoires (qui peuvent être délétères) et de la gli e mais surtout un 

important taux de mortalité chez des souris de type sauvage . Toutefo is, la 

surexpression d'apoD chez les souris transgéniques résulte en une augmentation 

significati ve du taux de survie de ces souris ainsi qu 'en une atténuati on de certains 

processus inflammatoires (tel s que l' infiltration des cellules immunitaires) face à 

l' infection induite par OC43. De plus, cette protecti on semble être corrélée avec une 

restriction de l'activité de la PLA2. Cela suggère que l' apoD protège de 

(' encéphalopathie induite par OC43, vi a la voie de signali sati on des PLA2 . Cet effet 

protecteur de l' apoD pourrait résulter de la capacité de l' apoD à stabili ser l' acide 

arachidonique dans la membrane ce llulaire ou à le séquestrer empêchant ainsi sa 

conversion en molécules pro-inflammatoires (Thomas et al., 2003a; Thomas et al ., 

2003b) . Un effet neuroprotecteur de l'apoD face à l'exc itotox icité induite par l' ac ide 

kaïnique a égal ement été mis en év idence, in vitro, sur un modèle organotypique 

d' hippocampe de souri s. En effet, un pré-traitement avec l'apoD purifiée prévient la 

mortalité neuronale et la peroxydation de l'acide arachidonique et du cholestéro l dans 

les cultures d' hippocampes de type organotypique exposées au kaïnate (He et al., 

2009). 

L ' ensemble de ces données suggère donc un possible rôle de l'apoD dans la réponse 

cellulaire face à la progression de ces maladies, en agissant comme un facteur 

protecteur des neurones en situation de stress . 



PROBLÉMATIQUE 

De par sa large distribution ti ssul aire et son association avec une grande variété de 

ligands, l'apoD semble être une protéine multifonctionnelle dont le rô le vari e d' un 

organe à un autre. L'apoD est largement synthétisée dans le SNC et son express ion 

s'y trouve augmentée dans certaines neuropathologies te ll es que les maladies 

d' Alzheimer, de Parkinson et de Niemann-Pick de type C. Cette importante 

modulati on d' express ion s'établit spécifiquement au niveau des sites de lés ions dans 

le SNC, suggérant ainsi un possible rôle de l'apoD dans la protection des neurones en 

situation de stress. Il a été préalablement démontré que la surexpress ion de l'apoD, 

chez les souris, protège celle-ci de dégénérescences induites par des stress 

inflammatoire et oxydati f. Ainsi, l' utili sati on de l' apoD pourra it être envisagée 

comme un outil thérapeutique potenti el pour traiter les maladies neurodégénérati ves. 

Toutefo is, se lon le type de neuro pathologies, de nombreux mécani smes, dont ceux 

induits par les stress oxydatif et inflammatoire, sont mis en jeu. Parmi ces 

mécanismes, certains induisent une aggravation de l'état neurodégénérati f : c'est le 

cas du phénomène d'exc itotox icité. Afin de mieux comprendre le rôle de l'apoD 

dans les neuropathologies, il reste encore à défi nir, d' une part, si cet effet 

neuroprotecteur de la surexpress ion de l'apoD est éga lement observé au niveau d' un 

mécani sme bien établi , tel que l' excitotoxicité, et d'autre part, les mécani smes 

moléculaires responsables de cet effet bénéfique de l' apoD. 

Notre premier objectif était donc de déterminer si la surexpress ion de l'apoD dans le 

SNC protège de la neurodégénérescence induite par excitotox icité. Pour cela, nous 

avons utili sé des souris transgéniques surexprimant l'apoD humaine dans les 

neurones et nous les avons soumises à l' excitotoxicité par inj ection avec l'acide 
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kaïnique, un analogue du glutamate. Il s'agissait donc, tout d'abord, de déterminer 

si la surexpress ion de l'apoD atténue la dégénérescence induite par le kaïnate par une 

étude comportementale (convulsions) et une analyse biochimique et cellulaire 

(apoptose et inflammation). Nous avons également véri fié si la surexpress ion de 

l'apoD favo ri sait un environnement non permiss if au développement de 

I 'excitotoxicité en mesurant les paramètres clés impliqués dans l' inducti on de 

I' exc itotoxicité. 

Outre l' induction de son expression suite à un stress, l' effet neuroprotecteur de 

l'apoD pourrait impliquer qu 'e lle so it internali sée dans les cellules. Notre deuxième 

objecti f consistait donc de vérifier, tout d'abord, si l' internali sation de l ' apoD 

nécess itait la présence d' un récepteur spécifique par une étude de liaison à des 

cellules en culturec . Une foi s la présence du récepteur déterminée, il s'agit par la 

suite de purifier le complexe apoD/récepteur et d' identifier ce récepteur par 

spectrométrie de masse . Une fo is identifi é, l' implication de cette proté ine sur 

l' internalisati on de l'apoD sera vérifi ée . 

Considérée comme une protéine multi-ligand et multi-fonctionnelle, la fo ncti on de 

l' apoD pourrait donc dépendre du li gand qu 'elle tra nsporte. Notre dernier objecti f 

consiste à déterminer si l'effet neuro protecteur de l'apoD dépend de sa capacité à se 

lier avec certa ins ligands impliqués dans les processus neurodégénérati fs te ls que 

l'exc itotoxicité. Pour ce la, nous avons généré plusieurs mutants de l'apoD portant des 

mutations sur les acides aminés situés dans la rég ion de liaison avec son li gand. Nous 

avons, par la suite, vérifié leur capacité à être in ternali sé dans les cellules. 
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Avant propos 

Des travaux antérieurs ont démontré un effet neuroprotecteur de I 'apoD face un stress 

oxydatif et inflammatoire induit dans le SNC. Cet arti cle a donc pour objecti f de 

vérifier l'effet neuroprotecteur de l'apoD dans un autre phénomène impliqué dans les 

maladies neurodégénératives, l'excitotoxicité. Pour ce fa ire, l'exc itotox icité a été 

induite par inj ection intrapéritonéale de l'ac ide kaïnique (un analogue du glutamate) 

chez les souri s surexprimant l'apoD humaine dans les neurones sous le contrôle du 

promoteur du gène Thy-1 (H-apoD Tg). L'effet de la surexpress ion de l'apoD sur le 

phénomène d'exc itotox icité a ensuite été vérifié en mesurant plusieurs paramètres 

impliqués dans cette dégénérescence (incluant les convul sions, l' inflammation). 

Dans le phénomène d'excitotoxicité, l' induction de la mort neuronale est la 

conséquence d'une cascade de processus dépendant de l' influx de sodiur~1 , de l' influx 

de calcium et de ]'exocytose de glutamate. L' importante stimulation des récepteurs 

AMP A ( a.-amino-3-hydroxy5-methy 1-4-isoxazo lepropionic ac id)/kainate (récepteurs 

glutaminergiques ionotropiques) par l' ac ide kaïnique (un puissant agoniste excitateur) 

induit une suracti vation des récepteurs NMDA (N-methyl-D-aspartate), qut 

constituent les principaux acteurs du processus neurotox ique; cec i entraînant une 

entrée massive de calcium dans les neurones . Cette augmentation de ca lcium 

intracellulaire est également accentuée par l' inversion de la pompe Na+/Ca2+ et la 

libérati on de calcium stocké dans le réti culum endoplasmique (Mody and Mac Donald , 

1995). Cette accumulati on excess ive de ca lcium intrace llulaire induit pl us ieurs 

mécani smes toxiques tels que l' activation de PLA2, la production de radicaux libres 

et l' induction de l'apoptose (Mody and MacDonald , 1995; Patel et al. , 1996). 

L'excès de calcium intracellulaire a également pour conséquence la libérati on dans le 

milieu extracellulaire des constituants des vés icules synaptiques contenant 
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essentiellement du glutamate, contribuant ainsi à une augmentation des 

concentrations du glutamate dans le milieu extracellulaire (Benveniste et al., 1984). 

Ces fortes concentrations extracellulaires de glutamate présentes au niveau du site 

principal (lésion primaire) peuvent alors se propager vers les neurones avoisinants 

ayant pour conséquence de fragiliser des neurones qui n'avaient pas été affectés par la 

lésion primaire. 

Ce chapitre, présenté sous forme d'atiicle sc ientifique, a été soumis pour publication 

dans le journal 'Experimental Neurology '. Les références de cet article se trouvent à 

la fin de la thèse. J'ai été impliquée dans toutes les facettes expérimentales des 

travaux présentés dans cet article, dans le montage des figures et dans la rédaction de 

l' article à l'exception de l'expérience liée à l'évaluation de l'effet de la surexpression 

de l'apoD sur L'apoptose induite par le kaïnate. Elle a été réali sée par Azadeh 

Alikashani. Sonia Do Carma a été impliquée dans la correction de cet art icle. Le Dr 

Eric Rassat1 a supervisé le proj et et corrigé l'article. 
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2. 1 Abstract 

Exc itotox icity due to the excess ive activation of glutamatergic receptors leads to 

neuronal dysfonction and death . Exc itotoxicity has been implicated in the 

pathogenes is of a myriad of neurodegenerative diseases with distinct etiologies such 

as Alzheimer's and Parkinson's. Numerous studies link apoD, a secreted glycoprote in 

highly expressed in CNS, to maintenance and protection of neurons in various mouse 

models of acute stress and neurodegeneration. Here, we used a mouse model 

overexpress ing human apoD in neurons (H-apoD Tg) and tested the neuroprotecti ve 

effects of apoD in the kainic ac id (KA)-les ioned hippocampus. Our results show that 

apoD overexpress ion in H-apoD Tg mice induces an increased resistance to KA­

induced se izures, significantly attenuates inflammatory responses and confe rs 

protecti on against KA-induced ce ll apoptos is in the hippocampus. The apoD­

medi ated protection against KA-induced toxicity is imputab le in part to increased 

plasma membrane Ca2+ A TPase type 2 express ion ( 1.7 fo ld), decreased NM DA 

receptor subunit NR2B leve ls (30%) and modified lipid metabolism. Indeed, we 

demonstrate that ApoD can attenuate intrace llular cholestero l content in pri mary 

hippocampal neurons and in bra in of H-apoD Tg mice. In addi tion, apoD can be 

internalized by neurons and thi s inte rnalizati on is accentuated in aging and injury 

conditions. In summary, our resul ts prov ide add itional clues on the mechani sms 

invo lved in apoD-mediated neuroprotection in neurodegenerative cond itions. 

Keywords: apolipoprote in D (apoD), ka in ic acid, se izure, apoptos is, excitotoxicity, 

cholestero l metabolism, inflammation, calcium. 
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2.2 Introduction 

Apolipoprotein D (apoD) is a secreted glycoprotein and a member of the lipocalin 

family of proteins, which bind and transport small lipophilic molecules (Rassart et al., 

2000). In human, this atypical apolipoprotein is highly expressed in several tissues 

including the central nervous system (CNS), unlike other apolipoproteins, which are 

essentially produced in liver and intestine (Drayna et al ., 1986; Rassart et al., 2000; 

Weech et al., 1991 ). In rodents, apoD expression is found primarily in the CNS. ln 

the brain, high apoD expression is observed in the hippocampus, the prefrontal cortex 

and the substantia nigra (Elliott et al., 2010), mainly in glial cells (astrocytes and 

oligodendrocytes) but also in a few neurons (Hu et al ., 2001 ; Provost et al., 1991b; 

Rickhag et al., 2008; Smith et al ., 1990). 

The upregulation of apoD in the aging brain (Kalman et al ., 2000) and in multiple 

neurological conditions, including Alzheimer's (Terrisse et al., 1998), Parkinson' s 

(Ordonez et al., 2006), Niemann-Pick's type C (NPC) (Yoshida et al., 1996) diseases, 

multiple sclerosis (Reindl et al ., 2001 ), nervous system injuries including stroke 

(Boyles et al., 1990; Franz et al., 1999; Terrisse et al., 1999). This raises the 

possibility that apoD plays a prominent role in neuronal maintenance and protection 

against injury. 

Supporting this hypothesis, studies revealed that overexpress1on of apoD (or its 

orthologs) in transgenic mice, Drosophila and Arabidopsis led to increased resistance 

to oxidative stress (Charron et al., 2008; Ganfornina et al., 2008; Muffat et al., 2008) 

and inflammation (Do Carrno et al., 2008). Conversely, apoD inactivation in mice, 

plants and flies resulted in decreased resistance and ultirnately reduced survival in 

response to oxidative stress (Charron et al., 2008; Ganfornina et al ., 2008; Sanchez et 

al., 2006). It was further established that apoD specifically prevents lipid peroxidation 

but not protein carbonylation in response to oxidative insults (Ganfornina et al., 2008). 



35 

This antioxidant effect of apoD on lipids is mediated through a highly conserved 

methionine residue (Met93), converting reactive to non-reactive lipid hydroxides 

(Bhatia et al., 2012; Oakley et al., 2012). ApoD may also influence inflammatory 

pathways via the regulation of arachidonic acid (AA) signalling and metabolism (Do 

Carmo et al., 2008). Indeed, it was suggested that apoD could stabilize AA into the 

cell membrane or sequester AA, reducing the availability of free AA and preventing 

its conversion into pro-inflammatory molecules (Thomas et al. , 2003a; Thomas et al. , 

2003b). Another way for apoD to prevent neurotoxicity lies in its capacity to bind 

several ligands involved in neurological injuries. ApoD can bind AA, progesterone 

and sphingomyelin, with high affinity, as well as cholesterol , bilirubin and estradiol , 

with lower affinity or through indirect interactions. 

Despite increasing evidence indicating that apoD accumulation in neuropathological 

conditions is potentially protective, little is known on the response of apoD to 

excitotoxic insults and the pathways involved. Earlier work demonstrated increased 

apoD levels in the hippocampus of kainic acid-treated rats (Montpied et al. , 1999; 

Ong et al. , 1997). Kainic acid (KA), an analog of glutamate, can induce the over­

activation of glutamate receptors and is widely used as a mode! to explore excitotoxic 

processes in neurodegenerative in jury (Zheng et al. , 2011 ). Because of its high 

density of kainate receptors, the hippocampus is more sensitive to KA-induced 

neurotoxicity (Darstein et al. , 2003). Also, glutamatergic pathways seem to be 

particularly affected in apoD knockout mice with a 20% decrease in the density of 

kainate receptors in the CA 2-3 subfields of the hippocampus, a global decrease in 

AMPA receptors and a global increase in muscarinic M2/M4 receptors (Boer et al. , 

2010). These changes may contribute to impairments in learning memory, motor 

tasks and orientation-based tasks observed in these animais (Ganfornina et al. , 2008), 

ail of which involve glutamatergic neurotransmission. 
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Therefore, using transgenic mice overexpressing human apoD in their neurons, we 

sought to better understand the role of apoD in excitotoxic injury induced by KA 

treatment. Here we demonstrate that overexpression of apoD in neurons protects mice 

against KA-induced seizures and cellular apoptosis. We also found that apoD 

protection confers not only through its anti-inflammatory properties but also through 

the regulation of cholesterol distribution in neurons, and by affecting the levels of 

proteins known for their involvement in limiting excitotoxic effects. 
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2.3 Material and Methods 

2.3.1 Mice 

Human apoD transgenic (H-apoD Tg) m1ce express the human apoD (H-apoD) 

cDNA under the contrai of the Thy-1.2 promoter, as previously described (Do Carmo 

et al., 2008; Ganfornina et al., 2008). In H-apoD Tg mice, H-apoD is expressed in 

neuronal cells in ail regions of the nervous system (Do Carmo et al. , 2008). Because 

the FVB/N mouse strain is more vulnerable to KA lesions (McLin and Steward, 

2006), ail mice were backcrossed into the FVB/N background (Charles River, Canada) 

for at least 10 generations. Genotyping was performed by PCR on ta il biopsies as 

described previously (Ganfornina et al. , 2008). In ail experiments, 12-16 weeks old 

males WT and H-apoD Tg littermates were used. The animais were housed under 

standard conditions at constant temperature (20°C to 22°C) and humidity (50% to 

60%), under a 12h light/dark cycle and had free availability to water and food. Ail 

mice were euthanasied by C02 asphyxiation after being anesthetised with isoflurane 

(PPC, Richmond Hill , ON, Canada). The experimental procedures were approved by 

the Animal Care and Use Committee of Université du Québec à Montréal. 

2.3.2 Kainate administration and assessment of behavioural seizures 

Kainic acid (KA) (Sigma-Aldrich, St Louis, MO) (15 mg/kg, prepared in phosphate­

buffered saline, PBS) or vehicle (PBS) were injected intraperitoneally (i.p.) in WT 

and H-apoD Tg mice. Results of preliminary dose-response experiments revealed 

consistent seizures with a mortality of Jess than l 0 % in animais injected with a KA 

dose of 15 mg/kg. This dose was used in ail following experiments. For behavioural 

assessment, animais (17 mice for each group) were monitored every 5 min for 

behavioural seizures during 2h and the seizure intensity were blind-scored following 

a modified Racine 's classification (Racine, 1972): ' stage O', no seizure and normal 
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behaviour; 'stage 1 ', immobilisation; 'stage 2' , myoclonic jerk and head nodding; 

' stage 3' , bilateral forelimb clonus and rearing; 'stage 4', continuous rearing and 

falling; 'stage 5', loss of posture; 'stage 6', running and jumping seizure. For each 

mouse, the sum of ail seizure intensity was also calculated by adding the seizure 

scores observed in ail 5 min intervals during 2h following KA injection. The latency 

to ' stage 2', 'stage 3' and 'stage 4 ' seizure was also monitored. Animais that did not 

present these 'stage ' seizures were given a value of 120 min. 

2.3.3 Protein extraction and Western blot analysis 

Non-injected (4-5 WT and 4 H-apoD Tg mice) and 3 or 7 days post-injected (4-5 WT 

and H-apoD Tg mice) animais were euthanized and hippocampi were collected, 

frozen in dry ice, and conserved at -80°C until protein extraction. Hippocampi were 

then homogenized in cold lysis buffer (50 mM Tris-HCL, pH 7.3 , 150 mM NaCI , 5 

mM EDTA, 0.2% (v/v) Triton X-1 OO complemented with complete protease inhibitor 

(Roche Molecular Diagnostics, Mannheim, Germany) . After 30 min incubation at 

4°C, homogenates were sonicated and cleared by centrifugation. Protein 

concentration was assessed by the Bio-Rad protein assay (Bio-Rad Laboratories, 

Mississauga, Canada). Proteins (30 µg per sample) were separated on 12% (w/v) 

SDS-polyacrylamide gels and transferred to PYDF (polyvinylidene difluoride) 

membranes (Millipore, Ontario, Canada). To analyse NMDAR receptor subunits and 

PMCA (Plasma membrane calcium ATPases) expression, proteins were separated on 

8% (w/v) SDS-polyacrylamide gels. Membranes were incubated with primary 

antibodies: human apoD mouse monoclonal antibody (2B9), 1: 10000 (Terrisse et al. , 

1998), produced as described in (Weech et al., 1986); mouse apoD goat polyclonal 

antibody (Santa Cruz biotechnology, Dallas, USA), 1: 1000; GFAP rabbit polyclonal 

antibody (Cel! signalling, Whitby, Canada), 1: 10000; Mac-2 rat monoclonal antibody 

(ATCC, Cedarlane, Burlington, Canada), 1: 1000; COX-2 rab bit polyclonal antibody 

(Cel! Signaling), 1 :1000; synaptophysin rabbit polyclonal antibody (Abcam, Toronto, 
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Canada), 1: 10000, NMDARl rabbit monoclonal antibody (Cell Signaling), 1: 1000; 

NMDAR2A rabbit polyclonal antibody (Cell Signaling), 1: 1000; NMDAR2B rab bit 

monoclonal antibody (Cell Signaling), 1: 1000; PMCA2 rabbit monoclonal antibody 

(Sigma-Aldrich), 1: 1000; ~-Actin mouse monoclonal antibody (Sigma-Aldrich), 

1: 10000. Then, membranes were incubated with the appropriate horseradish 

peroxidase-conjugated secondary antibodies and visualized by chemiluminescence 

(ECL, GE Healthcare, Quebec, Canada) using a Fusion FX7 system (Vilber Lourmat, 

France). 

2.3.4 TUNEL assay 

To detect apoptosis-induced nuclear DNA fragmentation , we used the ApoAlert DNA 

Fragmentation Assay kit (Clontech Laboratories, Montain View, CA), a fluorescence 

terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling 

(TUNEL) based assay. Briefly, 3 days post-injection, brains of WT (n=4) and H­

apoD Tg mi ce (n=4) were dissected and placed in 4% paraformaldehyde (PF A) at 

4°C for 24h. The fixed brains were then embedded in OCT freezing medium (Fisher 

Scientific, Ottawa, Canada). Eight µm sagittal sections were eut using a cryostat 

(Leica, Ontario, Canada), and mounted onto silane-coated slides. The fi xed sections 

were then permeabilized with proteinase K at room temperature for 10 min before 

being incubated with equilibrium buffer (200mM potass ium cacodylate pH 6.6, 25 

mM Tris-HCL, 0.2 mM DTT, 0.25 mg/mL BSA, 2.5 Mm cobalt chloride) for 10 min 

at room temperature. The sections were then incubated with equilibrium buffer 

containing nucleotide mix and Tdî terminal transferase at 37°C for 60 min. The 

reaction was stopped with 2X SSC and the sections were washed with PBS. The 

sections were stained with propidium iodide (PI) (2.5 µg/mL, Sigma-Aldrich) for 

nuclei labeling. TUNEL-positive nuclei were visualized by fluorescence microscopy. 



Mean pixel TUNEL and PI fluorescence intensity were measured in hippocampus 

using Image J software. 

2.3.5 PMCA2 Immunohistochemistry 
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Fixed brains of 4 non-injected WT and H-apoD Tg mice embedded in OCT freezing 

medium (Fisher Scientific) were eut in 8 µm sagittal sections, permeabilized and 

blocked for lh in 0,1% triton X-100 (w/v), 10% goat serum (v/v) and 10% bovine 

serum albumin (BSA) (w/v). After blocking, sections were incubated overnight at 

4°C in humid atmosphere with a primary antibody against PMCA2 (rabbit 

monoclonal antibody, 1 :250, Sigma-Aldrich). After washing in PBS (3X, 10 min), the 

sections were then incubated with goat anti rabbit IgG-Alexa 488 ( 1: 1000; Life 

Technologies, Burlington, Canada) at room temperature for 1 h. Sections were rinsed 

again with PBS and for nuclei staining, the last wash contained 1 OO ng/mL 4' ,6-

diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). PMCA2 fluorescence was 

visualized by confocal microscopy. 

2.3.6 Subcellular Fractionation of brain tissue 

Who le brains of 4 non-injected WT and H-apoD Tg mice were homogenized in 10 

volumes of cold homogenization buffer (0.32 M sucrase, 10 mM HEPES pH 7.4, 2 

mM EDTA and 10% (w/v) complete protease inhibitor (Roche)) using a motorised 

glass-teflon homogenizer. The homogenates (H) were centrifuged at 1000 g for 15 

min. The nuclear pellets (P 1) were removed and the S l supernatants were centrifuged 

at 10000 g for 30 min. Supernatants (S2, cytosol fraction) were separated from pellets 

(P2). To remove any cytosol contaminations, the pellets P2 were resuspended in 

homogenization buffer and centrifuged again at 100000 g for 30 min. The 

supernatants (S'2) were removed and the pellets (P '2, membrane fractions) were 

resuspended in homogenization buffer. 
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2.3.7 Cholesterol quantification 

Cholesterol levels were assessed usmg the Amplex Red cholesterol assay (Life 

Technologies) in whole brain homogenates (H), membrane (P'2) and cytosol (S2) 

fractions of mouse brain. Samples, diluted in reaction buffer, were mixed with an 

equivalent volume of Amplex Red working solution containing 300 µM Amplex Red 

reagent, 2 U/mL cholesterol oxidase, 0.2 U/mL cholesterol esterase and 2 U/mL 

horseradish peroxidase (HRP). After incubation at 37°C for 30 min, fluorescence was 

measured at 568 nm using fluorescence spectroscopy (Tecan Infinite M 1000, Tecan 

US, NC, USA). Cholesterol levels were normalized by protein concentration. 

2.3.8 24(S)-Hydroxycholesterol quantification 

Brain and plasma 24(S)-hydroxycholesterol (24-HOC) level s were assessed using a 

24(S)-Hydroxycholesterol ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA). 

Brains (1 OO mg) of 4 non-injected WT and H-apoD Tg mice were homogenized in 

ethanol 95% (1 mL). After centrifugation, the pellets were resuspended in 1 mL of 

Ethanol:dichloromethane (1: 1 v/v) and then re-centrifuged. The supernatants 

(obtained after the 2 centrifugations) were combined and evaporated to dryness with a 

rotary evaporator. The sarnples were then rehydrated at room temperature with 

ethanol 95% (16 µL) and assay buffer (484 µL). After diluting samples in assay 

buffer, 24-HOC quantification in plasma (1: 1000) and brain homogenates ( 1: 1 OO) 

was performed according to manufacturer 's instructions. 

2.3.9 Hippocampal culture preparation 

WT (FVB/N strain) mouse embryos, at 18 days of gestation (from 4 WT females), 

were used to prepare primary hippocampal neuron.al cultures as previously described 

(Brewer et al., 1993). Briefly, hippocampi were dissected in HBSS (without Ca2
+ and 
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Mg2+) supplemented with 1 mM sodium pyruvate and 10 mM HEPES, and 

dissociated by trituration with a fire-polished Pasteur pipette. Supernatants were then 

centrifuged for 1 min at 1000 g. The pellets were resuspended in HBSS. The cell 

suspensions were plated at a density of 5 x 105/cm2 in neurobasal medium (lnvitrogen) 

supplemented with 0.5 mM L-glutamine and B27 supplement (Invitrogen) and grown 

on glass coverlips pretreated with poly-D-lysine (Sigma-Aldrich) 

2.3.10 Filipin staining 

Hippocampal primary neurons (10 days) were incubated for 24h with H-apoD (250 

ng/mL) purified from breast cyst tluid as described in (Norfeldt et al. , 1981). Staining 

of intracellular cholesterol was achieved using filipin, a fluorescent polyene antibiotic 

with high affinity for cholesterol (Coxey et al. , 1993). Hippocampal neurons were 

fixed in 4% paraformaldehyde (PFA) in PBS containing 2% sucrose for 15 min, 

washed with PBS and permeabilized with 0, 1 % Triton X-1 OO. The cells were 

incubated with filipin (125 µg/mL; Sigma-Aldrich) in PBS for 2h at room 

temperature. Filipin-cholesterol complexes were visualized by confocal microscopy. 

For GAP-43 (neuronal marker) immunohistochemistry, neurons were blocked in PBS 

with 10% goat serum, 10% bovin serum album in (BSA), and 0, 1 % triton X-1 OO for 

1 h and incubated overnight at 4°C in hum id atmosphere with a primary antibody 

against GAP-43 (rabbit polyclonal antibody, 1 :250, Abcam). After washing in PBS 

(3X for 10 min), the ce Ils were exposed to a goat anti rabbit IgG-Alexa 568 ( 1: 1000; 

Life Technologies) at room temperature for lh , washed, and mounted on slide with 

Prolong Gold antifade (Life Technologies). Gap-43 immunoreactivity was visualized 

by confocal microscopy. 
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2.3. l 1 Cholesterol treatment 

Hippocampal primary neurons (10 days) were pre-incubated for 3h with water­

soluble cholesterol (10 ug/mL; Sigma). The cells were then exposed or not to purified 

H-apoD (250 ng/mL) for 24h. Cholesterol uptake was visualized by filipin staining 

using confocal microscopy. Mean pixel filipin fluorescence intensity was measured in 

the soma of cells using image J software. 

2.3. 12 ApoD internalization 

Purified H-apoD uptake by hippocampal neurons was assessed in aging and KA­

induced excitotoxic conditions. For KA toxicity, hippocampal neurons (at 10 days) 

were pre-incubated with or without purified H-apoD (250 ng/mL) for 24h. Then, cells 

were exposed to KA (100 µM) for 24h. For aging conditions, hippocampal neurons 

were cultured for 28 days and then incubated with purified H-apoD (250 ng/mL) for 

24h. 

KA-treated and mature neurons were fixed in 4% PF A and processed for 

immunohistochemistry using an antibody against H-apoD ( 1: 1 OO; mouse monoclonal 

antibody, 2B9) and a goat anti-mouse lgG-Alexa 488 (l: 1000; Life Technologies) as 

described here above (in section 2.3 .10) . H-apoD and DAPI fluore scent labelings 

were visualized by confocal microscopy. 

2.3.13 Statistical analyses 

Statistical differences were determined us111g One-way ANOV As, Two-way 

ANOYAs followed by Bonferroni post hoc tests and unpaired t test, as indicated in 

the legend. Statistical analyses were performed with GraphPadPrism Software for 

statistical differences. p<0.05 was defined as the significance threshold. Ali data are 

presented as mean ± SEM. 
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2.4 Results 

2.4.1 Endogenous M-apoD induction m the KA-lesioned mouse hippocampus 

coïncides with astrocytic activation 

Kainate (KA)-induced apoD expression has previously been reported in the rat 

hippocampus (Montpied et al., 1999; Ong et al. , 1997). To investigate the time course 

of endogenous apoD expression in the mouse hippocampus following KA treatment, 

WT mice were injected with KA (15 mg/kg; i.p.) and the hippocampus was processed 

for the detection of apoD protein at days 1, 3 and 7 post-injection. In parallel , the 

expression of the classic reactive astrocyte marker GF AP, known as a neurotoxicity 

marker after brain injury (Eng and Ghirnikar, 1994), was also assessed (Chen et al. , 

2002). Endogenous apoD protein started to accumulate 1 day following KA injection 

and peaked at day 3 (2-fold induction) compared to non-injected mice (NI) (Fig. 

2.lA). Hippocampal apoD expression returned to baseline levels 7 days post-injection. 

ln a similar manner, the relative hippocampal expression of GFAP protein (Fig. 2.1 B) 

began to increase on day l post-injection, with its highest expression at day 3 (3-fold 

induction), corresponding to the neurotoxicity peak. As for apoD, GFAP levels 

started to decrease at day 7, although they remained significantly higher than in non­

injected animais. Overall, these data show that KA treatment induces apoD 

accumulation in the hippocampus of mice, a phenomenon which is concomitant with 

astrocyte activation. 

Since endogenous M-apoD appears upregulated after KA insult and as H-apoD 

overexpression in neurons has demonstrated protective effects against oxidative stress 

(Bajo-Graneras et al., 2011; Ganfornina et al. , 2008), encephalitis (Do Carmo et al. , 

2008) and nerve damage (Ganfornina et al. , 2010), we next aimed at evaluating a 

potential protective role for apoD against KA-induced excitotoxicity. 
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2.4.2 H-apoD Tg mice are more resistant to KA-induced seizures 

KA affects limbic structure and induces epileptic discharges (Ben-Ari et a l. , 198 1 ). 

To investigate the effect of H-apoD overexpression on the generation of KA-induced 

se izures, WT and H-apoD Tg mi ce were injected with KA and their behav ior was 

recorded fo r 2h post-inj ection. Seizure behav iors were scored acco rd ing to a modifi ed 

Rac ine's rating scale (Racine, 1972). KA inj ection induced significantly lower 

behavioural se izures scores in H-apoD Tg mi ce co mpared to WT animais (F ig. 2.2A). 

In addition, the sum of ail seizure scores (cumul ati ve score) that mi ce experienced 

over that time was decreased by 2-fo ld in H-apoD Tg mice (26.3 ± 3.06) compared to 

WT animais (50. 12 ± 4. 12; F ig. 2.2B). We also assessed the latency to reach ' stage 2 ' 

(myocloni c j erks of the head), 'stage 3' (bil atera l fo relimb clonus and rearing) and 

'stage 4 ' (continuous rearing and fa lling) seizures . If the animal did not present these 

'stage' seizures , the latency was cons idered as 120 min. Compared to WT mi ce, the 

latency to seizure onset was significantly hi gher in H-apoD Tg mice (F ig. 2.2C) . Thi s 

onset was de layed by 34±1 4.5 min fo r ' stage 4' . In ' stage 3 ' occurrence, th is 

difference was fw1her emphasized. Indeed, the on set of ' stage 3' se izures was 

observed 57± 13 min later in H-apoD Tg mi ce than in WT animais. No signifi cant 

difference was observed fo r the latency to se izure 'stage 2 ' between Wt and H-apoD 

Tg mice. These res ults suggest that H-apoD overexpress ion in transgenic mice 

induces an increased resistance to KA-i nduced se izures . We thus explored the 

mechani sms involved in such protection. 

2.4.3 Transgenic m1ce expressmg H-apoD are more res istant to KA- induced 

apoptos is 

Because H-apoD Tg mice were more res istant to KA-induced se1zures, we 

investi gated whether apoD overexpress ion attenuated the pathologica l consequences 

of KA-excitotoxicity at the cellular level. KA-induced cell apoptos is, a consequence 
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of seizures, was assessed in sagittal sections from WT and H-apoD Tg mice using 

TUNEL labeling, at day 3 post-injection (corresponding to the astrogliosis and apoD 

peaks) (Fig. 2.3). In WT mice, TUNEL labeling was present in different hippocampal 

subfields (CAl, CA3, hilus of the dentate gyrus) (Fig. 2.3C). In contrast, in the 

hippocampus of H-apoD Tg mice, TUNEL staining was decreased in the different 

subfields (Fig. 2.30). Moreover, at day 3 post-KA injection, the overall level of cell 

damage, quantified as total TUNEL fluorescence in the H-apoD Tg hippocampus was 

significantly reduced compared to WT mice (Fig. 2.3E). These results indicate that H­

apoD expression confers protection against KA-induced cell apoptosis. 

2.4.4 H-apoD reduces the activation of inflammatory processes in the hippocampus 

KA-induced neurodegeneration is associated with glial activation (microglia and 

astrocytes) and inflammatory mediators production (Chen et al. , 2005). Since that 

apoD production is accompanied by GFAP activation following KA challenge (Fig. 

2.1 B) and based on the significant resistance of H-apoD Tg mi ce against seizures and 

hippocampal KA-induced apoptosis, we examined the presence of inflammatory 

processes in the hippocampus of WT and H-apoD Tg mice at day 3 post-injection. ln 

the hippocampus of WT mice, KA injection resulted in significant astrocytic (GFAP; 

3-fold) (Fig. 2.1 B, 2.4A,B) and microglial activation (Mac-2 ; 3-fold) (Fig. 2.4A,C). lt 

also induced expression of COX-2, an inflammatory mediator which promotes the 

recurrence of seizures and neuronal Joss (Kim et al. , 2001) (Fig. 2.4A,D). 

Interestingly, in response to KA treatment, H-apoD Tg mice display lower levels of 

Mac-2 and COX-2 than their WT counterparts. However, H-apoD Tg mice also 

display robust GFAP activation in their hippocampus, comparable to levels detected 

in WT animais. Together, these data demonstrate that the expression of H-apoD 

significantly attenuates inflammatory responses consequent to KA-induced 

excitotoxic neurodegeneration, except for the activation of astrocytes. 
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2.4.5 Effect of H-apoD on PMCA2 expression in hippocampus. 

We then hypothesized that the neuronal express ion of H-apoD induces favourable 

conditions that may attenuate KA-induced lesions. Plasma membrane calcium 

ATPases (PMCA), major calcium pumps, play an important role in regulating Ca2
+ 

intracellular levels. KA reduces the levels of PMCA2, a major isoform present in the 

brain, leading to Ca2+ dyshomeostasis (Kurnellas et al., 2010). We thus analyzed the 

expression of PMCA2 in the hippocampus of WT and H-apoD Tg mice. PMCA2 

expression in baseline, non KA-induced conditions was l .7-fold higher in H-apoD Tg 

mice compared to WT animais (Fig. 2.5A,B). Immunohisto logical analyses 

confirmed that hippocampal PMCA2 was increased in H-apoD Tg rnice (Fig. 2.50) 

compared to WT animais (Fig. 2.5C). These data reveal that neuronal H-apoD 

overexpression leads to increased PMCA2 expression. 

2.4.6 Effect of H-apoD on NMDA receptors in hippocampus. 

Since the excitotoxicity process is induced by over-activation of glutamate receptors, 

we assessed the protein level of NMDA receptor subunits (NR 1, NR2A and NR2B) 

in WT and H-apoD Tg mice (Fig. 2.6) . WT and H-apoD Tg animais presented similar 

hippocampal prote in levels of NRl and NR2A (Fig. 2.6A, 2.68 , C), although a trend 

for NR2A downregulation in H-apoD Tg mice was observed (Fig. 2.6A, C). In 

contrast, NR2B levels were significantly reduced in H-apoD Tg mice (Fig. 2.6A,D) 

(30% decrease). Because NMDA receptors are essentia l mediators of brain plasticity, 

we also exam ined the effect of neuronal H-apoD over-expression on synaptophysin, a 

widely used marker of synaptic plasticity (Reddy et al ., 2005). Interestingly, 

synaptophysin was not altered in the hippocampus of H-apoD Tg compared to WT 

animais (Fig. 2.6A, 2.6E). This data indicates that the protection against KA-induced 

toxicity observed H-apoD Tg mice might be imputable in pati to decreased NR2B 

levels in these mice. 
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2.4.7 H-apoD is invo lved in cholestero l metabo li sm. 

Aro le fo r apoD in lipid metabolism has been suggested by several stud ies (Do Carmo 

et a l. , 2009b; Perdomo and Henry Dong, 2009; Perdomo et a l. , 20 10). Defects in 

cholestero l metabolism are assoc iated w ith var ious neuro logical inj uri es, such as 

kainate-induced excitotox icity (He et a l. , 2006; Ong et a l. , 2003) . 

We first evaluated whether neuronal express ion of hurnan apoD modulates 

cholesterol levels in the mouse bra in. These were meas ured in membrane, cytoso l and 

whole bra in frac tions of WT and H -apoD Tg mi ce, using the Amplex Red Cholestero l 

assay. Interestingly, the cytoso li c bra in fracti on of H-apoD Tg mice had signi ficantly 

less cholestero l (40% decrease) cornpa red to WT rnice (F ig. 2.78). However, in the 

whole hornogenate (F ig. 2.7 A) and membrane fract ions (F ig. 2. 7C), the cholestero l 

levels remained unchanged. 

Because ne urons can convert excess cholestero l to 24(S)-hydroxycholestero l (24-

HOC) which crosses the blood bra in barrier to be elimi nated by the liver via the 

plasma (Bjorkhem and Meaney, 2004), we examined if the decreased cholestero l 

levels in the cytoso li c bra in fracti on were assoc iated with increased 24-HOC levels in 

the bra in and plasma of H-apoD Tg mice . Despi te a trend towards an increase, 24-

HOC levels in the plasma (F ig. 2.7E) and brain (F ig. 2.70) were not significantly 

diffe rent between WT and H-apoD Tg mice. Thus, 24-HOC pathway is not invo lved 

in the decreased cholestero l levels of the cytosolic bra in fract ion (F ig. 2.78) in Tg­

apoD mice. 

Bes ide 24-HOC production, neurons can re lease the ir cholestero l by eftl ux pathways 

(Chen et a l. , 20 13). To in vestigate the effect of apoD on intrace llular cho lestero l 

content, hippocampal neurons grown fo r 10 days were treated w ith purified H-apoD 

fo r 24h. The intracellular cholesterol was then stained with filipin , which can bind 
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cholesterol. Consistent with our observations in the brain of H-apoD Tg mice (Fig. 

2.7), H-apoD-treated hippocampal neurons (Fig. 2.80, 2.8F) showed less 

cholesterol/filipin staining than untreated neurons (Fig. 2.8A, 2.8C). Interestingly, the 

cholesterol/filipin content of neurites remained unchanged in H-apoD treated neurons 

(Fig. 2.8C' , 2.8F'). To improve further our understanding of the processes involved 

in apoD-mediated reduction of cholesterol content, we then assessed the effect of 

purified H-apoD on the neuronal uptake of exogenous cholesterol. Hippocampal 

neuronal cultures were preincubated for 3h in the presence of cholesterol and further 

exposed or not to purified human apoD for 24h. Cholesterol uptake was stained by 

filipin. Filiping staining showed cholesterol accumulation in hippocampal neurons 

preincubated with exogenous cholesterol (Fig. 2.8G). lnterestingly, this accumulation 

was decreased by 50% following purified H-apoD incubation (Fig. 2.81-1 , 1). 

Overall, these results show that apoD is invo.lved in the regulation of intraneuronal 

cholesterol content. 

2.4.8 H-apoD internalization by neurons is increased following KA treatment. 

ApoD is a secreted protein which can be internalized by various cell lines (Do Carmo 

et al., 2007; Leung et al. , 2004; Sarjeant et al. , 2003; Thomas et al ., 2003b) and by 

primary mouse astrocytes (Bajo-Graneras et al. , 20 l l ). It was also proposed that 

neurons, which express very little or no apoD, can import it from surrounding glial 

cells (Ordonez et al. , 2006). However, apoD internalization by neurons in normal and 

stress conditions was never demonstrated. To address this question, hippocampal 

neuronal cultures (at l 0 days) were preincubated for 24h with purified H-apoD and 

further exposed to KA (1 OO µM) or control conditions for 24h. The exogenous apoD 

internalized in neurons was detected by immunocytochemistry, using specific 

antibody against human apoO. Under physiological conditions, purified human apoD 

was detected mostly in the perinuclear area into vesicular compartments in soma and 
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neurites (Fig. 2.9B). Kainate treatment provoked an important intracellular and 

nuclear accumulation of H-apoD (Fig. 2.9C). As some studies reported an 

accumulation of apoD in the aging brain (Kalman et al., 2000; Kim et al. , 2009; 

Loerch et al., 2008), we then assessed the internalization of exogenous apoD in 

mature neurons (at 28 days). Compared to young neurons (Fig. 2.98), H-apoD 

internalization in mature neurons was increased and distributed in all cells including 

along the neurites (Fig. 2.9D). However, apoD internalization in mature neurons is 

less dramatic compared to kainate treated neurons (Fig. 2.9C). Overall this data 

suggests that apoD can be internalized in neurons and this internalization is 

accentuated in aging and injury conditions. 
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2.5 Discussion 

The excessive activation of glutamatergic receptors can cause excitotoxicity due to 

increased Ca2
+ influx into cells. This leads to a number of deleterious consequences 

and ultimately to neuronal dysfunction and death. Excitotoxicity was reported in 

various neurodegenerative conditions with distinct etiologies such as Alzheimer's 

disease, Parkinson's disease, Huntington's disease, multiple sclerosis, amyotrophie 

lateral sclerosis (Dong et al. , 2009; Van Den Bosch et al. , 2006). This suggests that 

excitotoxicity may be a common pathway underlying neurological pathogenesis . 

Understanding the mechanisms associated with excitotoxicity regulation should 

provide potential targets for neuroprotective strategies. 

In this study, we provide additional clues on the mechanisms involved in apoD­

mediated neuroprotection. We demonstrate that overexpression of human apoD in 

neurons protects against KA-induced lesions in vivo , decreasing the severity of 

seizures, cellular apoptosis and reactive gliosis in KA-treated animais. This 

neuroprotection appears to be linked to the control of calcium levels, glutamate 

receptor subunits and cholesterol metabolism. 

In accordance with previous studies (Montpied et al., 1999; Ong et al. , 1997), acute 

KA treatment induced a transient apoD upregulation in the mouse hippocampus that 

peaked at day 3 post-injection and was resolved after 7 days. Such peak of apoD 

production corresponds to that of astrocyte activation and proliferation, as 

documented by increased GF AP levels. The concordance in time of apoD and GF AP 

levels is in 1 ine with the fact that astrocytes are one of major sites of apoD production 

in the CNS (Rassart et al., 2000). In addition, increased synthesis of apoD in 

astrocytosis has been observed following enthorinal cortex lesion (Terrisse et al. , 

1999), coronavirus OC43-induced encephalitis (Do Carmo et al., 2008), experimental 

stroke (Ruscher et al., 2010) and aging processes (del Valle et al. , 2003). However, it 
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remains to be determined if apoD production is a cause or consequence of 

astrocytosis. Nevertheless, astrocytes may not be the sole source of apoD production 

as after KA in jury, apoD was also detected in pyramidal neurons of the hippocampus 

(Ong et al 1997). The peak of apoD production also correlated with increased 

apoptosis , as assessed by TUNEL labeling. Increased apoD expression bas been 

reported in pathologie conditions with increased apoptosis and a potential role of 

apoD on the death-survival balance was suggested (Bajo-Graneras et al. , 2013) . 

Epileptiform seizures can be induced by the systemic or intracerebral injection of KA 

in rodents (Ben-Ari, 1985). Seizures are generated in the CA3 region of the 

hippocampus, where pyramidal cells are more sensitive to KA treatment (Ben-Ari 

and Cossait, 2000), then propagate to other limbic structures (Ben-Ari and Cossait, 

2000; Miles and Wong, 1983). These recurrent seizures are associated with 

excitotoxic cell death cascades (Zheng et al., 2011 ) . However, the molecular 

mechanisms involved in seizure-induced cell death are not clearly understood. 

However, a tight relationship between COX-2 and seizures severity and induced cell 

death was reported in both in vivo and in vitro model s of excitotoxicity (Kim et al. , 

2001 ; Kunz and Oliw, 2001; Sayyah et al., 2003 ; Takemiya et al. , 2003). 

Induction of pro-inflammatory processes after kainate treatment, including 

upregulation of cyclooxygenase enzymes, prostaglandins, cytokine production and 

microglia activation (Jankowsky and Patterson, 2001; Vezzani and Granata, 2005) 

contributes to cell damage. KA treatment was shown to immediately induce COX-2 

expression thus facilitating the recurrence of hippocampal seizures (Kim et al. , 2001; 

Takemiya et al., 2007). lnterestingly, the COX-2 induction was reduced in KA­

injected H-apoD Tg mice. The effect of apoD on COX-2 down-regulation might be 

mediated through the control of arachidonic acid (AA) levels. First, apoD could 

influence the availability of free AA, its preferential ligand, in the cell by 
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binding/chelation, limiting its use in enzymatic pathways such as COX-2 (He et al., 

2009; Thomas et al ., 2003a). Moreover, apoD could attenuate PLA2 activity triggered 

by excitotoxic conditions, again reducing free AA levels (Do Carmo et al. , 2008). 

Our results further demonstrate that the anti-inflammatory effects of apoD in KA­

response are mediated by limiting microglial but not astrocytic activation. lt has 

already been established that inhibition of microglial activation exe11s neuroprotective 

actions against KA-induced in jury (Byun et al. , 201 O; Penkowa et al. , 2005). The 

effects of apoD on microglia activation might be COX-2-dependent considering that 

COX-2 contributes to microglial activation (Palumbo and Bosetti , 2013 ; Vijitruth et 

al., 2006). However, as COX-2 regulates both microglia and astrocytic activation, the 

fact that H-apoD Tg mice display, at day 3 after KA treatment, similar GFAP but 

decreased Mac-2 levels compared to WT mice suggests that the response to COX-2 

reduction due to apoD overexpression is faster in microglia than in astrocytes . 

Another pathway by which apoD could be protective is by increasing the Ca2
+ 

buffering capacity of neurons. Excessive influx of calcium into neurons, as generated 

by the over-activation of glutamate receptors by KA plays a critical rote in seizure 

genesis (McNamara, 1992; Meyer, 1989) and triggers diverse cellular death 

mechanisms (Pellegrini-Giampietro et al. , 1997; Zipfel et al. , 1999). Intracellular 

calcium homeostasis requires several mechanisms, regulation of Ca2
+ efflux, which 

can be carried out by plasma membrane Ca2
+ A TPases (PMCA). The expression of 

the most abundant isoform in the CNS, PMCA-2, is decreased after KA exposure 

(Kurnellas et al. , 201 O; Tempe! and Shilling, 2007). lt is likely that, by stimulating 

the production of PMCA-2, the presence of H-apoD in neurons contributes to lower 

intracellular calcium levels and consequently the detrimental effects of excitotoxicity 

in H-apoD Tg mice. However, the mechanism by which apoD influences PMCA-2 

levels remains to be determined. As increases of intracellular Ca2
+ content by 

excitotoxicity stimulate the generation of reactive oxygen species (Rothman and 
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Olney, 1986) and lipid peroxidation, which in turn downregulate rapidly PMCA 

levels (Chiarello et al. , 2014), it is possible that apoD affects PMCA-2 leve ls thro ugh 

its anti-oxidant properties. Indeed, apoD and its orthologs have been shown to protect 

from pro-oxidative insults in several organisms (Charron et al. , 2008 ; Ganfo rnina et 

al. , 2008; Muffat et al. , 2008; Sanchez et al., 2006). 

Our results also support the hypothes is that apoD limits excitotoxicity by contro lling 

NMDA receptors (NMDAR) subunit compos ition. It is we ll estab li shed that the 

activation of NMDAR-mediated neuronal death or survival pathways depends on its 

subunit composition and subcellular locali sation (Hardingham et al. , 2002; Liu et al. , 

2007 ; Szydlowska and Tymianski , 201 O; Zhou and Baudry, 2006). Indeed, act ivation 

of NR2B containing NMDARs increases neuronal apoptos is and in contrast, the 

action of NR2A-containing NMDARs promotes neuronal surv iva l pathways in rat 

models (in vitro and in vivo) of ischemic stroke (L iu et al. , 2007; Taghib iglou et al. , 

2009). The down-regulation of NR28 leve ls in H-apoD Tg mice hippocampus, with 

unchanged levels of NRl and N R2A subunits , might contri bute to limit seizure 

severity and detri mental effects such as apoptos is in response to KA chall enge. 

However, NR2B downregulation in surface membrane at synaptic sites of rat striata l 

neurons has been reported to produce synaptic plasti city alterat ions (Mao et al. , 2009) . 

Of relevance, this NR2B down-regul ation does not affect the express ion of the 

presynaptic ves icle prote in synaptophys in (L iu et al. , 20 13; Ma1t inez et al. , 1997; 

Rosenbrock et al. , 2005), suggest ing normal synaptic plast icity mechani sms. 

However, how apoD contra is NR28 levels is yet unknown and needs furth er 

attention. 

Finally, apoD-mediated neuroprotection after KA challenge can also be re lated to its 

role in lipid metabolism. A direct assoc iation between dysregulation of cholestero l 

homeostasis and neurodegeneration has been clearly demonstrated in several 
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neurodegenerative diseases, such as Alzheimer's, Huntington's and Niemann-Pick 

type C disease (Vance, 2012), diseases which also show an upregulation of apoD. 

Cholesterol , an integral component of neural membranes, is crucial for the neuronal 

functions such as axon guidance and synaptic transmission (Dietschy and Turley, 

2001). Cholesterol is mostly synthesized in astrocytes and transported to neurons by 

apolipoprotein E-containing lipoproteins. However, neurons can also produce 

cholesterol in their cell bodies (Vance, 2012). 

Our results show that H-apoD Tg m1ce harbor decreased levels of cytosolic 

cholesterol but similar total cholesterol levels in their brain compared to WT mice. 

This suggests that apoD favours cholesterol redistribution, to membranes or for 

elimination. Although we could not detect significant differences in the levels of 

membrane-bound cholesterol or in brain and plasmatic 24-0H cholesterol levels, a 

cholesterol derivative that can cross the blood brain barrier for elimination (Bjorkhem 

et al. , 1997; Lund et al., 2003). The involvement of apoD in lipid metabolism is 

clearly established (Do Carmo et al. , 2009b; Perdomo et al. , 2010). Mice lacking 

apoD display an increase of specific fatty acids in their brain with a decreased ratio of 

cholesterol:total phospholipids in the membrane compa11ment (Thomas and Yao, 

2007). 

In accordance with cholesterol dysmetabolism in neurodegenerative diseases, it was 

reported that intracerebroventricular injections of KA in rats resulted in an increase in 

immunoreactivity to cholesterol in the affected CA fields of the hippocampus (Ong et 

al., 2003). Interestingly, our results show an important increase in the internalization 

of H-apoD in KA treated primary mouse neurons. ln addition, the addition of 

exogenous H-apoD to healthy primary neurons reduced their cholesterol content. 

Altogether, our study suggests an important role for apoD in regulating cholesterol 

metabolism in the brain upon injury. 
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In sum, this study provides additional clues on the emerging mechanisms 

underlying the neuroprotective rote of apoD upregulation in CNS injury. As a result 

of its lipid-binding properties, apoD might reverse the excitotoxicity-induced 

accumulation of cholesterol and potentially other lipids in neurons and most 

importantly their presence as free, cytosolic species, limiting their availability for 

deleterious reactions. In the same way, apoD limits pro-inflammatory reactions such 

as microglial activation and this might be related to its capacity of binding/chelating 

free lipids. Apart from its fonctions in lipid metabolism, apoO could limit the effects 

of acute excitotoxicity by controlling NMDAR subunit composition and intracellular 

Ca2
+ levels. 
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2.7 Figure legends 

Figure 2.1 Correlation between M-apoD protein expression and astrogliosis after KA 

treatment. Endogenous apoD (M-apoD) (A) and astrocyte activation GF AP (B) 

protein expression were analysed by western blot of hippocampal homogenates from 

non-injected (NI) and WT mice injected with kainic acid (15 mg/kg) l , 3 and 7 days 

post-injection. GF AP is used as a marker of astrocyte activation. Values were 

normalized by ~-Actin protein expression: the ratio in non-injected mice was given 

an arbitrary value of 1. Normalized values are presented as mean ± SEM (n=3 to 5 

animais for each group). One-way Anova followed by Bonferroni post-test: *p<0.05 , 

***p <0.00 l compared to non-injected mi ce; ###: p<0.00 l compared to 1 day post­

injected mice; ô: p<0.05, Oô: p <0.01 compared to 3 days post-injected mice. 

Figure 2.2 H-apoD Tg mice are more resistant to KA-induced seizures. (A) Seizure 

intensity was evaluated for 2h, according to a modified Racine ' s scale, in WT and H­

apoD Tg mi ce injected with kainic ac id ( 15 mg/kg). Unpaired t test: ***p =0.0001 

compared to WT. (B) Cumulative seizure score was assessed as the sum of the scores 

recorded each 5 min over a 2h period after KA injection in WT and H-apoD Tg mice . 

Unpaired t test: ***p <0.0001 compared to WT. (C) The latency to ' stage 2 ', ' stage 

3' and ' stage 4 ' seizures was measured in WT and H-apoD Tg mice. Animais that did 

not present these ' stage ' seizures were given a value of 120 min. Two-way Anova 

following by Bonferroni post-test: *p<0.05 , ***p <0.001 compared to WT. Values 

are means ± SEM of 17 animais per group. 
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Figure 2.3 H-apoD Tg m1ce are more resistant to KA-induced apoptosis. 

Representative images of nuclear (PI, red) (A, B) and TUNEL staining (green) (C, D) 

of sagittal sections (dorsal hippocampus is shown) from WT (A, C) and H-apoD Tg 

(B, D) mice, 3 days post-KA-injection. E, Quantification of apoptotic cells in the 

hippocampus of KA-treated mice. The number of TUNEL-positive ce lis was divided 

by the number of total cells (PI-positive nuclei) and normalized by the WT, which 

was given an arbitrary value of 100%. Normalized values are presented as mean (4 

animais per group) ±SEM. Unpaired t test: **p=0.0063 compared to WT. 

Figure 2.4 KA-induced inflammation is reduced in H-apoD Tg mice. (A) Western 

blot analysis of H-apoD, GFAP (astrocyte marker) , Mac-2 (microglia marker) and 

COX-2 in hippocampal homogenates of vehicle (c) and KA~injected WT and H-apoD 

Tg mice, 3 days post-injection. ~-Actin is used as loading contrai. Quantification of 

GFAP (B), Mac-2 (C) and COX-2 (D) protein expression by densi tometry . Values 

were normalized by ~-Actin protein expression and by vehicle-injected WT mice 

values, which were given an arbitrary value of 1. Normalized values are presented as 

mean ± SEM (n=3 to 5 animais for each group). Two-way Anova following by 

Bonferroni post-test: **p<0.01, *** p <0.001 compared to vehicle-injected WT; 

#p<0.05 compared to KA-injected WT mice. (C) mice injected with PBS (vehicle). 

KA: mice inj ected with kainate (15 mg/kg). 
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Figure 2.5 PMCA2 levels are up-regulated in H-apoD Tg mice. (A) Western blot 

analysis of PMCA2 in hippocampal homogenates of WT and H-apoD Tg rnice. ~­

Actin is used as loading control. (B) Quantification of PMCA2 protein expression. 

Values were normalized by ~-Actin protein expression and by WT values, which 

were given an arbitrary value of 1. Normalized values are presented as mean ± SEM 

(n=3 to 4 animais for each group). Unpaired t test: ***p=0.0006 compared to WT 

mice. (C-D) PMCA2 immunostaining (green) in hippocampus sections of WT (C) 

and H-apoD Tg (D) mice. Nuclei were stained with DAPI (blue). 

Figure 2.6 NMDA receptor subunit expression in H-apoD Tg mice. (A) Western blot 

analysis of NMDAR subunits (NRI , NR2A, NR2B) and synaptophysin in 

hippocampal homogenates of WT and H-apoD Tg rnice . ~-Actin is used as loading 

control. Quantification of NRI (B), NR2A (C), NR2B (D) and synaptophysin (E) 

protein expression. Values were norrnalized by ~-Actin protein expression and by 

WT values (with an arbitrary value of 1 ). Note that only NR2B expression in H-apoD 

Tg was statistically different from WT. Normalized values are presented as mean ± 

SEM (n=3 to 4 animais for each group). Unpaired t test: *p=0.0181 compared to WT 

1111ce. 
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Figure 2.7 Cholesterol metabolism in H-apoD Tg mice. Cholesterol levels were 

assessed in whole (A), cytosolic (B) and membrane (C) fractions of brain 

homogenates in WT and H-apoD Tg mice using the Amplex red assay . Values were 

normalized by the total protein content of each fraction. Each graph represents the 

mean values ± SEM (n=3 to 6 animais for each group), normalized by WT mice, 

which was given an arbitrary value of 100%. Note that only the cytosolic fraction of 

H-apoD Tg brain was statistically different from WT. Unpaired t test: *p=0.0283 

compared to WT mice. Quantification of 24-hydroxycholesterol (24-0HC) in brain 

homogenates (D) and plasma (E) of WT and H-apoD Tg mice. Each graph represents 

the mean va lues ± SEM (n=3 to 4 animais for each group), normalized by WT mice, 

which was given an arbitrary value of 100%. 

Figure 2.8 H-apoD affects cholesterol distribution in neurons. Hippocampal neurons 

(10 days), treated (D, E, F) or not (A, B, C) with purified human ApoD for 24h, were 

stained with filipin (A, D) (gray) and anti -GAP43 antibodies (red) (8, E) and 

analysed by confocal microscopy. Enlarged view of boxed segment shows decreased 

filipin labeling intensity in the soma of neurons treated with purified H-apoD (F) 

compared to non-treated neurons (C) . Note that the filipin staining extended to the 

neurites and that H-apoD-treated (F ' ) and non-treated neurons (C') show similar 

filipin staining. Scale bar= 10 µm. G-I , Fi lipin staining was assessed in hippocampal 

neuronal (10 days) preincubated for 3h in the presence of cho lestero l and further 

exposed (H) or not to purified H-apoD (G) for 24h. Quantification of filipin staining 

(I). Values were normalized by filipin-staining of neurons non-treated with H-apoD 

(arbitrary value of l 00%). Normalized values are presented as mean ± SEM (n=3). 

Unpaired t test: **p=0.0011 compared to neurons non-treated with H-apoD. 
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Figure 2.9 H-apoD internalization is increased in KA-treated neurons. 

Hippocampal neurons (10 days) preincubated for 24h with purified H-apoD and 

further exposed to control conditions (B) or KA (100 µM) (C) for 24h were 

immunostained with anti-H-apoD (green) and anti-GAP43 antibodies (red) and 

analysed by confocal microscopy. As a control, staining was also assessed in cells 

without H-apoD pre-incubation, before KA treatment (A). Nuclei were labeled with 

DAPI (blue). (D) H-apoD internalization in mature hippocampal neurons (28 days). 

H-apoD (green) and GAP43 (red) immunoreactivity was assessed in mature 

hippocampal neurons incubated with purified H-apoD for 24h. Note that important H­

apoD internalization was observed in KA-treated neurons (B) and mature neurons (C) 

compared to neurons non-treated with KA (A). Sea le bar== 10 µm . 
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Figure 2.4 
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Figure 2.5 
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A vant propos 

L'étude présentée en chapitre II nous a permis d'analyser l'effet neuroprotecteur de 

I' apoD dans un modèle de neurodégénérescence induite par exc itotoxicité. Cette 

étude a également mis en évidence la capac ité d' internali sation de l'apoD dans les 

ce llules neuronales et l'accentuation de cette capacité en situat ion de stress. L'objecti f 

de ce chapitre a donc été de déterminer le mode d' internalisation de l' apoD dans les 

cellules, en utili sant comme modèle des cellules HEK 293T, une lignée cellulaire de 

l'épithélium rénal embryonnaire humain. 

Ce chapitre est présenté sous fo rme d'article sc ientifique qui est publié dans le journal 

'The Journal of Biological Chemistry'. Les références de cet article se trouvent à la 

fi n de la thèse. J'a i été impliquée dans toutes les facettes expérimentales des travaux 

présentés dans cet article ainsi que dans le montage des fi gures et la rédaction de 

l' article. La première parti e de ce projet (concernant la vérificatio n de l'existence 

d' un récepteur dans l' internalisation de l' apoD) a été conçue et élaborée avec la 

coll aboration du Dr Loui se Brissette qui a éga lement corrigé l'article. La supervision 

du projet et la correction de l'article ont été réali sés par le Dr Eric Rassart. 
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3. 1 Abstract 

Apolipoprotein D (apoD), a member of the lipocalin fa mily, is a 29-kDa secreted 

glycoprotein which binds and transpo1is small lipophilic molecul es. Expressed in 

several tissues, apoD is upregulated under di ffe rent stress stimuli and in many 

pathologies. Numerous studies revealed that overexpress ion of apoD led to 

neuroprotection in various mouse models of acute stress and neurodegenerati on. This 

multifuncti onal protein is internalized in severa l cell s types but the specifi c 

internalization mechani sm remains unknown. ln this study, we demonstrate that the 

internalization of apoD involves a spec ific ce ll surface receptor in 293T ce lls 

identified as the transmembrane glycoprotein bas igin (BSG; CD 147), more 

pati icularly its low glycosylated fo rm . Our resul ts show that internalized apoD 

colocalizes with BSG into ves icular compartments. Downregul ati on of BSG 

di srupted the internalizati on of apoD in ce li s. ln contrast, overexpress ion of bas igin in 

SH-5YSY ce lls which poorly express BSG restored the uptake of apoD. Cyclophilin 

A, a known li gand of BSG, reduced competitive ly apoD internalization confirming 

that BSG is a key player in the apoD internalizati on process. ln summary , our results 

demonstrate that basigin is very li ke ly the apoD receptor and prov ide add itional clues 

on the mechani sms involved in apoD-mediated fo nctions, including neuroprotection. 

Keywords: apolipoprotein D (apoD), bas igin, internalization, cyc lophilin A, human 

neuroblastoma line ce ll. 
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3.2 Introduction 

Apolipoprotein D (apoD) was first described in 1973 as a protein assoc iated with 

lipoproteins in human plasma, more specifically with high density lipoprote ins (HDL) 

(McConathy and Alaupovic, 1973) Since its di scovery, apoD has been characterized 

as a 29-kDa secreted glycoprotein comprising eight-stranded antipara ll el ~-barre l s 

that fo rm an hydrophobie conically shaped cavity that is referred to as the pocket of 

apoD binding to its ligands (Eichinger et al., 2007). It is a member of the family of 

lipocalins responsible fo r the binding and transport of small lipophilic molecules 

(Drayna et al., 1986; Flower, 1996; Rassart et al., 2000). ApoD is known to bind 

more specifically arachidonic ac id (AA), progesterone and sphingomye lin with high 

affi nity, but also to interact directly or indi rectly with cholestero l, bil irubin and 

estradiol (Morais Cabral et al., 1995; Rassart et al., 2000 ; Ruiz et al., 201 3; Vogt and 

Skerra, 2001 ). ln many species, apoD is widely expressed during the embryonic, 

postnatal and adult life . In human, it is mainly expressed in the testes, bra in, placenta, 

kidneys, spleen, lungs, ovaries and pancreas (Drayna et al., 1986 ; Ganfo rnina et al., 

2005; Provost et al., 199 la; Sanchez et al., 2002; Seguin et al., 1995 ; Smith et al., 

1990; Vieira et al., 1995). However, unli ke most apolipoproteins, apoD is poo rl y 

expressed in the human liver and intest ine. Jn addition, it is fo und primar il y in the 

CNS in rodents, suggest ing an important ro le fo r thi s protein in thi s tissue (Drayna et 

al., 1986). 

At the ce llular leve l, apoD is inte rnali zed in diffe rent ce ll types, including NIH/3T3 

ce lls (Do Carmo et al., 2007), vascular smooth musc le ce ll s (VSMC) (Leung et al., 

2004; Saij eant et al., 2003) and murine astrocytes (Bajo-Graneras et al., 20 11 ) by an 

unknown mechani sm and is translocated to the nucleus in response to stress such as 

serum deprivation, oxidative molecules and pro-inflammatory factors (B lais et al., 

1994; Do Carmo et al., 2002; Do Carmo et al., 2007; Provost et al., 199 1 a) . In 
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addition, its expression is upregulated during agmg or m several pathological 

conditions such as atherosclerosis, different types of cancer and neurological diseases, 

including Alzheimer's disease and multiple sclerosis (Perdomo and Henry Dong, 

2009; Reindl et al., 2001; Terrisse et al. , 1998). Thus, apoD may play a protective 

role in response to stressful stimuli. This hypothesis was confirmed by several in vivo 

studies. Indeed, neuronal overexpression of apoD in transgenic mice led to an 

increased resistance to oxidative stress (Ganfornina et al. , 2008) and inflammation 

(Do Carmo et al., 2008). In contrast, apoD deletion in mice resulted in a decreased 

resistance and survival in response to oxidative stress in the brain (Ganfornina et al. , 

2008). Moreover, it has been reported that apoD could specifically prevent lipid 

peroxidation through a highly conserved methionine residue (Met93) , converting 

reactive to non-reactive lipid hydroxides (Bhatia et al., 2012; Oakley et al ., 2012). 

Studies have also suggested that apoD could influence inflammatory pathways or 

prevent toxicity by interacting with its multiple ligands. For example, apoD binds AA 

and regulates its signalling and metabolism (Do Carmo et al. , 2008 ; Thomas et al. , 

2003a; Thomas et al. , 2003b). Therefore, given its multiple partners and expression 

patterns, apoD has been proposed as a multiligand and multifunctional protein. 

Even if several studies have highlighted the potential protective role of apoD in 

neurological diseases, the exact molecular mechanisms involved in this process are 

still unclear. However, the potential protective rote of apoD involves its uptake into 

the ce lis (Bajo-Graneras et al., 2011; Do Carmo et al. , 2007), possibly through a 

receptor dependent mechanis. Therefore, we sought to determ ine how apoD was 

internalized into the cells to better understand the fonction of apoD in physiological 

and pathological conditions. We identified basigin as a cell surface receptor important 

for apoD internalization in 293T cells. Additionally, we demonstrated that its 

downregulation impairs exogenous apoD internalization. Moreover, cyclophilin A, a 



natural ligand of basigin, blocked the apoD uptake. Thus, our findings clearly 

demonstrated that basigin can be proposed as the apoD receptor. 
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3 .3 Material and Methods 

3.3.1 Cell culture 

Human Embryonic Kidney cells (HEK293T) and human neuroblastoma cells (SH-

5YSH) were obtained from A TCC (American Type Cel! Culture, Manassas, V A). 

HEK293T cells were maintained in Dulbecco's modified Eagle 's medium (Wisent, 

St-Bruno, QC, Canada) and SH-SY5Y cells in RPMI (Wisent) supplemented with 

10% inactivated fetal bovine serum, glutamine (2nM), penicillin G (100 units/mL) 

and streptomycin (100 µg/mL). The cells were maintained at 37°C in a 5% C02 

humidified atmosphere. 

3.3.2 Radiolabeling of H-apoD 

Human apoD (H-apoD), purified from breast cyst tluid (Norfeldt et -al. , 1981 ), was 

iodinated according to the iodine monochloride method, as described by Brodeur et al. 

(Brodeur et al. , 2008). Briefly, sodium 125 iodide ( 400 µCi) were incubated with H­

apoD (400 µg) in 0.5 M glycine pH 1 O. Free iodine was removed using gel filtration 

on Sephadex G-25, followed by dialysis in phosphate buffered saline (PBS). 125 1-

apoD concentration was assessed by the Bio-Rad protein assay (Bio-Rad Laboratories, 

Mississauga, Canada). The specific activity ranged from 300,000 to 350,000 cpm/µg 

prote in. 

3.3.3 H-apoD binding assay 

HEK293T cells were seeded at 2 x 105 cells per well onto 24-well plates (Sarstedt, 

Montreal , Canada). After 24h, the cells were washed twice with l mL of PBS and 

incubated for 2h at 4 °C with a range of concentrations of 1251-apoD (1-20 µg/mL) in a 

total volume of 250 µL buffer (pH 7.4) containing 4% bovine serum album in (BSA), 
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25mM HEPES, and 125 µL of Dulbecco's modified Eagle 's medium (2X), for 

total binding. Nonspecific binding was measured by addition of 20-fold excess of 

unlabeled H-apoD. The cells were washed once with PBS followed by two washes 

with PBS containing 0.2% BSA. Cells were then solubilized in 750 µL of NaOH 

(O.IN) and counted with a Cobra II counter (Canberra-Packard, Ramsey, MN, USA). 

Protein concentration was assessed by the Bio-Rad protein assay (Bio-Rad 

Laboratories). Specific binding, defined as the difference between total binding and 

nonspecific binding, was obtained with GraphPad Prism 4 software. Nonlinear 

saturation binding data were transformed into linear data (ratio of cell bound to free 
125!-apoD versus cell-bound 1251-apoD plots), according to the Scatchard method 

(Scatchard, 1949). The equilibrium dissociation constant (Kct) and maximum binding 

capacities (Bmax) were calculated using GraphPad Prism software. 

3.3.4 H-apoD biotinylation 

H-apoD was biotinylated with N-hydroxysuccinidobiotin (NHS-0-Biotin ; Sigma­

Aldrich, St Louis, MO). H-apoD (10 mg/mL in 0.1 M sodium carbonate buffer, pH 

9.5) was incubated overnight at 4 °C with 10 % NHS-0-Biotin ( 11 mg/mL). The 

reaction solution was then dialyzed with PBS. Biotinylated-H-apoO concentration 

was determined by the Bio-Rad protein assay (Bio-Rad Laboratories) . The H-apoO 

biotinylation was confirmed by Western Blot using horseradish peroxidase (HRP)­

conjugated streptavidin (GE Healthcare, Quebec, Canada). 

3.3.5 293T cell membranes preparation 

293T cell membranes were prepared according to the modified technique of 

Kawaguchi et al. (Kawaguchi et al. , 2007). Briefly, 293T cells were lysed in PBS 

containing 8.6% sucrase and 10% (w/v) of cornplete protease inhibitors (Roche 

Molecular Diagnostics, Mannheim, Germany) with a Polytron homogenizer (Fisher 
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Scientific, Ottawa, Canada) for 30s on ice. The homogenate was layered onto 40% 

sucrose (diluted in PBS) and centrifuged at 25,000g for 30 min at 4°C. The 

membrane fraction, collected at the interphase, was diluted in PBS and then 

centrifuged at 25,000g for 30 min at 4 °C. The pellet (membrane fraction) was 

resuspended in PBS and briefly sonicated. The membrane proteins concentration was 

determined by the Bio-Rad protein assay. 

3.3.6 Biotinylated H-apoD binding to 293T membrane proteins 

Biotinylated H-apoD was used to pull down the protein complex composed of apoD 

and its putative receptor. 293T membranes (250 µg protein) were incubated at room 

temperature for 30 min with 20 µg biotinylated H-apoD (biot-H-apoD) in a final 

reaction volume of 700 µL. The negative control (non-specific binding) was 

performed in the presence of 10-folçl excess of unlabeled H-apoD. Because it was 

important to maintain the stability of this complex along the pull down assay, we 

used the glutaraldehyde crosslinker which offers the possibility to cross-link t:-amino 

groups within a distance of 8 Â (Peters and Richards, 1977). Thus, to crosslink apoD 

to its receptor, the reaction mixture diluted in 20mM HEPES buffer (pH 7.5) was 

treated with 0.11 % glutaraldehyde for 5 min at 37°C. The reaction was stopped by the 

addition of 0.lM Tris-HCI, pH 8.0. The mixture was then centrifuged twice at 

25000g for 30 min at 4 °C and the membrane pellet resuspended in PBS. 

3.3.7 Purification of biotinylated-HapoD/receptor complex 

The apoD/membrane protein complex was purified using streptavidin magnetic beads 

(New England Biolabs, Toronto, Canada). The membrane pellet was solubilized in 

2% (v/v) Triton X-1 OO in PBS for 30 min at 4 °C followed by the removal of the 

detergent by gel filtration through a sephadex G-50 column (New England Biolabs). 
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Streptavidin beads (400 µg) were washed in PBS and incubated overnight at 4°C 

with the so lubilized membrane proteins, containing the covalent apoO-receptor 

complex. The complex was furth er washed fi ve times in PBS and eluted from the 

streptav idin beads with 40 µl of 0.1 % (w/v) SOS in PBS. The eluate was mixed with 

SOS-loading buffer, migrated on SOS-PAGE (12%) and visualized by silver staining. 

Finally, the protein bands present in the pos itive sample and absent in the negati ve 

contro l were defined as bands of interest that could contain the apoO/membrane 

prote in complex. These were excised and analyzed by mass spectrometry (LC­

MS/MS) at the Institute fo r Research in Immunology and Cancer (IRJ C, Montrea l, 

Canada) fo r protein identifi cation. To eliminate identificat ion of fa lse pos itives, mass 

spectrometry analys is was also done on corresponding pieces of ge l exc ised fro m the 

negative contro l lane. 

3.3.8 Ce ll transfections and apoO internalization 

293T ce lls were plated at 5 x 104 ce ll s in 24-well plates (Sarstedt) . After 24h, the cells 

were transfected with pre-des igned siRNA (20nM) for human bas igin (siBSG) 

(Ambion, Life Technologies, Burlington, Canada) and negative contro l (s iCtrl ) (GF P-

22 siRNA; Qiagen, Toronto, Canada) . Transfect ion with siRNA was carri ed out using 

Lipofectamine RNAiMAX transfection Reagent (L ife Technologies) according to the 

manufacturer's instructions. To overexpress bas igin, SH-5YSH cell s (8 x 104
) were 

plated in 24-we ll plates (Sarstedt). After 24h, the ce lls were transfected with pCMV6 

plasmid containing the human bas igi n coding region (BSG (NM_ l 985 89) Human 

cONA ORF Clone, OriGene, Rockville, MD, USA) or pCMV6 empty plasmid (for 

negati ve contra i) using Lipofectamine 2000™ reagent (Life Technologies), according 

to the manufacturer' instructions. After 48h, the cell s were exposed to biotinylated H-

apoO (biot-H-apoO) (250 ng/mL) for 24h. The BSG prote in 

downregul ation/overexpress ion and biot-HapoD internalization were evaluated by 
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western blot analysis and immunocytochemistry as described in the following 

sections. To confirm the specificity of BSG knock down effect on apoD 

internalization, 293T cells were transfected with siBSG for 48h (as described above), 

and incubated with tetramethylrhodamine-conjugated human transferrin (Tt) (Life 

Technologies) for 24h and analyzed by confocal microscopy. 

3.3.9 Protein extraction and Western blot analysis 

Basigin protein expression and apoD internalization levels were evaluated by 

Western blot analysis. 293T cells (transfected by siBSG or siCtrl) exposed to biot­

HapoD for 24h were washed twice with ice-cold PBS and homogenized in cold lysis 

buffer (50 mM Tris-HCL, pH 7.3, 150 mM NaCl , 5 mM EDTA, 0.2% (v/v) Triton X­

I OO complemented with complete protease inhibitors (Roche Molecular Diagnostics, 

Mannheim, Germany). Homogenates were incubated for 30 min at 4°C, sonicated and 

protein concentrations were assessed by the Bio-Rad protein assay. Proteins (30 µg 

per sample) were separated on 12% (w/v) SDS-polyacrylamide gels and transferred to 

PVDF (polyvinylidene difluoride) membranes (Millipore, Ontario, Canada). 

Membranes were further incubated with horseradish peroxidase (H RP)-conjugated 

streptavidin (1:10,000; GE Healthcare), anti-hurnan basigin mouse monoclonal 

antibody (IgG) (l: 10,000; Ancell , Minnesota, USA) and anti-13-Actin rnouse 

monoclonal antibody (lgG) (1: 10,000; Sigma-Aldrich). The membranes were, 

thereafter, incubated with HRP-conjugated secondary antibody ( 1: 10,000; GE 

Healthcare, Quebec, Canada) (for basigin and 13-actin detection) and visualized by 

chemiluminescence (ECL, GE Healthcare) using a Fusion FX7 system (Vilber 

Lourmat, France). 



82 

3.3 .10 Immunocytochemistry 

After incubation with biot-H-apoD for 24h, 293T and SH-SY5Y cells (transfected 

and non-transfected) were then washed twice with ice-cold PBS and fixed for 15 min 

in 4% paraformaldehyde in PBS containing 2% sucrase, washed with PBS and 

pracessed for immunocytochemistry. The cells were permeabilized and blocked for 

lh at raom temperature in PBS containing 0.1% (w/v) Triton X-100 and 10% (w/v) 

BSA. After blocking, the cells were incubated overnight at 4°C in a humid 

atmosphere with FITC-conjugated anti-basigin (1: 1000; Ancell) and Alexa Fluor 568 

streptavidin conj ugate ( 1: 1000; Life Technologies). Thereafter, the ce lis were washed 

twice for 10 min with PBS and once with PBS containing 1 OO ng/mL of 4 ',6-

diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for nuclei staining. The cells were 

mounted on slides with Pralong Gold antifade (Life Technologies). 

3.3.11 Cyclophilin A/PPIA competition assay 

We used cyclophilin A, a natural ligand of BSG, as a competitor to confirm the 

specific raie of BSG in apoD internalization. 293T cells were incubated with H-apoD 

(250 ng/mL) in the presence or not of 1-fold or 20-fold excess of recombinant human 

cyclophilin A (peptidyl-pralyl isomerase, PPIA; Cederlane, Ontario, Canada) for 4h. 

The ce lis were then washed twice with PBS, fixed in 4% PF A and pracessed for 

immunocytochemistry as described previously. The apoD internalization was 

detected using a specific antibody against H-apoD (1: 1 OO; 289 mouse monoclonal 

antibody (Terrisse et al., 1998)) and a goat anti-mouse IgG-Alexa 488 ( 1: 1000; Life 

Technologies). H-apoD and DAPI labellings were visualized by confocal micrascopy. 

293T cells were also incubated for 4h with tetramethylrhodamine-conjugated human 

transferrin (250 ng/mL) in presence of 20-fold excess of PPIA or not. The transferrin 

internalization was analyzed by confocal micrascopy. 
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3 .3 .12 Statistical analyses 

Statistical differences were determined usmg two-way ANOY As followed by 

Bonferroni post hoc tests. Statistical analyses were performed with Prism Software 

(GraphPad 4). Results were considered significant when P < 0.05. The P-value was 

calculated with reference to the contrai data. Ali experiments were performed in 

triplicate. 
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3.4 Results 

3.4.1 Receptor-mediated binding and uptake of human apolipoprotein D (H-apoD) 

ApoD is a secreted protein, which can be internalized by various cell types (Bajo­

Graneras et al. , 2011; Do Carmo et al., 2007; Leung et al., 2004; Satjeant et al., 2003). 

lt has been repotted that exogenous apoD can prevent uptake of arachidonic acid (AA) 

by 293T cells (Thomas et al., 2003b), but there is no information on the mechanisms 

of internalization. ln this study, we demonstrated that, under normal conditions, 

endogenous expression of apoD was not showed by immunocytochemistry in 293T 

cells (Fig. 3. lA). However, when 293T cells were incubated for 24h with H-apoD, 

we observed apoD internalization, possibly through a receptor-dependent mechanism 

(Bajzer et al., 1989), into vesicular compartments in the perinuclear area (Fig. 3 .18). 

293T cells were incubated for 2h with increasing concentrations of 1251-labeled 

purified H-apoD (1251-apoD) (total 125 1-apoD binding) in the presence or not of excess 

of unlabeled apoD in excess (non-specific 125 1-apoD binding) to assess specific 

binding of apoD. This binding assay (Fig. 3.1 C) revealed that 125 1-apoD binding to 

293T cells was concentration-dependent and saturable. Moreover, Scatchard analyses 

of the specific binding (Fig. 3. ID) showed a single class of binding sites on the cell 

surface, with a Ko at 9.38 ± 2.45 µg/mL and a Bmax of 0.25 ±0.02 ng/µg cell proteins. 

Overall , these data indicates that the binding and internalization of apoD in 293T 

cells is a receptor dependent mechanism. 

3.4.2 Identification of the apoD receptor 

In order to identify the apoD receptor, we designed a strategy to stabilize the 

interaction between the apoD protein and its receptor in order to purify the complex 



85 

with magnetic beads. Once purified, the apoD/receptor complex was visualized by 

SDS-PAGE and silver staining (Fig. 3.2A). The specific bands 1, 2, 3, 4 and 5 (Fig. 

3.2A), that were only present in the extract purified from cells incubated with biot­

apoD compared to the negative control (in presence of 10-fold excess of unlabelled 

apoD), were then analyzed by mass spectrometry. ApoD was detected in bands 1 and 

2 only (Fig. 3.2B), suggesting that these bands, observed at approximately 60 and 120 

kDa, correspond to the covalent protein complex comprising apoD and its receptor. 

Severa! potential candidates that could act as the apoD receptor were identified in 

bands 1 and 2 (Fig. 3.2B). Ionie pumps very likely do not mediate the apoD 

endocytosis. This is the case for the sodium/potassium-transporting ATPase 

(identified in bands 1 and 2, Fig. 3 .2B), an integral membrane prote in that hydrolyses 

ATP and transports sodium and potassium across the cell plasma membrane to 

maintain ionic gradients (Blais et al. , 1994). Latrophilin-2 ( 190 kDa) (Silva and 

Ushkaryov, 2010) and leucine-rich repeat neuronal prote in 4 (79 kDa) (Fukamachi et 

al. , 2002) cannot constitute the covalent apoD complex observed at about 60 kDa in 

band 1 (Fig. 3.2A). The last candidate, known as basigin (BSG), is a cell surface 

transmembrane glycoprotein which plays important rote in several cellular activities 

including growth, differentiation, survival and adhesion (Muramatsu and Miyauchi , 

2003). BSG is widely expressed in many cell lines, including 293T cells and in 

multiple glycosylated forms, high (HG-BSG, at about 45 -65 kDa) and low (LG-BSG, 

detected at about 32kDa) glycoforms (Tang et al. , 2004). Therefore, the protein 

linked to apoD in the 60 kDa complex (band 1, Fig. 3.2A) is very likely the low 

glycosylated form of BSG. 

3.4.3 Impact of basigin concentrations on apoD internalization 111 293T and SH­

SY5Y cells 

To investigate if BSG is involved in the apoD internalization process, we assessed the 

impact of BSG downregulation (using specific siRNA) on apoD internalization. The 
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BSG protein is mainly localized on the plasma membrane of 293T cells (Fig. 

3.3Aa). However, in 293T cells treated with biot-apoD, BSG staining was detected on 

the plasma membrane as well but also appeared in vesicular compartments (Fig. 

3.3Ad, 3.3Af) along with apoD being internalized (Fig. 3.3Ae, 3.3Af). These data 

suggest that exposure of 293T cells with exogenous apoD involves the redistr ibution 

of BSG. Interestingly, apoD internalization was strongly reduced in siBSG-treated 

cells (Fig. 3.3Be, 3.3Bf) compared to cells transfected with siCtrl (Fig. 3.3Bb, 3.3Bc). 

Such apoD internalization was diminished by 60% following a significant 40% 

decrease of the expression of ail glycosylated forms of BSG (HG-BSG and LG-BSG) 

(Fig. 3.3C, 3.3D). Furthermore, BSG downregulation had no effect on transferrin 

internalization (Fig. 3.SlA). This process is known to be independent of BSG 

(Hopkins and Trowbridge, 1983), confirming that the decreased internali zation of 

apoD is a direct consequence of the downregulated expression of BSG. 

To confirm its role, the effect of BSG on apoD internalization was also evaluated in 

SH-SYSY human neuroblastoma cells. These cells display low BSG expression 

levels compared to HeLa (Nahalkova et al. , 20 10) and 293T cells (Fig 3 .4A). ln 

addition, it has been reported that apoD can promote cell survival and differentiation 

in SH-SY5Y cells, but only under the presence of neuronal differentiation factors 

(Ruiz et al., 2013; Sasaki et al., 2009). Indeed, we detected low apoD internafization 

levels in SH-SYSY cells (Fig. 3.4Ba-c). Interest ing ly, the overexpression of BSG in 

SH-SY5Y cells induced an important increase of intracellular exogenous apoD levels 

(Fig. 3.4Bd-f) compared to their counterparts cells transfected with the empty vector 

(Fig. 3.4Bb-Bc). Overall these results demonstrate that BSG is a key player in the 

apoD internalization process. 
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3.4.4 H-apoD internalization is blocked by cyclophilin A 

lt was prev iously reported that BSG binds cyclophilin A (also known as peptidyl­

pro lyl isomerase, PPIA), a protein secreted in response to inflammatory stress that 

triggers signalling and chemotactic activities (Pushkarsky et al. , 200 1; Yurchenko et 

al., 2002). To further veri fy the spec itïcity of BSG effect on apoD in te rnalization, we 

perfo rmed a competition assay between apoD and cyc lophilin A. 293T ce lls were 

incubated for 4h with purified human apoD in the presence or not of cyc lophilin A 

(F ig. 3.5). As prev iously described, exogenous apoD is internalized into ves icular 

compartments of 293T ce ll s (F ig. 3.5A-C). Treatment with cyc lophilin A at the same 

concentration as that of exogenous apoD had no effect on apoD internalization (F ig. 

3.5D-F). However, the addi tion of cyc loph ilin A in excess (20X) had no effect on the 

endogenous expression of apoD (Fig. 3.5J-L), but completely blocked the exogenous 

apoD internalizati on (Fig. 3.5 G-I). Moreover, as a contra i, transferrin in te rnalization, 

which is internalized th rough another receptor, was not affected by the presence of 

cyclophilin A in excess confirming that in te rnali zation process was still perfectly 

functional in cyclophilin treated cells (F ig. 3.S IB). Overa ll , these resul ts demonstrate 

that apoD internalization is blocked by cyclophilin A. 
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3.5 Discussion 

ApoD is a secreted glycoprotein which can be internalized by various cells types 

(Bajo-Graneras et al., 2011; Do Carmo et al., 2007; Leung et al. , 2004; Sarjeant et al. , 

2003). However, the quantity of apoD internalized depends on the cell type and the 

extent of stress conditions (Bajo-Graneras et al. , 2011; Do Carmo et al. , 2007), 

suggesting the involvement of a specific mechanism responsible for this 

internalization. ln this study, we clearly demonstrated that the internalization of apoD 

is not a passive diffusion through the plasma membrane but rather a specific cell 

surface receptor-mediated uptake by BSG. 

Also named CD147 and EMMPRlN (extracellular matrix metalloproteinase inducer), 

BSG is a multifonctional cell surface transmembrane glycoprotein which has two 

extracellular lg domains (Biswas et al. , 1995 ; Toole, 2003). It has been reported that 

BSG is widely expressed in many tissues including the brain (Igakura et al. , 1998; 

Kosugi et al., 2014; Muramatsu and Miyauchi , 2003 ; Yuasa et al. , 2001). In the brain , 

BSG is strongly expressed in the limbic system (including hippocampus, olfactory 

system, amygdala and enthorinal cortex), in the cortex and in the cerebellum (Fan et 

al. , 1998). A similar tissue distribution has been observed for apoD (Provost et al. , 

1991 b) in concordance with the interactions observed in this study between apoD and 

BSG. Interestingly, BSG-deficient mice were shown to suffer from many disorders 

related to female fertility, spermatogenesis, retinal development and , more 

impo1iantly, nervous system fonction (Hori et al. , 2000; Igakura et al. , 1998; Kuno et 

al., 1998; Naruhashi et al., 1997). Indeed, these mice have learning and memory task 

deficits (Naruhashi et al., 1997). Most interestingly, apoD knockout mice also have 

impaired learning, memory, orientation-based and motor tasks (Ganfornina et al. , 

2008). Thus BSG and apoD could have similar or related fonctions. Indeed, the 

expressions of both BSG and apoD are increased in several inflammatory diseases 

including atherosclerosis (Choi et al., 2002; Siwik et al., 2008; Yoon et al., 2005), 
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ischemia (Boulas et al. , 2007; Waldow et al. , 2009), multiple sclerosis and 

experimental auto immune encephalomyelitis (Agrawal et al. , 2011 ; Perdomo and 

Henry Dong, 2009; Reindl et al. , 2001 ; Rickhag et al ., 2008; Tsukamoto et al. , 2013), 

suggesting that apoD and BSG could very well be involved in common pathways in 

these pathologies. 

ApoD is associated with reduced invasive and proli fe rative acti vity of several cancer 

ce!! types (Campisi, 2005 ; Provost et al. , 1991 a; So i land et al. , 2007). The ro le of 

BSG in cancer progression has also been well demonstrated. BSG is known to 

internet with several tumor and inflammati on-induced molecules including 

monocarboxylate transporters (MCT), cyclophilins, integrins and caveo lin-1 (Chen et 

al. , 2010; Dai et al. , 2009; Tang and Hemler, 2004; Yurchenko et al., 2002). ln 

addition, in tumor cell s, elevated BSG expression enhances tumor invas ion by 

stimulating the secretion of multiple matrix meta lloproteinases (MMP), thi s function 

being dependent upon the glycosy lation levels (Bees ley et al. , 2008; Guo et al. , 1997; 

Sun and Hemler, 2001 ). Indeed, the tumori genic properti es of BSG is mainly due to 

the high glycosy lated fo rm of BSG, HG-BSG (Bees ley et al. , 2008; Sun and Hemler, 

2001 ; Tang et al ., 2004; Tang and Hemler, 2004). However, the low glycosy lated 

form of BSG, LG-BSG, is presumed to be a precurso r fo r HG-B SG fo rmati on in the 

endoplasmic reticulum (Huang et al. , 201 3; Tang et al. , 2004). Both HG-BSG and 

LG-B SG are expressed on the plasma membrane of many ce ll types and the hi gh 

HG/LG ratio is highly correlated with lymphatic metastas is abilities of 

hepatocarcinoma cell lines (Ji a et al. , 2006) . Moreover, the over-glycosy lation of 

BSG is associated with multidrug res istance in human leukemia (Bees ley et al. , 2008). 

In addition, BSG promotes MMP-2 and MMP-3 producti on in breast cancer ce lls, 

which di splay increased tumoral invas ion and metastasis capacities (Caudroy et al. , 

2002; Zucker et al. , 2001). This can however be aboli shed by the upregul ation of 

caveolin-1 (Hino et al. , 2003 ; Tang and Hemler, 2004), which can bind to LG-BSG 
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and black its conversion to HG-BSG, resulting in an increase of LG-BSG on the 

ce!! surface and a decrease of the HG/LG ratio (Tang et al. , 2004). Interestingly, our 

results suggest that apoD needs to form a complex with LG-BSG to be internalized. 

Therefore the increase of LG-BSG on the ce!! surface, promoted by caveolin-1, cou Id 

induce apoD internalization, thereby reducing the risk of tumorigenesis. Although a 

parai lei induction of apoD and caveolin-1 by oxidative stress has been demonstrated 

in NIH/3T3 cells (Do Carma et al., 2007), the relation between apoD and caveolin-1 

has not yet been established. However, the impairment of spatial memory tasks 

(Gioiosa et al., 2008; Niesman et al. , 2014) and the inflammation induced by 

traumatic brain injury (Niesman et al. , 2014) in caveolin-1 deficient mice suggest a 

tight relationship between apoD and caveolin-1 . 

Overexpression of human apoD in transgenic mice neurons reduces as well T cells 

infiltration and production of pro-inflammatory cytokines following coronavirus­

induced neurodegeneration (Do Carma et al. , 2008). ln this study, we demonstrated 

that an excess of cyclophilin A decreases apoD uptake into the cells . lnterestingly, 

BSG has been identified as an essential signalling receptor for cyclophilins, which are 

secreted in response to inflammatory stress (Pushkarsky et al. , 2001 ; Yurchenko et al. , 

2002; Yurchenko et al., 2006). Cyclophilin-mediated signalling results to chemotaxis 

of neutrophils, eosinophils and T cells (Allain et al. , 2002 ; Sherry et al. , 1992; Xu et 

al., 1992; Yurchenko et al., 2002). Moreover, it has been shown that cyclophilin A, 

secreted by prion-infected mice brains, induces the release of cytokines by microglia 

and astrocytes in vitro (Tribouillard-Tanvier et al. , 2012). These studies suggest that 

both BSG and apoD might influence inflammatory pathways, possibly through the 

regulation of AA signalling and metabolism (Do Canna et al., 2008). Indeed, apoD 

could stabilize or sequester its preferential ligand AA into the ce!! membrane, 

reducing the availability of free AA and preventing its conversion into pro­

inflammatory molecules (Thomas et al. , 2003a; Thomas et al. , 2003b). Therefore the 
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binding of apoD to BSG could reduce its interaction with cyclophilin A and, as a 

result, attenuate the inflammatory process. In addition, our results show that apoD 

internalization is followed by the endocytosis of BSG, leading to the redi stribution of 

BSG. The apoD endocytotic transport pathway remains unknown. Nevertheless, it 

has been already reported that BSG is internalized by a clathrin-independent 

endocytosis and recycling pathway (Eyster et al. , 2009 ; Maldonado-Baez et al. , 201 3). 

The co-localization of exogenous apoD internalized and bas igin suggests that apoD 

can fo llow the same endocytosi s pathway as bas igin fo r its internalization process. 

In summary, the current study is the first to identify BSG, more particularly LG-BSG, 

as receptor essential for the apoD internalization. Binding of apoD to LG-BSG 

probably involves a spec ific region of apoD referred to as the spike fo rming in the 

back of ligand binding pocket (Eichinger et al. , 2007; Flower et al. , 2000). However, 

the exact mechanisms of interaction between apoD and BSG remain to be determined. 

Nonetheless the strong relationship between BSG and apoD highlighted in this study 

provides additional clues on the mechani sms involved in the apoD fun ctions, 

including its neuroprotecti ve effect . 
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3.7 Figure legends 

Figure 3.1 Receptor-mediated binding and internalization of H-apoO by 293T cells. 

(A, B) H-apoD internalization. 293T cells were untreated (A) or presence of purified 

human H-apoD for 24h (B) and stained with anti-H-apoD 2B9 antibody (green). 

Nuclei were labeled with DAPI (blue). Note that apoD staining is not detected in 

293T ce Ils without exogenous apoD incubation. Scale bar= 10 µm. (C, 0) Saturation 

curves of binding of 1251 labeled H-ApoD (1251-apoD) to 293T cells. Binding was 

conducted at 4°C for 2 h. Affinity binding of 125 1-apoD to 293T cells (C) was 

measured as follows: 293T cells were incubated with increasing concentrations of 
1251-apoD in the absence (total binding o) and presence (non-specific binding Li) of 

excess unlabelled H-apoO. The difference between total binding and non-specific 

binding corresponded to specific binding ( • ). Scatchard analysis of equilibrium 

binding (0) revealed a single population of binding sites, with the calculated 

equilibrium dissociation constant (Kd) and maximum number of binding sites (Bmax) 

being 9.38±2.45 µg/mL and 0.25± 0.02 ng/µg cell protein respectively. Data points 

represent the mean ±SEM of 3 experiments performed each in duplicate. 

Figure 3.2 Purification and identification of membrane protein binding to apoD. (A) 

Membrane proteins from 293T cells were incubated with biot-apoD and, as negative 

contrai , in the presence of 10-fold excess of unlabelled H-apoD. The purification of 

crosslinked apoD/membrane pratein complexes was performed with streptavidin 

magnetic beads and visualized by SOS-PAGE and silver staining. Note that the band, 

observed at about 28 kDa, corresponds to the free biot-apoD. Bands 1, 2, 3, 4 and 5 in 

the apoD/membrane pratein complex (lane 1 ), which disappear in the negative 

contrai (lane 2), were analyzed by mass spectrametry (LC-MS/MS). (B) Mass 

spectrametry analysis has identified several putative candidates as apoD receptors. 

Prateins from bands 3, 4 and 5 which did not contain apoD were not analyzed. 
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Figure 3.3 Basigin downregulation affects apoD internalization. (A) Confocal 

analysis of 293T cells incubated with (Ad-f) or without biot-apoD (Aa-c) . The BSG 

protein endogenous and internalized exogenous apoD were stained with anti-BSG 

antibodies (green) (Aa, Ad) and Alexa Fluor 568 streptavidin (red) (Ab, Ae), 

respectively. Nuclei were labeled with DAPI (blue). The doted boxes represent 

enlarged view showing the co-localization (yellow) of BSG and internalized apoD in 

vesicular compartments of biot-apoD-treated cells (Af) compared to non-treated cells 

(Ac). Note that the exposure to apoD induces the redistribution of basigin localization 

(Ad) compared to non-treated 293T cells (Aa). (B) Knock down of BSG expression 

using specific siRNA (siBSG). 293T cells were transfected with siBSG (Bd-Bf) or 

siCtrl (negative contrai) (Ba-Be) for 48h followed by incubation with biot-apoD for 

24h and analyzed by confocal microscopy. Decreased BSG expression (Bd) was 

confirmed by staining with anti-BSG antibody (green) compared to siCtrl-transfected 

cells (Ba). Biot-apoD internalization was assessed using Alexa Fluor 568 streptavidin 

(red) in siBSG-transfected (Be) compared to siCtrl-transfected (Bb) cells. Note that 

biot-apoD internalization is decreased in siBSG-transfected cells (Be) compared to 

siCtrl-transfected (Bb) and non-transfected 293T cells (Ae) . Scale bar = 10 µm . (C, D) 

Western blot analysis (C) and quantification (D) of BSG expression and biot-apoD 

internalization in extracts of siBSG and siCtrl-transfected cells, treated with biot­

apoD for 24h. ~-Actin was used as a loading control. Values were normalized on ~­

Actin protein expression and on siCtrl values, which were given an arbitrary value of 

100. Normalized values are presented as mean ± SEM (each experiment was 

performed in triplicate). Two-way Anova following by Bonferroni post-test: 

***p<0.001 compared to siCtrl-transfected cells . 

Figure 3.4 ApoD internalization in SH-SYSY cells. (A) BSG expression (green) in 

human neuroblastoma SH-SY5Y cells and 293T cells were assessed by confocal 

microscopy . Note that SH-SY5Y cells display low BSG protein expression compared 
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to 293T cells. (B) Effect of biot-apoD internalization on SH:sy5y cells, with or 

without overexpression of BSG. SH-SY5Y cells, transfected with plasmid expressing 

human basigin (pBSG) (Bd-Bf) or with the empty plasmid (vehicle) (Ba-Be) for 48h, 

were exposed to biot-apoD for 24h. The BSG protein expression and biot-apoD 

internalization were assessed by confocal microscopy with anti-BSG antibody (green) 

(Ba, Bd) and Alexa Fluor 568 streptavidin (red) (Bb, Be), respectively. Nuclei were 

labeled with DAPI (blue). Note that biot-apoD internalization (Ab) was decreased in 

low BSG expressing SH-SY5H cells (Aa) but improved by overexpression of BSG 

protein (Bd). Scale bar= 10 µm. 

Figure 3.5 ApoD internalization is inhibited by cyclophilin A. 293T cells were 

incubated for 4h with H-apoD (250 ng/mL) followed by the addition of 250 ng/mL of 

cyclophilin (PPIA) in equimolar amounts (H-apoD:PPIA (1: 1)) (0, E) or 20-fold 

excess of PPIA, (H-apoD:PPIA (1 :20)) (G, H). As controls, the ce lis were incubated 

with H-apoD only (H-apoD:PPIA (1 :0)) (B , C) or PPIA only in 20-fold excess (H­

apoD:PPIA (0:20)) (J, K). Internalized H-apoD was revealed by immunostaining 

(green) and analyzed by confocal microscopy. Nuclei were labeled with DAPI (blue) . 

Scale bar= 10 µm. 

Figure 3.S 1 Transferrin internalization is not altered by BSG inhibition. (A) 

Downregulation of BSG has no effect on transferrin (Tf) uptake in 293T cells. 293T 

cells were transfected with siBSG for 48h and incubated with tetramethylrhodamine­

conjugated human transferrin (Tf) for 24h. The Tf staining (red) (Ab, Ac) was 

analysed by confocal microscopy. BSG expression was immunostained with anti­

BSG (green). (B) Cyclophilin A does not compete with transferrin. Confocal analysis 
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of Tf internalization (red staining) in 293T cells which were incubated for 4h with 

tetramethylrhodamine-conjugated human Tf (250 ng/mL) fo llowed by the addition of 

equimolar amounts or 20-fold excess of PPIA, (Tf:PPIA (1: l) (A,C) or (1 :20), 

respectively (D, F)) . Nuclei were labeled with DAPI (blue) . Scale bar = 10 µm . 
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3.8 Figures 
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Figure 3.3 
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CHAPITRE IV 

APOLIPOPROTEIN D PREVENTS INTRANEURONAL CHOLESTEROL 

ACCUMULATION IN KAINATE-TREATED NEURONS 

Ouafa Najyb, Christian Trahan and Eric Rassart 
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Avant propos 

Comme nous avons vu dans le chapitre II , l' un des mécani smes pour expliquer l'effet 

neuroprotecteur de l'apoD pourra it être la participation de l'apoD dans le processus 

d'eftlux du cholestéro l dans les neurones. Il a également été proposé dans d'autres 

études que la protection induite par l' apoD face à l' infl ammation pourrait résulter de 

sa capacité à stab iliser l'acide arachidonique dans la membrane ce llulai re ou de le 

séquestrer, empêchant ainsi sa conversion en molécules pro-inflammato ires . Notre 

derni er objectif consistait donc à véri fie r si cet effet neuroprotecteur de l' apoD 

dépend de sa capacité à se lier avec certa ins ligands impliqués dans les processus 

neurodégénératifs te ls que l'excitotoxic ité. Pour cela, nous avons d'abord véri fié que 

l' apoD régule les ni veaux de cholestéro l intrace llulaire dans les neurones en situation 

de stress . Par la suite, pour véri fie r l' implication de la liaison de l'apoD avec son 

ligand dans le mécanisme de neuroprotection, plusieurs mutants de l'apoD portant 

des mutations sur les ac ides aminés situés dans la région de liaison avec son li gand 

ont été produits. Pui sque l'absence de glycosy lation peut affecter l' affi nité de lia ison 

de l'apoD avec son ligand, nous avons donc choisi de produ ire ces mutants dans les 

ce llules eucaryotes 293T afin de les purifier. Une fo is produi tes, nous avo ns vérifié si 

les mutat ions effectuées dans la région de liaison du li gand de l'apoD pouva ient 

affecter l' internali sation de l'apoD dans les cellules . 

Ce chapitre consiste en une étude préliminaire présentée sous fo rme d' art icle. Les 

références de cet article se trouvent en fin de thèse. J'ai été impliquée dans toutes les 

facettes expérimentales des travaux présentés dans cet a11icle, dans le montage des 

fi gures et la rédaction de l' a11icle. La construction des clones qui ont permis de 

produi re les diffé rents mutants a été réa li sée par Christian Trahan. La supervision du 

projet et la correction de l'arti cle ont été réali sées par le Dr Eric Rassart. 
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4.1 Abstract 

Cholestero l is a major component of the plasma membrane of most eukaryotic cell s 

and plays a key role in neuronal fonctions. Dysregulation of cholestero l homeostas is 

has been observed in several neurodegenerative di seases, such as Alzheimer's and 

Niemann-Pick' s type C di seases. These diseases also present an upregul at ion of 

apolipoprotein D (apoD), a secreted glycoprotein hi ghly expressed in CNS. 

Numerous studies link apoD to maintenance and protection of neurons in vari ous 

mouse models of acute stress and neurodegeneration. We have recently demonstrated 

that apoD favours cholestero l redistribution in phys iologica l conditions by 

modulating its transport to the membrane or its efflux. Here, we show that apoD 

binds cholestero l with low affi ni ty. Moreover, it decreases the in trace llular 

cholestero l accumulation induced by kainate treatment in primary hippocampal 

neurons, suggesting that the mechani sm underlying the neuroprotecti ve effect of 

apoD invo lves the regulation of intraneuronal cholestero l levels. Also, mutations in 

the ligand-binding pocket of apoD reveal that binding to its ligand cholestero l 111 

293T cell s can be essential fo r its internalizati on and, thus, for its ro le 111 

neuroprotection. Overall , we demonstrate the existence of another mechani sm fo r the 

regul ation of intraneuronal cholestero l horneostas is, by which apoD protec ts neurons 

against inj ury. 

Keywords: apolipoprote in D (apoD), cholestero l, ka in ic ac id , internalization, apoD 

mutants, Niemann-Pick type C, Alzheimer. 
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4.2 Introduction 

Apolipoprotein D (apoD) is a 29k0a secreted lipocalin that binds and transports small 

lipophilic molecules. lt is highly expressed in several human tissues, including the 

central nervous system (CNS) (Drayna et al., 1986; Rassart et al ., 2000; Weech et al. , 

1991). In rodents, apoD expression is found primarily in the CNS (Seguin et al., 

1995). In the CNS of mammals, this atypical apolipoprotein is mainly expressed in 

glial cells (astrocytes and oligodendrocytes), but also in a few neurons (Hu et al ., 

2001; Provost et al., 1991b; Rickhag et al., 2008; Smith et al. , 1990). In the aging 

brain and in several neurological diseases, apoD is upregulated (Franz et al ., 1999; 

Kalman et al., 2000; Ordonez et al., 2006; Reindl et al., 2001 ; Terrisse et al ., 1998; 

Terrisse et al., 1999; Yasojima et al., 1999), suggesting that apoD is involved in 

neuronal maintenance and protection against injury as confirmed by in vivo studies. 

Indeed, neuronal overexpression of apoD in transgenic mice leads to an increased 

resistance to oxidative stress (Ganfornina et al ., 2008) and inflammation (Do Carmo 

et al., 2008) whereas apoD deletion in mice reduces the res istance and survival in 

response to oxidative stress in the brain (Ganfornina et al., 2008). Moreover, a recent 

study in our laboratory (Najyb et al , submitted; Chapitre 11) revealed that apoD 

overexpression in neurons of transgenic rnice induces an increased resistance to 

kainate-induced seizures and cell apoptosis. These effects could be mediated by a 

significant attenuation of intlammatory responses in the hippocampus. 

ApoD is comprised of eight-stranded antiparallel ~-barrels structure enclosing a 

hydrophobie conically shaped cavity that is referred to as the apoD binding pocket 

(Eichinger et al., 2007). Through this cavity, apoD can bind with high affinity 

multiple ligands such as arachidonic acid (AA), progesterone and sphingomyelin, but 

can also interact with cholesterol , bilirubin and estradiol with low affinity or through 

indirect interactions (Morais Cabral et al ., 1995; Patel et al., 1997; Rassart et al., 2000; 
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Ruiz et al. , 201 2) . Thus, apoD appears to be a multiple functional prote in that 

could influence inflammatory pathways and prevent neurotoxicity through different 

mechanisms such as the regulation of AA signalling and metabolism (Do Carmo et al., 

2008). lt was notably suggested that apoD could stabilize AA into the ce ll membrane 

or sequester it, reducing the avail ability of free AA and preventing its conversion into 

pro- infl ammatory molecules (Thomas et al., 2003a; Thomas et al., 2003b) . Moreover, 

apoD has been shown to specifically prevent lipid peroxidation in the mouse brain 

(Ganfo rnina et al., 2008), by converting react ive to non-reactive li pid hydrox ides in 

response to oxidative stress th rough a highly conserved methionine res idue (Met93) 

(Bhati a et al., 20 12; Oakley et al., 20 12). 

In our laboratory, we recently demonstrated that apoD favo urs cholestero l 

redi stribution in phys iological conditions by modulating its transpo1t to the 

membrane or its efflux (Najyb et al, submitted; Chap itre 11). Therefore, the 

neuroprotective effect of apoD could be mediated by the regulat ion of another of its 

ligand, cholestero l. In thi s study, we clearly demonstrate that apoD decreases the 

intracellular cholesterol accumulation induced by ka inate toxicity in primary 

hippocampal neurons, suggesting that apoD plays a neuroprotect ive effect. The 

invo lvement of cholestero l, as an apoD li gand, in neuroprotect ion was assessed by 

creati ng apoD mutants in the ligand-b inding pocket and fu1t her measure their abili ty 

to bind li gands such as AA or cholestero l. Pre liminary resul ts indicate that these 

mutations impaired the internalization of apoD in 293T ce ll s, suggesting that the 

binding of apoD to its ligands is requ ired fo r its internalization. 
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4.3 Materiel and Methods 

4.3. l Hippocampal culture preparation 

WTFVB/N mouse (Charles River, Canada) embryos from 3 females (at 18 days of 

gestation) were used to prepare primary hippocampal neuronal cultures as previously 

described (Brewer et al., 1993). Briefly, hippocampi were dissected in HBSS 

(without Ca2+ and Mg2+) supplemented with 1 mM sodium pyruvate and 10 mM 

HEPES and dissociated by trituration with a fire-pol ished Pasteur pipette. Tissue 

homogenates were then centrifuged for 1 min at 1000 g at room temperature. The cell 

pellets were recovered and resuspended in HBSS. Primary neurons were plated at a 

density of 5 x 105 cells/cm2 on glass coverlips pretreated with poly-0-lysine (Sigma­

Aldrich) in Neurobasal medium (Invitrogen) supplemented with 0.5 mM L-glutamine 

and B27 supplement (Invitrogen). 

4.3.2 Filipin staining 

After l 0 days of culture, hippocampal primary neurons were pre-incubated with 

purified H-apoD (250 ng/mL; purified from breast cyst fluid) for 24h. Then, neurons 

were incubated in medium with or without Kainic Acid (KA) ( 1 OO µM) for 3h. 

Staining of intracellular cholesterol was achieved using filipin , a fluorescent polyene 

antibiotic with high affinity for cholesterol (Coxey et al. , 1993). H ippocampal 

neurons were fixed for 15 min in PBS containing 4% paraformaldehyde (PF A) and 

2% sucrose, washed with phosphate buffered saline (PBS) and permeabilized with 

0.1% Triton X-100 in PBS. The cells were then incubated with filipin (125 µg/mL; 

Sigma-Aldrich) for 2h at room temperature. Filipin-cholesterol complexes were 

visualized by confocal microscopy (Nikon, Mississauga, Canada). 
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To achieve exogenous human apoD staining, neurons were treated for lh with 

PBS containing 10% goat serum, 10% bovin serum album in (BSA) and 0.1 % Triton 

and incubated overnight at 4°C in a humid atmosphere with a primary antibody 

against H-apoD (Terrisse et al., 1998) (1: l OO; 289 mouse monoclonal antibody, 

produced as described in (Weech et al., 1986)). After three washes of 10 min in PBS, 

the ce lis were exposed to a goat anti-mouse IgG-Alexa 488 ( 1: 1000; Life 

Technologies) at room temperature for l h, washed three times with PBS and mounted 

on slides with Prolong Gold antifade (Life Technologies) . Finally, filipin and H-apoD 

staining were visualized by confocal microscopy (Nikon, Mississauga, Canada). 

4.3.3 Dot Blot analysis 

The binding of H-apoD to cholesterol and 24-hydroxycholesterol (24-HOC) was 

analyzed by dot blot as previously described (Lin et al ., 2013). Brietly, different 

amounts of cholesterol (Sigma-Aldrich, St Louis, MO) and 24-HOC (Enzo) (0 - 20 

nmol) were dotted onto a PVDF (polyvinylidene ditluoride) membrane (Millipore, 

Ontario, Canada) placed in a Bio-Dot SF apparatus (Bio-Rad Laboratories, 

Mississauga, Canada). After a blocking step with 3% BSA for l h, the membrane was 

incubated with purified H-apoD (5 µg/mL) for l h at room temperature. The 

membrane was then washed three times with PBS and stained with a mouse 

monoclonal antibody (2B9) against human apoD ( 1: 10000). Thereafter, the 

membrane was incubated with a horseradish peroxidase (HRP) conjugated goat anti­

mouse (1: 10000; GE Healthcare, Quebec, Canada) visualized by chemiluminescence 

(ECL, GE Healthcare, Quebec, Canada) using a Fusion FX7 system (Vilber Lourmat, 

France). 
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4.3.4 Generation of apoD mutants 

Severa! mutations in the ligand-binding pocket were realized using PCR rnediated 

site specific mutagenesis (Sarkar and Sommer, 1990). The amino acids to be mutated 

were chosen because (i) they were conserved among five species (human, rabbit, 

guinea pig, rat, mouse), (ii) they were likely to be involved in the ligand binding 

function and (iii) they were unlikely to induce drastic changes in the overall apoD 

structure. The arnino acids residues, which were substituted, were Phe36 by Tyr 

(F36Y), Val56 by Ala (V56A), Gln69 by Asn (Q69N), Leu6 1 by Ile (L6 l 1), Glu73 by 

Asp (E73D), Ala83 by Val (A83V) and Ile 117 by Leu (Tl l 7L). 

4.3.5 Cel! culture and transfections 

HEK293T cells (Human Embryonic Kidney cells), obtained from ATCC (American 

Type Cel! Culture, Manassas, VA) were maintained in Dulbecco ' s modified Eagle' s 

medium (Wisent, St-Bruno, QC, Canada) supplemented with 10% inactivated fetal 

bovine serurn (FBS), glutarnine (2nM), penicillin G (1 OO units/rnL) and streptornycin 

(1 OO µg/mL). The ce lis were maintained at 37°C in a 5% C02 humidified atmosphere. 

293T cells were transfected for 48h with pcDNA3 . l-His Tag (Life Technologies) 

containing native human apoD or mutants using Polyfect transfection reagent (Qiagen) 

according to the manufacturer' s instructions. Expression of ApoD-His and mutants 

was assessed by western blot as described in the following section. 

4.3 .6 Western blot analysis 

ApoD-His and mutants transfected-293T cells were lysed in a lysis buffer (50 mM 

Tris-HCL, pH 7.3 , 150 mM NaCI , 5 mM EDTA, 0.2% (v/v) Triton X-1 OO 

complemented with complete protease inhibitors (Roche Molecular Diagnostics, 

Manheim, Germany)). Homogenates were incubated for 30 min at 4°C and 
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centrifuged at 20,000g for 10 mm at 4 °C. The prote in concentrations were 

assessed in the supernatants by the Bio-Rad protein assay (Biorad). The conditioned 

media (20 µL) and cell lysates (30 µg per sample) were separated on 12% (w/v) SDS­

polyacrylamide gels and transferred to PVDF (polyvinylidene difluoride) membranes 

(Millipore, Ontario, Canada). Membranes were further incubated with primary 

antibodies against His-tag mouse monoclonal antibody (1 :1,000, Qiagen) and ~-Actin 

mouse monoclonal antibody (1: 10,000; Sigma-Aldrich). The membranes were, 

thereafter, incubated with a HRP-conjugates antibody ( 1: 10,000; GE Healthcare, 

Quebec, Canada) and visualized by chemiluminescence (ECL, GE Healthcare) using 

a Fusion FX7 system (Vilber Lourmat, France). 

4.3. 7 Purification/concentration of recombinant proteins 

ApoD-His and mutants, secreted from transfected-293T cells, were concentrated by 

Ni-NTA purification system. Conditioned media from apoD-His and mutant­

transfected 293T cells were diluted in phosphate buffer containing 300 mM NaCI , 30 

mM of imidazole, 0.4% (v/v) NP40 complemented with complete protease inhibitors 

(Roche Molecular Diagnostics, Mannheim, Germany) and incubated overnight at 4°C 

with Ni-NTA His-Bind resin (Novagen, EMD Millipore, Ontario, Canada). After 

three washes, the bound proteins were eluted with the Elution buffer (300 mM 

imidazole, 300mM NaCI and complete protease inhibitors) . At each step, aliquots of 

fractions were assessed by western blot for the presence of apoD-H is or mutants, 

using antibody against His Tag. The protein-containing fractions were pooled and 

dialyzed against PBS. The concentrations of apoD-His and mutants were assessed by 

indirect ELISA method as described below. 
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4.3.8 Indirect ELISA 

96-well ELISA plates (Thermo Scientific, Waltham, USA) were coated overnight at 

4°C with purified human apoD (H-apoD) standards (within range concentration of 0 -

1 OO ng/µL) and samples (apoD-His and mutants) diluted in 0.1 M sodium carbonate 

buffer pH 9. The coated wells were blocked with 5% BSA diluted in PBS and were 

incubated for 1 h at raom temperature with an antibody against human apoD ( 1: 1000, 

289). After three washes in PBS, the wells were treated with HRP-conjugated goat 

anti-mouse antibody ( 1: 1,0000; GE Healthcare) for 1 h at roorn ternperature. A fter 

three washes with PBS, peraxidase substrate TMB (3 ,3 ',5,5 ' -Tetramethylbenzidine) 

solution (100 µL , Fitzgerald, MA, USA) was applied to each well for 30 min at raom 

temperature. Then, the reaction was stopped by adding 50 µL of 1 M phosphoric acid. 

Absorbance values (at 450 nm) were obtained with an Elisa Plate Reader (Tecan 

Infinite Ml 000, Tecan US, NC, USA). 

4.3 .9 Immunocytochemistry 

Native and mutant apoD internalization was assessed by im111unocytochemistry . 293T 

cells were incubated with 200 ng/mL of apoD-His and mutants for 24h. After two 

washes with ice-cold PBS, the cells were fi xed for 15 min in 4% paraformaldehyde 

(PF A) in PBS containing 2% sucrase. The cells were permeabilized and blocked for 

1 h at room temperature in PBS containing 0.1 % (w/v) triton X-1 OO and 10% (w/v) 

BSA. Then, the cells were incubated overnight at 4°C in a hurnid atrnosphere with an 

anti-His-Tag mouse monoclonal antibody (1: 1 OO, Qiagen). After three washes with 

PBS, the cells were exposed to a goat anti mouse IgG-Alexa 488 ( 1: 1000; Life 

Technologies) at room temperature for 1 h, washed , and mounted on slides with 

Pralong Gold. His staining was visualized by fluorescence microscopy (Nikon). 
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4.4 Results 

4.4. l H-apoD attenuates cholesterol accumulation following KA treatment 

Defects in cholesterol metabolism are associated with various neurological injuries, 

such as kainate-induced excitotoxicity (He et al., 2006; Ong et al., 2003 ; Sodero et al. , 

2012). We evaluated the effect of exogenous apoD on the intracellular levels of 

cholesterol induced by kainate (KA)-induced toxicity in primary neurons (Fig. 4.1 A). 

In accordance with previous studies (He et al., 2006), we observed that KA-treated 

neurons displayed an important accumulation of cholesterol (Fig. 4.1 Ab) compared to 

non-treated neurons (Fig. 4.1 Aa). Interest ingly, H-apoD-pretreated hippocampal 

neurons (Fig. 4. IAc) showed less cholesterol/filipin sta ining than nonpre-treated 

neurons (Fig. 4.1 Ab) in response to KA toxicity. As previously demonstrated, KA 

treatment induced an important uptake of exogenous apoD, which was co-localized 

with cholesterol (Fig. 4.lAc) (Najyb et al. , submitted ; Chapitre Il) . Overall , our 

results suggest that internalized apoD attenuates the increased intraneuronal 

cholesterol content induced by KA treatment. 

4.4.2 Direct interaction between H-apoD and cholesterol 

The co-localization between apoD and intracellular cholesterol content suggests a 

putative interaction. To address this question, the binding of apoD to cholesterol and 

its oxysterol, 24-0HC, was assessed by dot blot (Fig. 4.1 B, C). As shown in Fig. 

4.1 B, purified H-apoD binds to cholesterol in a dose-dependent manner, but with Iow 

affinity since apoD staining was not detected with less than 2.5 nmol of cholesterol. 

In contrast, direct binding with 24-0HC was not detected for apoD (Fig. 4.1 C) . 

Overal 1, these data demonstrate that apoD binds cholesterol. 
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4.4.3 Effect of mutations on apoD internalization 

lt has been suggested that the neuroprotective role of apoD is linked to its capacity to 

bind a number of ligands involved in neurological injuries, including AA (Thomas et 

al., 2003a; Thomas et al., 2003b) and cholesterol as demonstrated in the previous 

section. Mutations of residues present in the apoD ligand-binding pocket were 

performed to investigate whether the apoD neuroprotective effect is mediated by its 

capacity to bind a specific ligand. Western blot analyses revealed that apoD-His and 

mutants were expressed by transfected 293T cells (Fig. 4.1 Ba) and were secreted into 

the extracellular medium (Fig. 4.1 Bb). Interestingly, the secreted apoD-His and the 

mutant protein (Fig. 4.lBa) differed from their intracellular form (Fig. 4.1 Bb) which 

cou Id be due to glycosylation. However, the mutant Y 108F displayed a lower 

expression compared to apoD-His and others mutants. Moreover, the level of mutant 

secreted proteins F36Y (3), Ill 7L (4) and A83V (8) seems to be higher than that of 

apoD-His (Fig. 4.2Ba). 

To investigate if these mutations affect the uptake of apoD, we assessed the 

internalization of these mutants apoD by immunocytochemistry. To address this 

question, 293T ce lis were incubated with purified apoD-H is and mutants for 24h. The 

native and mutants apoD internalized in cells were detected by irnrnunocytochemistry, 

using specific antibody against His-Tag. The mutants E73D (Fig. 4.38) and Q69N 

(Fig. 4.3F) display internalization levels similar to apoD-His (Fig. 4.3A) while the 

internalization levels of mutants L6 l l (Fig. 4.3E), Y56A (Fig. 4.3G) and A83V (Fig. 

4.3H) were decreased compared to apoD His (Fig. 4.3A). Interestingly, the uptake 

process seemed to fail for the mutants F36Y (Fig. 4.3C) and 1 l 17L (Fig. 4.30). In 

these mutants, mutated residues were respectively localized in loops A/B and G/H 

(Fig. 4.2A). Overall, these preliminary data suggest that mutations in the binding 

pocket at position 56, 61 and 83, more precisely in loops A/B and G/H, decrease the 



internalization of the protein. On the other hand, mutations in the ~-barre l at 

position 67-76 do not impact the apoD internalization process. 

4.5 Discuss ion 
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Previous studies revea led that overexpression of apoD lead to neuroprotecti on 111 

oxidative and inflammation stress mediated neurodegeneration (Do Carmo et al., 

2008; Ganfornina et al. , 2008; He et al. , 2009). We have prev iously demonstrated that 

apoD overexpress ion in neurons also protects mice against KA-induced seizures and 

cellular apoptosis, which could be associated with the regulation of cholesterol 

distribution (Najyb et al , submitted; Chapitre 11). A direct assoc iation between 

dysregul ation of cholesterol homeostas is and neurodegeneration has been observed in 

several neurodegenerative diseases, such as Alzheimer's and Niemann-Pick's type C 

diseases (Vance, 201 2). Most interestingly, these di seases al so present an 

upregulation of apoD (Ordonez et al., 2006; Terri sse et al. , 1998; Yoshida et al. , 

1996). Regarding the interaction between apoD and cholesterol , severa l studies have 

reported di screpancies which could be explained by the low affinity of the ligands 

examined or by technica l issues (Morais Cabral et al. , 1995 ; Patel et al. , 1997; Rassart 

et al ., 2000; Ruiz et al. , 2012). An indirect interaction between apoD and cholesterol 

has been suggested since the later was fo und to be co-transported with sphingomyelin 

(Ruiz et al. , 201 2). ln this study, we clearly demonstrate that apoD binds cholestero l 

(although with low affinity) and prevents its accumulation into neurons in response to 

the exc itotoxicity injury induced by KA treatments (He et al ., 2006). 

Cholesterol , a major component of the plasma membrane of most eukaryotic cell s, is 

involved in the regulation of several cellular fun cti ons, especially neuronal fun ctions 

(Simons and Toomre, 2000). Indeed, cholesterol , an important lipid consti tuent of 

the myelin sheath and the lipid rafts in neurons and astrocytes, plays a key ro le in 

brain development and neuronal functions, such as axon guidance and synaptic 
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transmission (Pfrieger, 2003). In the brain , cholesterol synthesis and metabolism 

requires tight interactions between astrocytes and neurons (Pfrieger, 2003). ln 

adulthood, astrocytes are the main source of cholesterol for neurons although neurons 

can also produce cholesterol in their cell bodies (Dietschy and Turley, 2004; Pfrieger, 

2003; Vance, 2012). Synthesized in astrocytes, cholesterol is then transported by 

apolipoprotein E-containing lipoproteins to neurons (Vance, 2012) where it is 

internalized and can be redistributed to the plasma membrane and organelles 

(Dietschy and Turley, 2004; Pfrieger, 2003). Excessive intraneuronal cholesterol is 

eliminated by its conversion to 24-hydroxycholesterol (24-0HC), which can cross the 

blood brain barrier and reach the liver for elimination (Bjorkhem and Meaney, 2004). 

This capacity to convert cholesterol to 24-HOC is spec ific to neurons (Bjorkhem and 

Meaney, 2004). However, in this study, we demonstrated that there is no direct 

interaction between 24-HOC and apoD. Moreover, prev ious results from our 

laboratory (Najyb et al, submitted; Chapitre II) indicate that 24-HOC pathway is not 

involved in the decreased cholesterol levels of the cytosolic brain fraction in 

transgenic mice that overexpress neuronal apoD. Thus, although the 24-HOC 

pathway is usually the major pathway for cholesterol elimination, apoD seems to 

utilize another pathway to regulate intraneuronal cholesterol level s. 

Other cholesterol transporters, including the ATP binding cassette (ABC) transporters 

and high density Jipoproteins (HDL), are involved in the regulation of cholesterol 

eftlux (Chen et al. , 2013). HDL increases cholesterol eftl ux in cortical neuronal 

cultures (Chen et al., 2013). This process can be mediated by the ABC transporter 

ABCG4 which is highly expressed in neurons. lndeed, the downregulation of ABCG4 

leads to the decrease of cholesterol efflux (Chen et al., 2013). Although the relation 

between apoD and A TP binding cassette (ABC) transporters has not yet been defined, 

it was reported that apolipoprotein E deficient mice display an increased expression 

of both apoD and ABCA 1. Indeed, the later is known to be involved in cholesterol 
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efflux process in astrocytes (Chen et al., 2013) as a compensatory mechanism to 

maintain the cholesterol homeostasis in the brain (Jansen et al., 2009). Thus, apoD 

associated with HDL-like pat1icles found in the cerebrospinal fluid (CSF) (Koch et al., 

2001) could be involved in the cholesterol efflux mediated by the ABCG4 pathway. 

The neuroprotective effect of apoD could also be mediated by its interaction with 

other ligands (Morais Cabral et al., 1995 ; Rassat1 et al., 2000; Ruiz et al ., 20 13; Vogt 

and Skerra, 2001 ). Surprisingly, no information exists on whether the binding of 

apoD to its ligands is required for its internalization and, thus, its fonction. Therefore, 

our study is the first to show that mutations in the ligand-binding pocket of apoD, 

more particularly at positions 36 and 117, reduce the apoD internalization process in 

primary neuronal cells. Jnterestingly , the apoD uptake is complete ly blocked by these 

mutations in the ' loop' region suggesting that it is more important fo r apoD 

internalization than the P-barrels. These extended loops are localized at the entrance 

of the li gand-binding pocket (Eichinger et al., 2007). Thus, the effect of these 

mutations on apoD internalization could either interfe re with the entrance of the 

ligand in the pocket or with the binding of apoD with its receptor at the plasma 

membrane. 

In summary, our results suggest that the neuroprotec tive effect of apoD in KA­

mediated toxicity cou ld be mediated by the regu lation of in traneurona l levels of 

cholesterol in addition to AA. Moreover, we showed that the binding capacity of 

apoD to its ligand influences its fonction and that the loop region is critical for this 

step. Therefore, this study provides additional clues on the exact protective 

mechanisms mediated by apoD through the regulation of cholestero l homeostas is in 

neurons. 



117 

4.6 Acknowledgements 

We thank Denis Flipo for his help with the confocal microscopy analysis. We also 

thank Dr Évemie Dubé for helpful discussion. This work was supported by the 

Canadian Institutes of Health Research grant MOP-15677. 



118 

4.7 Figure legends 

Figure 4.1 H-apoD affects intracellular cholesteral in neurans. (A) Hippocampal 

neurans (10 days) were pre-incubated with (+ H-apoD) or without (- H-apoD) 

purified human apoD for 24h and futther treated with kainic acid (1 OO µM) for 3h 

(+KA) or not. Cells were subsequently stained with filipin (gray) and anti-H-apoD 

antibodies (green) and analyzed by confocal micrascopy. Note that the filipin staining 

decreases in the soma of neurans treated with purified H-apoD (as indicated by arraw 

in Ac) compared to non-treated neurans following kainate treatment. Scale bar = 10 

µm. B and C. Dot blot analysis of direct binding of H-apoD to various amounts of 

cholesteral (B) and 24-hydraxycholesteral (C). Ali experiments were perfonned in 

triplicate. 

Figure 4.2 Express ion of recombinant apoD and mutants. (A) Schematic 30 structure 

representation of human apoD (gray) complexed with pragesterane (blue)(Eichinger 

et al. , 2007). The positioning of the different mutated residues (Y l 08F, E73D, F36Y, 

Il 17L, L611, Q69N, V56A, A83V) is shown in red (in the left panel). The sequence 

of human apoD pratein (P05090) with the mutated residues is shown in red and 

depicted as red box (in the right panel). The green boxes represent the ~-barre l s and 

ye llow boxes correspond to a-helix Modeling structure of apoD (pratein data bank 

code: 2HZQ) was performed using Chimeria software. (B) Western blot analysis of 

apoD-His and mutants expresion in conditioned media and intracellular level of 

transfected 293T cells. As a negative contrai , His staining was also assessed in ce ll s 

transfected with empty vector (Ctrl -). Cellu lar extract from apoD-His transfected 

cells (Ctrl +) served as positive contrai. ~-Actin was used as a loading contrai for 

cellular extracts. Ali experiments were performed at least in triplicate. 
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Figure 4.3 Analysis of apoD-His and mutants internalization. 293T cells were 

incubated for 24h with 200 ng/mL of apoD-His or its mutants purified from 

conditioned media of apoD-his and mutants transfected ce lls. ApoD-His and the 

mutants internalization was revealed by using anti-his antibody (green) . Ail 

experiments were performed in duplicate. 
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Figure 4.3 
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CHAPITRE V 

DISCUSSION 

5.1 Conclusions générales 

Les travaux réalisés dans le cadre de cette étude ont permis, dans un premier temps, 

de confirmer l'effet neuroprotecteur de l'apoD dans l' exc itotoxicité en mettant en 

évidence de nouveaux mécanismes qui pourraient être impliqués dans ce processus. 

Dans un deuxième temps, ces travaux ont permis de démontrer pour la première fois 

l'existence d' un récepteur impliqué dans le processus d' internali sation de l'apoD. 

5.1.1 Effet neuroprotecteur de l'apoD face à l 'exc itotox icité 

Malgré l' accumulation de preuves mettant en év idence l'effet neuroprotecteur de 

l'apoD dans des conditions neuropatholog iques, on en sa it encore peu sur l'effet de la 

surexpression de l'apoD et les mécani smes sous-jacents, notamment sur le 

mécani sme d'excitotoxicité. Nous avo ns donc utili sé un modèle de souri s 

surexprimant l'apoD humaine dans le SNC (H-apoD Tg) pour tester les effets 

neuroprotecteurs de l'apoD face à l'exc itotoxicité induite par injection de l' ac ide 

kaïnique (chapitre II) . Cette étude nous a permis de démontrer que la surexpression 

de l'apoD entraîne une plus grande résistance face aux convulsions induites par le 

kaïnate, une baisse des réponses inflammatoires et confère une protection contre 

l'apoptose des cellules dans l' hippocampe, suggérant que la surexpress ion de l'apoD 

favorisait la présence d' un environnement non permissif à la propagation de 
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l'excitotoxicité. Il est connu que la mort neuronale induite par excitotoxicité est la 

conséquence d'une série d'événements qui se produisent en cascade, dont un des 

éléments-clés est l'accumulation intracellulaire de calcium dans les neurones (Mody 

and MacDonald, 1995). Il est donc poss ible que l'apoD crée un environnement 

neuroprotecteur en modulant les ni veaux intrace llulaires de calcium. 

5. 1.1.1 Éventuell e implication de l 'apoD dans la régulation du calcium intrace ll ulaire 

Une concentration excess ive de calcium intracellulaire peut avoi r des conséquences 

néfastes sur la cellule neuro nale (Patel et al. , 1996). Il n'est donc pas étonnant que les 

résultats obtenus en chapitre II tendent à montrer que l'apoD mod ule l'expression de 

deux protéines, la pompe PMCA2 et la sous-unité NR28 du récepteur NMDA, 

impliquées dans l'homéostas ie du ca lcium intrace llulaire. 

Tout d'abord, tel que démontré dans le chap itre U,' la surexpression de l' apoD indu it 

une augmentation de l'express ion de PMCA2, qui est une pompe participant à 

l'efflux du ca lcium en excès. Il a été démontré que la perox idat ion li pidique affecte 

l'expression de PMCA2 (Chiarello et al. , 20 14). Ainsi, l' apoD pourrait mod uler le 

niveau intrace llulaire de ca lcium en augmentant l'express ion de PMCA2 via la 

peroxidation afi n de protéger les neurones contre l'exc itotoxicité. Nous avons auss i 

observé une diminution d'express ion de la sous-unité NR28, mais pas des sous unités 

NRI et NR2A, dans l' hippocampe de so uri s H-apoD Tg. Un récepteur NM DA 

fo nctionnel est constitué obligatoirement de 2 sous-unités NR 1 (qui lient la glycine, 

un co-agoni ste du glutamate) et 2 sous-unités NR2 (qui lient le glutamate) (Kend rick 

et al. , 1996). Il ex iste 4 types de sous-unités NR2 (A, B, C et D), NR2A et NR2B 

étant exprimés dans plusieurs régions du cerveau notamment au niveau de 

l' hippocampe, contra irement aux autres sous un ités (Wenzel et al. , 1997). Nos 

résultats suggèrent donc que l' apoD favor ise la présence des récepteurs NMDA 

contenant peu ou pas de sous-unité NR2B . Il a été montré justement que, dans un 
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modèle animal d'ischémie cérébrale et sur des cultures neuronales de cortex in 

vitro, l'activation des récepteurs NMDA contenant NR2B augmente la mort 

neuronale induite par excitotoxicité. À l'inverse, l'activation des récepteurs NMDA 

contenant NR2A exerce une action neuroprotectrice en favorisant la survie neuronale 

(Liu et al., 2007). Ceci pourrait donc expliquer la diminution de l'apoptose cellulaire 

observée dans l'hippocampe de souris H-apoD Tg après injection au kaïnate. NR2B 

est également impliqué dans le processus de la plasticité synaptique (Mao et al. , 

2009). Nous n' avons cependant pas observé, dans l'hippocampe de souris WT et H­

apoD Tg, des niveaux d'expression différents de la synaptophysine, un marqueur 

communément utilisé pour mesurer la plasticité synaptique (Martinez et al. , l 997). 

Cela suggère donc que seule l'absence de l'apoD, et non pas sa surexpression, 

affecterait la plasticité synaptique et les capacités locomotrices et d'apprentissage tel 

qu'observé chez les souris apoD -/- (Ganfornina et al., 2008). Pour le vérifier, il serait 

intéressant de réaliser une étude comportementale basée sur la mémoire, qui est un 

processus dépendant de la plasticité synaptique, mesurant, par exemple, la mémoire 

spatiale des souris H-apoD Tg lors du test de la pi sc ine de Morris (Liu et al. , 2007). 

La modulation de l'expression de ces 2 facteurs, NR2B et PMCA2, suggère donc que 

l'apoD pourrait exercer son rôle protecteur en régulant le niveau de calcium 

intracellulaire. Il serait intéressant de vérifier l'effet de l'apoD sur l' accumulation de 

calcium intracellulaire induite par le kaïnate à partir de cultures primaires neuronales 

ou de coupes organotypiques d' hippocampes issus de souris H-apoD Tg ou apoD (-/-) 

en utilisant la technique d' imagerie calcique (Barreto-Chang and Dolmetsch, 2009). 
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5.1.1.2 Régulation du cholestérol intracellulaire 

Il est connu que le cholestérol est très impliqué dans la régulation de plusieurs 

fonctions neuronales dont la croissance axonale et la transmission synaptique 

(Dietschy and Turley, 2001). Une dérégulation de l' homéostas ie du cholestérol et une 

modulation de l'expression de l' apoD ont d' ailleurs été observées dans plusieurs 

maladies neurodégénératives (Vance, 2012). L'excitotoxicité induit éga lement une 

accumulation de cholestérol, à la fo is in vivo et in vitro , dans les neuro nes de 

l' hippocampe de rat suite à un traitement avec le kaïnate (Ong et al. , 2003) . Nous 

avons remarqué (dans le chapitre IV) que cette accumulation du cholestérol induite, 

dans les cultures neuronales, par un traitement au kaïnate éta it cependant atténuée en 

présence d' apoD exogène. L'effet neuroprotecteur de l'apoD résiderait donc dans ses 

caractéristiques anti-inflammatoires, anti-oxydantes mais auss i dans le contrôle de 

l' homéostas ie du cholestérol. Nous avons en effet observé que la surexpression de 

l'apoD (en chapitre II) diminue le niveau de cholestérol cytosolique sans affecter le 

niveau total et le niveau membranaire de cholestérol dans le cerveau de so uri s H­

apoD Tg. Ceci suggère que l'effet neuroprotecteur de l'apoD observé (en chapitre II) 

chez les souris H-apoD Tg face à l'exc itotoxicité pourrait impliquer des mécanismes 

de régulation du cholestérol intracellulaire. De plus, l'ajout de cholestéro l exogène 

dans les cultures neuronales de l' hippocampe entraîne une importante accumulat ion 

de cholestéro l dans la cellule, mais, après traitement avec de l'apoD exogène, cette 

accumulation est fortement diminuée, suggérant que l'apoD pourrait être impliquée 

dans la régulation de la di stribution du cholestéro l intracellulaire (Chapitre 11 ). 

La voie majeure d'élimination du cholestérol dans le SNC est sa conversion en 24-

hydroxycholestérol (24-HOC) qui peut traverser la barrière hémato-encéphalique 

(BHE) pour être éliminer dans le fo ie (Vance, 2012). Puisque la surexpress ion de 

l'apoD n'affecte pas les niveaux de 24-HOC dans le cerveau et dans le plasma de 

souris H-apoD Tg, il est donc probable que le cholestérol , un des ligands de l'apoD, 
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soit transporté par celle-ci vers la membrane ou vers les lipoprotéines telles que 

les HDL en vue de son efflux. Le cerveau des souris apoD -/- montre d'ailleurs une 

diminution du ratio cholestéro l : phospholipide dans les extraits membranaires 

(Thomas and Yao, 2007). Toutefo is, l' interaction di recte entre l' apoD et le 

cholestéro l est controversée. Nous avons donc vérifié cette interact ion en utili sant une 

méthode di fférente de celle utilisée auparavant. Nos résul tats (en chapitre IV) 

indiquent que l'apoD peut se lier au cholestéro l, mais avec une fa ible affi ni té. Mais, 

étant donné que le cholestérol est présent en grande quantité dans l'organisme 

notamment dans le système nerveux, il sera it poss ible qu ' il so it un ligand important 

malgré sa fa ible affi nité. Il a d'a ill eurs été proposé que cette fa ible affi ni té de l' apoD 

pour le cholestéro l fac iliterait l' incorporation du cholestéro l dans les membranes ou 

dans les HDLs (Patel et al. , 1997). Pour véri fie r si cet efflux du cholestéro l se fa it par 

l' intermédiaire de l'apoD, les mutations décrites dans le chap itre IV, qui poss iblement 

interfèrent avec la liaison de l'apoD au cholestérol, pourraient être utili sées avec des 

cultures primaires neuronales tra itées ou non avec le kainate. De plus, une étude a 

montré que ABCG4 (un transporteur à cassette de li aison de l'ATP très fo rtement 

exprimé dans les neurones) et les HDLs augmentent l' efflux du cholestéro l dans les 

cultures corticales de neurones (Chen et al. , 2013). Il sera it donc intéressant de 

vérifier les niveaux de lipoprotéines ainsi que l' express ion de certains transporteurs 

de type ABC dont ABCG4 et ABCA l (impliqués dans l'efflux du cholestéro l dans 

les astrocytes) dans les cerveaux des souri s Tg-apoD et apoD -/-. De la même façon, 

l'efflux du cholestéro l dans les astrocytes est méd ié par l' apoE et ABCA 1 (Chen et 

al. , 2013).II serait donc intéressant de vérifier l' effet de l' apoD sur l'efflux du 

cholestéro l dans les astrocytes. Il a déjà été démontré in vitro que l' apoD exogène 

pouvait être internali sée dans les astrocytes, plus patt iculièrement dans les astrocytes 

issus de souri s apoD -/- où le taux d'apoD internali sée est plus élevé (Bajo-Graneras 

et al. , 2011 ). Cette augmentation de l'entrée de l'apoD pourra it donc permettre de 

pallier à la dérégulation du niveau de certains lipides (incluant le cholestéro l et l' ac ide 
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apoD -/- (Thomas and Yao, 2007). 

5. 1.2 Internalisation de l'apoD médiée par la bas igine 
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Le rô le de l'apoD dans notre modèle murin suggérait que cette proté ine pouvait être 

internali sée dans les neurones. Nous avons donc confi rmé (en chapitre II ) que l 'apoD 

est capable d'entrer dans les neurones et que cette internalisation s' in tensifie en 

réponse à un stress induit par le kaïnate ou dans des neurones matures. Ainsi, 

l'augmentation de l'apoD dans les neurones en situation neuropathologique ou dans 

les cerveaux de pat ients âgés pourra it être non seulement due à l' induction de 

l'expression de l' apoD, mais également à l' augmentat ion de l' in ternali sation de 

l'apoD produite essentie llement par les ce llules gliales . Il est cependant essentiel de 

mieux comprendre les mécani smes d' internali sation de l' apoD afi n de mieux 

comprendre l' impact de la surexpression de l' apoD. 

Nos résultats (Chapitre III) prouvent que l' interna li sation de l' apoD nécessite la 

présence d' un récepteur. Ce récepteur pourrait très probab lement être la basigine, 

connue également so us le nom de CD1 47 ou EMMPRJN. La bas igine est une 

glycoprotéine membranaire de la fa mille des immunoglobul ines im pliquée dans de 

nombreuses pathologies, tel que le cancer ou la maladie d' Alzheimer (lacono et al., 

2007). Nous avons démontré (en chapi tre III) que la cyc loph iline A, un ligand nature l 

de la bas igine, pouvait bloquer l' internalisation de l' apoD. Cec i suggère que le site de 

liaison de la cyclophiline A sur la basigine pourra it être identique ou très proche de 

ce lui de l' apoD. Il a été reporté que le site de li aison de la cyc lophiline A serait 

locali sé au niveau de I 'ectodomaine de la bas igine (Song et al., 201 1 ), suggérant donc 

que le site de liaison de l'apoD serait également loca li sé au niveau de l' ectodomaine 

de la bas igine (F igure 5.1 ). 
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BSG 

Figure 5.1 Représentation schématique de site de liai son hypothétique de l'apoD 
avec la bas igine. CypA, cyclophiline A ; BSG, bas igune ; ApoD, apolipoprotéine D 
(figure adaptée de (Yurchenko et al. , 2010). 

Nos résultats révè lent clairement que la basigine est fo rtement impliquée dans le 

processus d' internali sation de l'apoD, suggérant une étroi te relat ion entre la bas igine 

et l' apoD. En réponse à un stress ou dans certaines pathologies, la cyc lophiline A est 

sécrétée et interagit avec la basigine pour entrainer une activati on des médiateurs pro­

inflammatoires (incluant les cytokines et les métalloprotéinases) et une infiltration 

des leucocytes pro-inflammatoires vers les sites de lés ions (Arora et al. , 2005 ; 

Damsker et al. , 2009; Song et al. , 201 1 ). De plus, i 1 a été montré que l' inhibi tion de la 

basigine dans un modèle mu rin de sc lérose en plaques diminue l' infiltrati on des 

leucocytes dans la moëlle épinière, permettant ainsi de diminuer la sévérité des signes 

cliniques (Agrawal et al. , 2011 ). 11 est donc intéressant de noter que la surexpression 

de l' apoD chez les souris H-apoD Tg diminue l' infiltration des lymphocytes T induite 

par inj ection intracérébrale du virus OC43 (Do Carmo et al. , 2008). Cec i suggère 

donc que l' interaction de l'apoD avec la bas igine pourrait constituer un mécani sme 



additionnel qui expliquerait la diminution d' infiltration des leucocytes et de la 

production de cytokines chez les souris H-apoD Tg injectées avec le virus OC43. 
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De plus, l'apoD, sécrétée dans le milieu extracellulaire, peut entrer dans la cellule à 

partir du milieu extracellulaire (Do Carma et al., 2007). Cette apoD sécrétée présente 

cependant un niveau de glycosylation très important. Mais il apparait que le niveau de 

glycosylation n'affecte pas le processus d'internalisation de l'apoD (Chapitre IV). 

Ceci suggère donc que l' interaction de l' apoD avec son récepteur ne dépend pas de 

son niveau de glycosylation contrairement à sa capacité à se lier avec son ligand 

(Chapitre IV). En effet, le site de 1 iaison de I' apoD avec son 1 igand est au se in d'une 

cavité hydrophobe (Eichinger et al., 2007; Peitsch and Boguski, 1990). Des mutations 

réalisées sur les acides aminés formant cette cavité hydrophobe nous a permis de 

diminuer la capacité d' internalisation de l'apoD dans la cellule (Chapitre IV), 

suggérant que la liaison de l'apoD avec son li gand favoriserait son interaction avec 

son récepteur et donc son internalisation. JI serait donc intéressant de vérifier l' effet 

de ces mutations sur la liaison de l'apoD avec ses li gands (tels que l'acide 

arachidonique, la progestérone et le cholestérol) pour confirmer si l' apoD doit 

nécessairement se lier avec son ligand pour être internalisée. De la même façon , des 

mutations réalisées sur les boucles A/B et G/H, localisées à l'entrée de la cavité 

hydrophobe, bloquent l' internalisation de l' apoD (Chapitre IV), suggérant que ces 

régions pourraient être impliquées dans l' interaction de l'apoD avec son récepteur. 

Il est indéniable que l'apoD joue un rôle neuroprotecteur suite à un stress induit dans 

le SNC. En effet, l'ensemble de nos travaux met en évidence l' implication de l'apoD 

dans le processus de neuroprotection face à différents mécanismes participant à la 

neurodégénérescence. Ces travaux mettent également en avant qu 'en plus de protéger 

contre le stress oxidatif et le stress inflammatoire, la surexpression de l ' apoD dans 

notre modèle de souris transgéniques (H-apoD Tg) protège également contre 
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l'exc itotoxicité qui accompagne de nombreuses neuropathologies comme la 

maladie d' Alzheimer, celle de Parkinson ou la sc lérose en plaq ue. Cec i suggère que 

l'effet neuroprotecteur de l' apoD n'est pas spécifi que à un stress en particulier, mais 

protège plutôt la cellule contre une grande majorité de mécani smes neurodégénérati fs 

impliqués dans les maladies neurodégénératives, d 'où son induction dans de 

nombreuses neuropathologies. L'apoD constitue donc une cible thérapeutique 

potentie lle dans toutes ces neuropathologies. 

5.2 Perspectives 

Les travaux présentés dans cette thèse ont permis de mieux comprendre le rô le 

neuroprotecteur de l'apoD. Toutefo is, les résul tats présentés dans cette thèse 

soul èvent plusieurs questi ons, notamment sur le mode d'acti on de l' apoD mais 

également sur son implication dans d'autres processus te l que la neurogenèse ou la 

régénérescence axonale. Les expériences proposées dans cette partie permettraient 

d'approfondir encore plus nos connaissances sur les fo ncti ons de l' apoD. 

5.2 .1 ApoD et la barrière hémato-encéphalique 

De par sa large distribution ti ssulaire, l'apoD est trouvée à la fo is dans le sang, dans 

le cerveau et dans le liquide céphalo-rachidi en (LCR). Sui te à une lés ion 

neurodégénérative, l' apoD se trouve être augmentée dans le SNC. Il est vrai que cette 

augmentat ion est due à l' induction de son express ion ; ma is peut-on trouver de 

l' apoD produite en périphérie dans le cerveau ou le LCR et inversement? Ceci 

impl igue que l' apoD so it dotée de la capacité à traverser la barrière hémato­

encéphal ique (BHE). L'apoD est detectée dans les ce llules périvascul aires et les 

péricytes au niveau du cortex (Hu et al. , 2001 ; Navarro et al. , 2004). 
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La barrière hémato-encéphalique (BHE), est une barrière qu i sépare le SNC du 

sang, le protégeant ainsi du reste de l'organisme. Régulant tous les échanges entre le 

sang et le cerveau, elle est constituée de cellules endothéliales, de péri cytes et de 

pieds astrocytaires (Ballabh et al. , 2004). Dû à la présence de joncti ons serrées entre 

les cellules endothéliales, le passage de molécules reste très lim ité. Les échanges 

entre le sang et le SNC se font donc par l' intermédiaire de di ffére nts mécani smes de 

transport au niveau des cellules endothéli ales (Moody, 2006). 

Le passage de molécul es à travers la BHE peut donc être médié par un transport acti f 

(v ia des transporteurs de type ABC) ou par transcytose (v ia un récepteur spéc ifi que) 

(Kusuhara and Sugiyama, 2005). La transcytose, impl iquée dans le transport de 

molécules de plus haut poids moléculaire, permet à une molécul e d'être internali sée 

dans la cel Iule endothéliale par l' intermédi aire de son récepteur puis de sortir au 

niveau du pôle opposé par exocytose (de Lange, 201 2) . Les HDL peuvent traverser la 

BHE par transcytose médi ée par SR-BI (Scavenger receptor class BI) loca lisé à la 

surface des cellules endothéli ales (Balazs et al. , 2004). L'apoD pourrait traverser la 

BHE grâce à sa capacité de s'assoc ier aux HDL. De plus, nous avons vu, en chapi tre 

Ill , que le basigine semble être le récepteur de l' apoD. La basigine a été détectée dans 

les cellules endothéli ales de la BHE (Sameshima et al. , 2000). Cec i suggère donc la 

présence d' un transport de l' apoD à travers la BHE médiée par la bas igine. 

La capac ité de l'apoD de traverser la BHE pourra donc se véri fie r par injecti on 

systémique d' apoD humaine purifi ée chez la souris. L' utili sation de l'apoD humaine 

permet de la di ffé rencier de l'apoD endogène chez la souri s. Le cerveau et le LCR 

seront ensuite prélevés pour analyser la présence de l' apoD humaine. Pour vérifier le 

transport de l'apoD du cerveau vers le sang, une injection stéréotaxique de l' apoD 

humaine au ni veau des ventricules cérébraux sera réa li sée. La présence de l'apoD 

exogène sera ainsi évaluée dans le plasma. 
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5.2.2 Impl ication de l'apoD dans la neurogenèse 

Un autre mécani sme envisagé pour pallier à la perte neuronale qui s' opère au cours 

des maladies neurodégénératives est l' utili sation de ce llules souches neura les. La 

régénération par remplacement de neurones à partir de progén iteurs endogènes, ou 

communément appelée neurogenèse, permettra it de remédier à différents prob lèmes 

cliniques, notamment les rejets de greffes. Ces neurones néo-fo rmés sont produi ts par 

des ce llules souches neura les rés idant dans des régions restreintes du SNC : le gyrus 

denté de l' hippocampe et la zone sous-ventriculaire (ZSV) qui borde les ventricules 

cérébraux (Kaplan and Hinds, 1977; Lo is and Alvarez-Buyll a, l 994). Contra irement 

aux neurones néo-formés dans le gyrus denté, les neurones nouvellement fo rmés dans 

la ZSV do ivent migrer sur de longues distances vers le bulbe olfact if où ils se 

diffé rencient en neurones bulbaires (Taupin and Gage, 2002). Ceci soulève l'espoir 

de les exploiter pour réparer le ti ssu nerveux endommagé ou perdu au cours d' une 

maladie neuro logique ou d' un traumatisme. Il sera it donc in téressant de déterminer si 

l'apoD est impliquée dans le processus de neurogenèse. 

Des traitements avec Ro25-698 1, un antagoni ste de la sous-un ité NR2B du récepteur 

NMDA, induit une augmentation de la neurogenèse et de la survie des neurones néo­

fo rmés dans le gyrus denté de souri s, entrainant une amélioration des performances 

dans les tâches cognit ives dépendantes de la mémoire (Hu et al. , 2008). Il est 

démontré en chapitre II que la surexpression de l 'apoD dans le SNC des souris 

transgéniques diminue l'expression de la sous-unité NR28, suggérant ainsi que 

l'apoD pourrait être impliquée dans l'activation de la neurogenèse. De plus, il a été 

montré que la clozapine, un médi cament antipsychoti que atypique qui induit 

l'express ion de l' apoD (Mahadi k et al. , 2002; Thomas et al. , 200 l a), augmente la 

neurogenèse dans l' hippocampe de rat adulte (Halim et al. , 2004). L'effet de l' apoD 

sur le processus de neurogenèse, in vivo, pourrait être ainsi déterminé en utilisant des 

souri s défic ientes en apoD (apoD -/-) et surexprimant l 'apoD humaine dans les 
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neurones (H-apoD Tg). Le principe consisterait donc à faire une étude 

comparative chez ces souris de la prolifération des cellules et de la survie des 

neurones nouvellement fo rmés. Pour vérifier la prolifération cellulaire, les souris WT, 

H-apoD Tg et apoD -/- seraient injectées, en intrapéritonéal , avec du BrdU (5-bromo-

2' -déoxyuridine) pour 24h pour analyser la prolifé ration cellulaire et 4 semaines 

(avec des injections quotidiennes de BrdU) pour vérifier la survie des ce llules 

nouvell ement form ées. Le BrdU est un marqueur de la synthèse de l' ADN 

communément utilisé pour l' analyse de le neurogenèse (Cameron and McKay, 2001 ). 

Le nombre de cellules marquées et leur phénotype serait analysé par 

immunohi stochimie à partir de coupes de cerveaux des souri s injectées grâce à 

l' utili sation de marqueurs neuronal et glial. 

5.2.2 Régénération axonale dans le SNC 

L'apoD est fortement induite lors de la croi ssance axonale dans les fibres nerveuses 

périphériques comprimées (Boyles et al., 1990; Spreyer et al., 1990). Il a été rapporté 

que l' apoD stimule le processus de régénération et de remyé linisati on axonale suite à 

une lésion du nerf sciatique, en facilitant l'é limination de la myéline dégradée 

(Ganfornina et al ., 2010), suggérant un rôle bénéfiqu e de l 'apoD dans la régénération 

et dans la cro issance axonale dans le système nerveux périphérique (SNP). Cet effet 

bénéfique de l 'apoD pourrait également être dû à la capac ité de l 'apoD de transporter 

les lipides tels que le cholestérol. Toutefo is, les axones dans le SNP se régénèrent 

plus rapidement tandi s que dans le système nerveux centra l (SNC), ce processus de 

régénération est aboli. Une des rai sons expliquant cette di ffé rence d ' habilité de 

régénération entre le SNP et le SNC est l' environnement dans lequel se déroule cette 

lésion. Le point majeur qui différencie la régénération axonale du SNP de ce lle du 

SNC est l'efficacité et la vitesse d'é limination des débris de myéline, engendrés lors 

de lés ion axonale (Bignami and Ralston, 1969; George and Griffin, 1994). A la foi s 

dans le SNC et le SNP, les débris de myéline contiennent plusieurs molécules 
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inhibitrices de la régénération axonale (He and Koprivica, 2004). Toutefois, dans 

le SNP, l'environnement extracellulaire dans lequel se déroule la dégénérescence de 

l'axone favorise cette régénération axonale. A l' inverse, dans le SNC, la présence 

prolongée de débris de myéline, mal éliminés, contribuent à l' inhibition de cette 

régénération. Autrement dit, le SNC crée un environnement non-permissif à la 

régénération axonale et une élimination plus rapide et efficace de ces débris de 

myéline (identique à celle qui se produit dans le SNP) permettrait de promouvoir 

cette croissance axonale. Bien que la régénération axonale périphérique so it favorisée 

par la présence de l'apoD, l'effet de l' apoD sur la régénération axonale dans le SNC 

reste encore inconnu. li s'agirait donc de déterminer si l' apoD promeut la réparation 

et la croissance axonales dans le SNC, en utilisant comme modèle expérimental de 

dégénérescence axonale dans le SNC le modèle de traumatisme médullaire aigu 

(TMA) chez les souris apoD -/- et H-apoD Tg. 

Le traumatisme médullaire correspond à une lés ion de la moelle ép inière, entraînant, 

dépendamment de la localisation de la lés ion , une paralysie de la partie du corps 

située au-dessous de cette lésion (Tator, 1995). Lors d' un TMA, 2 évènements 

chronologiques apparaissent : 

(1) la lésion primaire (interruption physique de l'axone par section) : elle se 

caractérise par une dégradation de l' axone et de la gaine de myéline en aval 

de la section et l' inhibition de la repousse axonale, à cause des débris de la 

myéline, entrainent la mort du neurone ; 
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(2) la lésion secondaire (conséquence de la lésion primaire) : elle 

correspond à l' induction de plusieurs mécanismes neurodégénérati fs incluant 

l'excitotoxicité, l' apoptose et le stress inflammatoire suite à la mort 

neuronale induite par la lés ion primaire (Schwab et al. , 2006; Tator and 

Fehlings, 1991 ; Tator, 1995). 

L' excitotoxicité apparait très rapidement après la lésion primaire induite par un TMA 

et contribue à la propagation de la dégénérescence dans la moelle épinière 

(Hulsebosch, 2002; Privat, 2005 ; Schwab et al., 2006). La réacti on inflammatoire, 

quant à ell e, est déclenchée plus tard mais s' intensifie au bout de quelques heures et 

dure plusieurs jours: la microglie est donc activée; les monocytes et lymphocytes 

sanguins fran chi ssent la barrière hémato-encéphalique (BH E) lésée (Schwab et al., 

2006) . Nous avons observé (en chapitre Il) que la surexpress ion de l'apoD procure 

un environnement qui ne favorise pas la propagation de l' exc itotox icité induite par le 

kaïnate. De plus, l' injection intracérébrale du coronav irus HCo V-OC43 résulte en 

une diminution de l' infiltration des lymphocytes T CD4 dans la moë lle épinière de 

souri s H-apoD Tg (Do Carmo et al., 2008). Chez les souri s transgéniques 

surexprimant l'apoD humaine dans le SNC (H-apoD Tg), l'apoD humaine a bien été 

détectée dans la moelle épinière (Do Canno et al., 2008). Ceci suggère que la 

surexpress ion de l'apoD dans la moë ll e épinière des souri s H-apoD Tg pourrait 

atténuer et retarder les effets de la lésion secondaire et favo ri sera it la régénération 

axonale dans la moëlle épinière suite au TMA. À l' inverse, l'absence de l'apoD chez 

les souri s apoD -/- accélèrerait l' activation des mécanismes impliqués dans la lés ion 

secondaire. Pour vérifier cette hypothèse, le traumatisme médull aire sera it induit par 

contusion au niveau de vertèbres thoraciques chez des souri s WT, apoD (-/-) et H­

apoD Tg, comme décrit précédemment (Kuhn and Wrathall , 1998). La perfo rmance 

locomotrice des souris serait mesurée à l'aide d' une échell e d'évaluati on. 



Parallèlement à l'étude comportementale, plusieurs mécanismes déclenchés lors 

de la lésion secondaire du TMA seront analysés: 

l'infiltration des neutrophiles, des macrophages et des lymphocytes, 

la production de cytokines pro- et anti-inflammatoires, 

! 'activation de la microglie et des astrocytes, 

l'expression des facteurs neurotrophiques (tels que BDNF, FGF-2), 

l'apoptose, 

le profil lipidique. 
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Avant propos 

Cette étude fait suite à une étude antérieure montrant que notre modèle de souris 

transgéniques (H-apoD Tg) présente des troubles métaboliques notamment une 

résistance à l' insuline et une stéatose hépatique. Le but de cet article était donc de 

déterminer les mécanismes impliqués dans cette stéatose hépatique. 

La rédaction et le montage des figures ont été effectués par Maryline Labrie. J'ai 

participé aux expériences de ce projet et à la correction de l'article. Ces travaux ont 

été supervisés par les Dr Catherine Mounier et Eric Rassart qui ont également corrigé 

le manuscrit. 
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A. l Abstract 

Transgenic mice (Tg) overexpress ing human apolipoprotein D (apoD) in the brain are 

res istant to neurodegenerescence, but slowly develop hepatic steatos is. We showed 

that PPARy express ion in the li ver of the Tg mice is increased by 2-fo ld compared to 

wild type (WT) rnice. Consequently, PPARy target genes Plin2 and Cide A/C are 

overexpressed, leading to increased lipid droplets fo rmation. Express ion of the fatty 

acid transporter CD36, another PPARy target, is also increased in Tg mice assoc iated 

with elevated fatty acid uptake as measured in primary hepatocytes . Activation of 

AMPK in the liver of Tg leads to phosphorylation of acety l CoA carboxylase whil e 

fatty acid synthase expression is induced. However, hepatic lipogenes is measured in 

vivo is not significantly different between WT and Tg mice. ln addition, express ion of 

carnitine palmitoy l transferase 1, the rate-lirniting enzyme of B-oxydati on, is slightly 

upregulated. Finally, we showed that overexpressing apoD in HepG2 ce ll s in 

presence of arachidonic acid (AA), the main ligand of apoD, increases the 

transcriptional activity of PPARy. Taken together, our resul ts demonstrate that the 

hepatic steatosis observed in apoD Tg mice is a consequence of increased PPARy 

transcriptional activity by AA leading to increased fatty ac id uptake by the li ver. 

Key words: Apolipoprote in ; Liver; Nuclear receptors/PPAR; Arachidoni c acid; Lip id 

drop lets, Apolipoprote in D, fatty acid metabo li srn , PPARy, lipogenes is, hepatic 

steatos is 
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A.2 Introduction 

Apolipoprotein D (apoD), a 29 kDa glycoprotein, is a member of the lipocalin super 

family (Drayna et al. , 1987). It transports several small hydrophobie compounds such 

as arachidonic acid (AA), progesterone, pregnenolone, bilirubin, cholestero l and E-3-

methyl-2-hexenoic acid (Dilley et al. , 1990; Morais Cabra l et al. , 1995; Patel et al. , 

1997; Peitsch and Boguski , 1990; Terri sse et al. , 2001 ; Zeng et al., 1996). In human, 

apoD is found in the plasma fraction, associated with hi gh-density lipoprotein (HDL). 

It is highly expressed in the brain, adrenal glands, kidneys, pancreas and placenta but 

poorly expressed in intestine and liver (Drayna et al. , 1986; Drayna et al. , 1987; 

McConathy and Alaupovic, 1973; McConathy and Alaupovic, 1976). Jn contrast, the 

murine expression of the apoD gene is almost exc lusively expressed in the centra l 

nervous system (CNS) (Cofer and Ross, 1996; Seguin et al. , 1995). 

We have prev iously shown that transgenic mice (Tg) overexpress ing human apoD 

(H-apoD) in the brain are protected against neurodegeneration and injuries (Do 

Carmo et al. , 2008; Ganfo rnina et al. , 2008) suggesting that apoD could be a good 

therapeutic target fo r neurodegenerative diseases. Unfo rtunately, these mice develop, 

with age, insulin res istance, glucose intolerance as well as hepati c and muscul ar 

steatos is (Do Carmo et al. , 2009b ). 

Our prev ious observations showed that the peroxisome pro lifera tor-acti vated gamma 

(PPARy) mRNA express ion is increased in the liver of H-apoD Tg mice (Do Carmo 

et al. , 2009b). PPARy is a nuclear receptor implicated in adipocyte differentiation. 

Two isoforms exist: PPARyl is ubiquitously expressed while PPARy2 is almost 

exclusive to adipose tissue (Tontonoz et al. , l 994a; Tontonoz et al. , 1994b ). When 

acti vated by one of its ligands, PPARy heterodimerizes with retinoid X receptor a 

(RXRa) and binds to the peroxisome prolife rator response elements (PPRE) on the 

promoter of target genes (Tontonoz and Spiegelman, 2008 ; Zoete et al. , 2007). 
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PPARy regulates positively its own transcription and induces transcription of the 

CCAA T/enhancer-binding protein a (C/EBPa), which also activates PPARy gene 

expression (Oarlington et al., 1998; Li et al. , 2010). Many natural PPARy ligands 

have been discovered including AA, prostaglandins, oxidized fatty ac id (FA) and 

some polyunsaturated fatty acid (PUFA) (Forman et al. , 1995 ; Kliewer et al. , 1995 ; 

KI iewer et al., 1997; Krey et al., 1997; Nagy et al., 1998). 

Activation of hepatic PPARy leads to an upregulation of free FA (FF A) uptake by 

increasing the expression of fatty acid transporter C036 (Feng et al. , 2000). PP AR y is 

also involved in lipid droplets (LO) formation through increased expression of LD 

associated proteins such as perilipin 2 (Plin2) and cell death-inducing DFFA-like 

effectors (Ci de) A and C (Chawla et al., 200 l ; Rogue et al. , 201 O; Rogue et al. , 2011 ). 

These LO-associated proteins down-regulate LO lipolysis by reducing association of 

lipases with the surface of LD (Jinno et al. , 201 O; Keller et al. , 2008 ; Listenberger et 

al. , 2007). On the other end, hepatic PPARa regulates energy combustion (Pyper et 

al., 2010) by activating the mitochondrial and the peroxisomal ~-oxidation pathways 

as well as the microsomal 0)-oxidation pathway (Reddy and Hashimoto, 2001 ). 

Paradoxically, PPARa also activates lipogenesis by regulating the sterol regulatory 

element binding protein-1 (SREBP-1 c) and li ver X receptor a expression (LXRa) 

(Hebbachi et al. , 2008). 

Many studies have demonstrated a link between elevated PPARy expression and 

hepactic steatosis. Adenoviral over-expression of PPARyl in PPARa knockout (KO) 

mice that display reduced fatty acid oxidation in liver induces ectopie fat 

accumulation and lipogenesis leading to hepatic steatosis (Gavrilova et al. , 2003). In 

Ob/Ob and lipoatrophic mice, elevated expression of PPARy2 is associated with non­

alcoholic fatty liver disease (NAFLO) while inhibition of PPARy expression reduces 



hepatic steatosi s through downregulation of lipogenesis and inhibition of LD 

formation (Matsusue et al. , 2003 ; Rahimian et al. , 2001 ; Zhang et al. , 2006) . 
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Lipogenesis is regulated at vanous levels. SREBP-1 c and LX Ru are the main 

transcription factors responsible for the induction of acetyl-CoA carboxylase (ACC) 

and fatty acid synthase (FAS) expression, the two rate-limiting enzymes of 

lipogenesis. These enzymes produce non-esterified FA (N EF A) that are subsequently 

desaturated by the stearoyl-CoA desaturase (SCD). These NEF A are furth er esterifi ed 

to form the triglycerides (TG) implicating enzyme such as the diglyceride 

acy ltransferase (DOAT) (Ameer et al. , 2014). Lipogenes is can be inhibited by AMP­

activated protein kinase (AMPK) th rough phosphorylati on and inhibition of both 

ACC and SREBP-1 c (Viol let et al. , 2006). 

In the present study, we demonstrate that H-apoD Tg mice d~ve l op hepatic steatos is 

through over-expression and activation of PPARyl. Consequently, the express ions of 

Plin2, Cide A and C are increased leading to stabilization of LO. In addition, we 

observed an increased CD36 express ion assoc iated with elevation of fa tty ac id uptake. 

In these conditions, lipogenesis remains unaffected despite an increased express ion of 

FAS and a phosphorylation of ACC as a result of increased AMPK activity. 

Overexpress ing ApoD in HepG2 ce ll s in presence of AA suggested that the 

apparition of hepatic steatos is in Tg mice is the result of PPARy acti vation by AA, 

one of the main ligand of apoD. Our work revea ls a novel mechani sm of apoD acti on 

in lipid metaboli sm. 
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A.3 Material and Methods 

A.3.1 Materials 

Cell culture medium was purchased from Wisent (Wisent, St-Bruno, Qc, Canada). 

Bodipy 493/503 , Pralong Gold antifade reagent, Galacto-light™ beta-galactosidase 

repotier gene assay system, Trizol Reagent and mouse anti-myc monoclonal antibody 

were purchased from lnvitrogen (lnvitrogen, Burlington, ON, Canada). AA, anti­

mouse horseradish peroxidase-conjugated secondary antibody, luciferin and 

propidium iodure were obtained from Sigma (Sigma-Aldrich, Oakville, ON, Canada). 

Anti-PPARy (C26H 12), anti-AMPKa, anti-phospho-AMPKa (Thrl 72) ( 40H9), 

HPRT and ~-actin antibodies were from Cell signaling (cell signaling technology, 

Danvers, MA, USA). Anti-ACC and anti-phospho-ACC (Ser79) antibodies were 

from Millipore (Millipore, Billerica, MA, USA). Anti-Plin2 antibody was from 

Novus Biological (Novus Biologicals, Littleton, CO, USA) and goat anti-rabbit 

horseradish peroxidase-conjugated secondary antibody and Bradford reagent were 

from Bio-rad (Life Science Bio-rad, Mississauga, Ontario, Canada). H-ApoD 

monoclonal and polyclonal antibodies have already been described (Terrisse et al. , 

1998; Terrisse et al. , 2001). Complete Protease lnhibitor Cocktail Tablets were 

purchased from Roche (Laval, PQ, CAN). Collagenase Type l was from Worthington 

(Lakewood, NJ). Gal4-PPARy and UAS-Luciferase plasmids were generousl y 

provided by Dr. Maurizio Crestani (University of Milano, Italia). 

A.3 .2 Animais 

Ali the experimental procedures were approved by the Animal Care and Use 

Committee of Université du Québec à Montréal. Animais were housed at 24 ± 1°C in 

a 12h light dark cycle and fed a standard rodent chow ad libitum with free access to 

water. The H-apoD Tg mice in a C57BL/6 background overexpress the H-ApoD gene 
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under the contrai of the neuron-specific Thy-1 promoter (Do Carmo et al. , 2008; 

Do Carmo et al., 2009b; Ganfornina et al., 2008). Ali experiments were carried out on 

12 months old male. 

A.3 .3 Preparation of primary hepatocytes 

Primary hepatocytes were isolated by in situ liver perfusion and collagenase digestion 

as previously described (Truong et al., 2000).Briefly, mice were anaesthetized by 

intraperitoneal injectionof pentobarbital and the portal vein was cannulated. The li ver 

was then perfused with perfusion buffer (IO mM HEPES, 142mM NaCI , 6,7mM KCI ; 

pH 7,85) containing 0,6mM EGTA and 1,5 U/mL heparin and subsequently digested 

with 30 OOOU collagenase type I (Worthington) dissolved in 150 mL of perfusion 

buffer containing 5 mM calcium. Hepatic cells were gently released from the Glisson 

capsule and incubated for 1 ~ at room temperature with 5X Wash solution consisting 

of DMEM/F 12 (Life technologies , Gibco) with 10% fetal bovine serum (Life 

technologies, Gibco), 500 U/mL penicillin, 500 µg/mL streptomycin and 1,25 ~tg/mL 

Fungizone (Life Technologies) on an orbital shaker. Approximately 1x106 millions 

of cells were seeded on collagen-pretreated plates (Corning Costar) in DMEM/F 12 

media containing l 0% FBS, 1 OO U/mL penicillin and 1 OO ~tg/mL streptomycin. The 

next day, culture media was removed and renewed with serum-free DMEM/Fl2 

containing the same antibiotics and the cells were starved for 48h prior to the 

experiments. 

A.3.4 Transfection of HepG2 ce lis 

The human hepatocarcinoma cells (HepG2) were cultured in Eagle ' s Minimum 

Essential Medium (EMEM) supplemented with 10% FBS. Ce lis were then 

transfected with Fugene HD with a UAS-Luciferase construct (a luciferase reporter 

plasmid containing five PPAR response elements) in combination with a human mye-
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tag apoD cDNA construct (Terrisse et al., 1998) (or an empty vector) in the 

presence or not of Gal4-PPARy ( containing the PPARy cDNA and the DNA binding 

domain of GAL4). 48h after transfection, cells were incubated with 7µM of AA 

bound to BSA for 4h. Cells were then harvested and cellular extracts were prepared 

for luciferase (de Wet et al. , 1987) and p-galactosidase assays (lnvitrogen) . 

A.3.5 RNA extraction and semi-quantitative RT-PCR 

Tissues were collected, frozen in dry ice and kept at - 80°C until further use. Total 

RNA was extracted with the TRIZOL reagent according to the manufacturer 

instructions. Total RNA was then reverse transcribed using Transcriptor First Strand 

cDNA Synthesis Kit and amplified with a Taq DNA polymerase and specific primers. 

HPRT was used as contrai. 

A.3.6 Immunoblotting 

Tissues or cultured cells were homogenized in cold lysis buffer (50 mM Tris· HCI pH 

7.3 , 150 mM NaCI , 5 mM EDT A, 0.2% Triton X-1 OO, 2 mM sodium orthovanadate 

and 10% Complete protease inhibitor). Lysates were then incubated 30 min at 4°C, 

cleared by centrifugation and stored at - 80°C until further use. Based on Bradford 

assay (Bradford, 1976), 50 µg of protein of each sample were separated on SDS­

PAGE and transferred to PVDF membranes. After blocking with 5 % milk 1 h at 

room temperature, the membrane was incubated with the primary antibodies 

overnight at 4°C. Dilutions of the primary antibodies were: 1: 1000 for PPARy 

(C26H 12), 1: 1000 for total AMPKœ antibody; 1 : 1000 for phospho-AMPKœ (Thr 172) 

( 40H9) antibody; 1: 1000 for ACC antibody ; 1 :300 for anti-phospho-ACC (Ser79) 

antibody; 1 :5000 for Plin2 antibody, 1: 10000 for apoD antibody (Terrisse et al. , 

1998), 1: 10000 for HPRT antibody and 1: 100000 for P-actin antibody. Primary 

antibodies were then detected with a goat anti-rabbit horseradish perioxidase-
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conjugated secondary antibody (1 :10000) and visualized by chernilurninescence. 

Arnidoblack staining was used as loading contrai. Briefly, membranes were stained 

for 20 min in amidoblack solution (0,1 % Amidoblack, 40 % v/v methanol and 10 % 

v/v acetic acid) and rinsed 10 min twice in decoloration solution ( 40 % v/v methanol 

and 10 % v/v acetic acid). Western blot were quantified by densitometry using the 

image J software. 

A.3.7 Lipid staining 

Liver samples were incubated overnight at 4°C in 4% paraformaldehyde, frozen in 

dry ice and kept at -80°C until further use. Four micro thick longitudinal sections 

were eut with a cryostat and incubated 5 minutes in a solution of PBS containing 0.04 

mg/ml propidium iodide and 0.1 µg/ml Bodipy493/503. After 3 washes of 5 min in 

PBS, coverslips were mounted onto slides using Pralong Gold antifade reagent and 

observed within 24h with a laser scanning confocal microscope (Nikon TE300) 

(original magnification X60). 

A.3.8 In vivo lipogenesis 

1-year-old mice were fasted for 24h and then injected intraperitoneally with 7 µCi of 

3H20. One-hour later animais were killed and blood and liver were collected. To 

evaluate plasma water specific radioactivity 20 ~d of plasma was dissolved in 4 ml of 

Scintillator (Ultima Gold, from Perkin Elmer) and counted with a scintillation counter 

(TRi Carb 2800TR). To evaluate the fatty acid specific radioactivity, 1 g of li ver was 

dissolved in 30% KOH at 70°C. Then 3 ml of ethanol 96% was added, heated at 70°C 

for 2h and acidified with 3 ml of sulfuric acid 9 M. Lipids were extracted 3 times 

with 10 ml of light petroleum, fractions were collected, washed 3 times with 10 ml of 

water, and dried at RT. Lipids were then dissolved in 15 ml of scintillator and 

counted as described for the plasma. Fatty acid specific radioactivity was expressed 



as cpm/g of liver and counted. The rate of lipogenesis was calculated by dividing 

the fatty acid specific radioactivity by the plasma water specific activity. 

A.3.9 3H-oleate fatty acid uptake 
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Primary hepatocytes of WT and Tg mice were serum starved for 48h in a serum free 

media. Fatty acid uptake using 3H-oleate was performed as previously described 

(Stremmel and Berk, 1986) with some modifications. Briefly , ce ll s were incubated in 

serum free DME/Fl2 media containing 50 µM oleate di ssolved in BSA (fatty 

acid/BSA ratio: 2: 1) and 0.68 µCi /mL of 3H-oleate for 10 min at RT. The reaction 

was stopped by adding 200 µM of ice-cold phloretin so lution for 2 min. Cell s were 

then washed 3 times with PBS and lysed in 0, l N NaOH for 30 min at RT. Lysates 

were counted in 10 mL Ultima-Gold so lution (Tri-Carb 2800TR, Perkin Elmer) and 

protein quantified (Bradford Assay, BioRAD). 

A .3 .10 Statistica l analysis . 

Results are expressed as means ± SD . Statistical analysi s was performed w ith 

GraphPad 5 software. The statistica l significance from control values was determined 

by Student's t-test. Values were considered to be significant at P < 0.05. 
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A.4 Results 

A.4.1 PPARy and C/EBP expression in liver of H-apoD Tg mice 

We previously demonstrated that PPARy mRNA was increased in H-apoD Tg mice 

liver (Do Carmo et al., 2009b). In the present study, we showed that both PPARyl 

and y2 are increased (1.37-fold and 1.16-fold Tg vs WT respectively) (Fig. A.1 A). At 

the protein level, PPARyl was increased by 2.24-fold in Tg mice while PPARy2 was 

poorly detectable (Fig. A.1 B). The expression of C/EBPa mRNA, an early marker of 

adipogenic-like phenotype was also increased (Fig. A. l C) while C/EBPP remained 

unchanged (Fig. A.ID). 

A.4.2 Lipid droplets formation 

We measured the expression level of key proteins known to be involved in LO 

formation. The expression of the PPARy target gene Plin2 (Targett-Adams et al. , 

2005), a protein implicated in LO formation , was increased by 1.98-fold in Tg mice 

(Fig. A.2A). Similar observations were made regarding Cide A and Cide C (1.47 and 

1.45-fold respectively), two targets of PP AR y that are implicated in LD fusion (Xu et 

al., 2012) (Fig. A.28 &D). A well-documented independent gene of PPARy 

regulation, Cide B remained unchanged (Fig. A.2C). Conversely, the expression of 

genes coding for several lipases (ATGL, HSL and MGL) as well as the ATGL 

coactivator CGI-58 remained unchanged (data not shown) . In agreement with an 

elevated expression of proteins involved in hepatic LO formation and fusion , we 

found that the size of the LO in H-apoD Tg mi ce was drastically increased (5.45-fold) 

compared to WT. However, we did not observe a significant modification in the 

number of LD between the mice (Fig. A.2E). 
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A.4.3 Hepatic FF A uptake 

We prev iously demonstrated that circulating FF A, cholestero l and TG remained 

unchanged in H-apoD Tg mice co mpared to WT (Do Carmo et a l. , 2009b). Here, we 

showed that the mRNA express ion of two enzymes impli cated in lipoprote in 

metabo li sm, lipoprotein lipase (LPL) and hepatic lipase (HL) remained unaffected in 

Tg mi ce (Data not shown). In contrast, the express ion of CD36, a target of PPARy 

and the main transporter of hepatic FFA in ce lls, is significa ntly increased (1.2-fo ld) 

in li ver of Tg mi ce (Fig. A.3A). To eva luate the impact of CD36 increased express ion 

on FA uptake in the liver of Tg mi ce, we prepared primary hepatocytes fro m both 

WT and Tg animais. Incubation of cell s with 3H-oleate showed a 30% increase in 

o leate uptake in Tg mice (Fig . A.3B). Thi s confirmed that the upregulat ion of CD36 

provides a functional ro le in those mice. 

A .4.4 Hepat ic lipogenesis 

We prev iously demonstrated that the mRNA levels of SREB P-1 c and FAS were 

increased in H-apoD Tg mice liver compared to WT mi ce (Do Carmo et al. , 2009b). 

S ince elevated lipogenes is has a lso been assoc iated with hepatic steatos is, we 

evaluated the express ion leve ls and the activity of severa l key prote ins in vo lved in 

hepatic lipogenesis. We showed that the AM PK expression was increased by 1.82-

fo ld in the liver of Tg mice. The AM PK act ivity is also increased as documented by 

an increased phosphorylation of the kinase on Thr 172 res idue (2.63 fo ld) (F ig. A.4A). 

Consequently, one of the target prote ins, ACC di splayed an increased 

phosphorylation on Ser79 (2 .42 fo ld) suggesting a reduced activity of the first 

enzyme of lipogenes is (F ig. A.4B). On the other hand, a s ignificant increase in FAS 

p rotein expression was observed (1.97-fo ld) corroborating our prev ious observati on 

at the mRNA level (Do Carmo et al. , 2009b) (Fig. A.4C). The mRNA express ion of 



ACC, SCDl, DGAT and LXRa mRNA remained unaffected in H-apoD Tg mice 

liver compared to WT mice (Fig. A.4D). 

l S 1 

The observation of an increased phosphorylation of ACC and an augmented 

expression of FAS seemed contradictory. Hence, we measured de nova lipogenesis in 

vivo by 3H20 injection in mice. As shown in Fig. A.4E, the level of de nova lipid 

synthesis in the liver is not significantly different between Tg and WT mice 

suggesting that hepatic steatosis cannot be attributed to a modification of de novo 

lipid synthesis. 

A.4.S Hepatic ~-oxydation 

We previously dernonstrated that PPARa rnRNA was increased in H-apoD Tg mice 

liver suggesting an increase in lipid ~-oxydation in the liver (Do Carmo et al. , 2009b). 

A sirnilar increase was observed at the protein level (2.73 fold) (Fig. A.SA). PPARa 

is known to regulate expression of genes involved in the ~-oxidation pathway, so we 

exarnined the expression of two key proteins involved in this process. The rnRNA 

level of PGC-la, a co-activator of PPARŒ remained unchanged (Fig. A.SB). 

However, the mRNA expression of CPT-! , the rate limiting enzyme of the 

mitochondrial lipid transfer where ~-oxidation of lipids takes place, is increased by 

1.26-fold in the li ver of H-apoD Tg mice compared to WT (Fig. A .SC). This might be 

associated to an upregulation of lipid ~-oxidation in the liver of H-apoD Tg mice. 

A.4.6 Effect of ApoD overexpression on PPARy activation by AA 

To understand the link between apoD and PPARy over-expression and activation, we 

evaluated the potential role of apoD as an AA transporter, one of the main ligand of 

PPARy. We used the human hepatocarcinome HepG2 cell line as a well-characterized 

mode! for the study of hepatic lipid metabolisrn. Cells were transfected with a 
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construct containing the cDNA of human apoD. In absence of any transfection or 

by transfection with the empty vector, no apoD was detected in the HepG2 cells. 

Transfection with the H-apoD cDNA showed a strong expression of the prote in (Fig. 

A.6A). We next co-transfected the H-apoD cDNA construct with a construct 

containing five peroxisomes proliferator-activator receptor elements (PPRE) linked to 

a luciferase reporter gene. Thereafter, cells were incubated with 7 µM of AA in 

presence or absence of apoD. At this concentration, AA does not induce any cell 

toxicity (Notarnicola et al., 2011) despite a slight decrease in apoD expression (Fig. 

A.6A). ln these conditions, over-expression of apoD increases PPARy transcriptional 

activity (3.7 fold , Fig. A.6B). Addition of AA alone also increased PPARy 

transcriptional activity to a similar level (3 .9-fold). Very interestingly, a combination 

of AA and apoD over-expression has a strong synergistic transactivation of almost 9-

fold on PPARy transcriptional activity (Fig. A.68). 

Taken together, our study show that overexpressmg H-apoD in m1ce leads to 

increased PPARy expression and subsequent activation of those proteins involved in 

LD formation. This is also associated with increased fatty acid uptake while 

lipogenesis remained unaffected. Besicles, the mild metabolic syndrome showed by 

these mice is probably due to a slight increase in mitochondrial ~-oxydation as a 

compensatory mechanism. Experiences performed in HepG2 cells suggest that our 

observations in mice are probably the result of increase transport of AA by apoD in 

the liver resulting in PPARy transcriptional activation and downstream effects . 
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A.5 Discussion 

The goal of thi s study was to characterize the molecular mechanisms leading to TG 

accumulation in the liver of adult H-apoD Tg mice (one year old). We used a model 

of Tg mice overexpress ing human apoD essentially in the CNS originally generated 

to study the role of apoD in severa l neurodenerati ve disorders (Do Carmo et al. , 2008; 

Ganfo rnina et al. , 2008). However, we observed that these mice deve lop hepatic 

steatos is and insulin resistance atone year of age (Do Carmo et al. , 2009b). In these 

mice, apoD is mainly expressed in the CNS while in human, it is expressed in severa l 

organs although at di ffe rent leve ls (Drayna et al. , 1987; Seguin et al. , 1995). As 

expected, analys is of the expression pattern of human apoD mRNA in Tg compared 

to WT mice, clearly showed a higher in the CNS, however, an express ion in the li ver 

is also detected (Do Carmo et al. , 2009b). Thi s expression is mild and may explain at 

least in part the phenotype of Tg mice where clear hepatic steatos is and insulin­

res istance is only observed after one year of age. In add ition, apoD is a circulating 

protein that can be uptake by the li ve r. Therefore, increased plas matic apoD may lead 

to increase express ion in the li ver (Do Carmo et al. , 2009b ). Taken together, even if 

these mice were not designed to study the effect of apoD in li ver, they disp lay a mild 

increase of hepatic H-apoD express ion that explains the observed phenotype. 

In the present study, we showed that increased expression of H-apoD in the li ver 

activates the nuclear receptor PPARy, leading to hepatic fat accumulation. Thi s is the 

result of an increase in FA uptake rather than an upregul at ion of lipogenes is. Our in 

vitro studies performed on HepG2 ce lls also strongly suggested that apoD acts as an 

AA transporter leading to the activation of PPARy. AA is the preferential li gand of 

apoD (Morais Cabral et al. , 1995) and a precursor fo r prostaglandins, which are also 

natural PPARy act ivators (Forman et al. , 1995; Kliewer et al. , 1995). We showed that 

activation of PPARy by AA in HepG2 cells is significantly potentiated by the 

increased in apoD concentration in ce lls. In agreement with our study, Thomas et al. 
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(Thomas et al., 2003b) demonstrated in cultured embryonic kidney (HEK) 293T 

cells that apoD stabilizes AA at the plasma membrane and inhibits the release of AA 

in the extracellular media. 

Challenging our observations, Perdomo et al.(Perdomo et al. , 2010) showed that 

mice injected with an adenovirus expressing apoD, the activation of LPL leads to a 

decrease in circulating TG-rich lipoproteins. The authors did not observe any 

accumulation of ectopie fat in the liver. The difference between this study and our 

results could be attributed to the fact that they used younger rnice (six weeks instead 

of one year old animais) and mostly because the half-life of the adenovirus in rnice is 

cet1ainly too short to allow appearance of steatosis. Our results also showed that 

variation of hepatic PPARy expression is observed as early as 3 months in H-apoD 

Tg rnice, a stage where hepatic steatosis is not yet developed (C. Mounier, 

unpublished data). The authors also used a different genetic background that rnay 

influence the results. Finally, the use of adenoviruses to overexpress apoD using rnay 

lead to a different level of apoD expression in the liver. 

In the liver of H-apoD Tg rnice, we observed a strong increase in PPARy expression 

associated with an activation of its transcriptional activity. Interestingly, PPARy and 

c/EBPa both induce each other' s expression rnaintaining a positive feedback loop for 

development of an adipocyte like phenotype (Darlington et al. , 1998; Li et al. , 201 O; 

Rosen et al., 2002). In agreement with these data, we observed an increase in C/EBPa 

expression while C/EBP~ rernained unchanged. Another consequence of elevated 

PPARy expression is the increase of CD36 expression. However, the LPL and HSL 

levels rernained constant at least at the mRNA level. Previous studies demonstrated 

that activation of PPARy in the li ver increases expression of LPL and long cbain fatty 

ac id (LCF A) transporter CD36 (Rogue et al. , 201 O; Rogue et al. , 2011 ). LPL 

hydrolyzes TG-ricb circulating lipoproteins and CD36 transports LCFA inside the 
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hepatocytes (Goldberg, 1996; Hirano et al. , 2003; Love-Gregory et a l. , 2008) . 

However, in H-apoD Tg mice, circulating FFA, TG and cholestero l levels remain 

similar to those in control mi ce (Do Carmo et a l. , 2009b). Thi s may suggest that only 

the FA uptake is affected without any increase in lipoproteins hydrolys is. Similar 

observations associating increased CD36 express ion and FA uptake were made in 

cardiac cell s (Menard et a l. , 2010). 

Another mechanism by which PPARy may be implicated in hepatic lipid 

accumulati on could be by the induction of LD fo rmation and maturat ion (Chawla et 

al. , 2001 ; Rogue et al. , 2010; Rogue et al. , 201 l ) . In the present study, we 

demonstrated that Plin2 protein expression was increased in H-apoD Tg mice. 

Li stenburger et al (Listenberger et al. , 2007) showed that Plin2 lowers the rate of TG 

turnover in LD by reducing the assoc iation of A TGL with LD and therefore the 

hydro lys is of TG (Bickel et a l. , 2009). Our analys is also revealed an increased 

express ion of Ci de A and C, two proteins impli cated in the fu sion of LD (Gong et a l., 

2009; Ni shino et a l. , 2008; Puri et a l. , 2008 ; Yonezawa et a l. , 2011 ). The fu sion of 

LD reduces lipolys is explaining the 5-fo ld increase in LDs ' size in the liver of H­

apoD Tg mice. The fo rmation and the maturation of LD leading to TG accumulation 

is probably mediated by PPARy s ince mRNA express ion of Cide B, which is not a 

target gene of PPARy, was unaltered in our study. 

Severa! studies showed that activati on of PPARy induces Jipogenesis (Matsusue et a l. , 

2003 ; Rahimian et a l. , 2001 ; Zhang et al. , 2006). Since we prev iously showed that 

SREBP-lc and FAS mRNA express ions were increased in H-apoD Tg mi ce li ver (Do 

Carmo et a l. , 2009b), we measured the mRNA levels of key lipogenic enzymes 

including LXRa., a transcription factor that induces lipogenic gene transcription (Chu 

et al. , 2006; Glass and Rosenfeld , 2000; Joseph et a l. , 2002; Liang et a l. , 2002; Peng 

et al. , 2008). We did not observe any change in the mRNA level s of ACC, SCD 1, 
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DGA T and LXRa. However, we confirmed our prev1ous published data (Do 

Carmo et al., 2009b) showing that, in the liver of H-apoD Tg mice, the increase of 

FAS mRNA level is reflected by an increase in FAS protein. We also observed an 

elevation of AMPK expression and activity leading to increased phosphorylation and 

inhibition of ACC (Ha et al., 1996). Interestingly, Mao et al (Mao et al. , 2006) 

showed that inhibition of ACC 1 in mouse li ver induces expression of FAS and finally 

reduced TG accumulation. These data could explain why in our conditions, we 

observed an increase in FAS expression . However, by directly measuring de novo 

lipogenesis in vivo in mice using 3H20, we showed the over-expression of H-apoD 

has no significant effect on the lipogenic pathway in 1-year-old animai s. A simi lar 

observation was made in 3-month-old mice (data not shown) 

We observed that AMPK is overexpressed and activated in the liver of H-apoD Tg 

mice. Since AMPK is activated by LCFA, it is likely that its activation is due to the 

increased FFA uptake. Since glyco lysis is the most important pathway producing 

acetyl-CoA, the down-regulation of glucose formation through gluconeogenesis 

might be a compensatory mechanism. In fact, AMPK inhibits the transcription of the 

rate-Jimiting gluconeogenic enzymes G6Pase and PEPCK (Foretz et al. , 2005). In 

agreement with these observations, we showed that G6Pase and PEPCK mRNA 

expression levels are slightly but significantly decreased in the liver of H-apoD Tg 

mice (data not shown). Inhibition of gluconeogenesis might protect the Tg mice 

against hyperglycemia thus reducing hyperinsulinemia that often appears in 

association with hepatic steatosis (Yki-Jarvinen, 2010). 

PPARa is also activated by LCFA (Desvergne and Wahli , 1999; Mandard et al. , 

2004). We previously demonstrated that hepatic PPARa mRNA is increased in H­

apoD Tg mice liver (Do Carmo et al. , 2009b). PPARa is a nuclear receptor that 

induces transcription of several genes implicated in the mitochondrial ~-oxidation of 
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lipids (Mandard et al., 2004). lts elevated expression is associated with an 

increased expression of CPTI, the rate limiting-enzyme of the mitochondrial ~­

oxidation (Kerner and Hoppel, 2000). Since CPT-1 is normally inhibited by malonyl­

CoA that is produced by ACC (McGarry and Brown, 1997), inhibition of ACC by 

AMPK in the liver of H-apoD Tg mice is associated with an increased expression of 

CPT-1 strongly suggesting an activated ~-oxidation. However, this increased 

expression is mild and does not appear to be sufficient to reverse the progression of 

hepatic steatosis in the H-apoD Tg mice. Tn agreement with this, the steatosis only 

appears after one year of age. 

In conclusion, our study describes for the first time a role for apoD in the regulation 

of PPARy and downstream activation of metabolic pathways leading to hepatic 

steatosis. In Tg mice, elevated apoD expression will lead to stabilization of AA to the 

plasma membrane and subsequent activation and increased expression of the nuclear 

receptor PPARy. As a result, PPARy target genes such as CD36, Plin2, Cide A and 

Cide C become overexpressed increasing LCF A uptake by the hepatocytes and 

protecting LO against lipolysis by blocking access to lipases. As a result, lipids 

accumulate in H-apoD Tg mice liver leading to hepatic steatosis. By a compensatory 

mechanism, LCF A transported into the hepatocytes activa te AMPK and PPARa 

increasing CPTl expression which activates mitochondrial ~-oxidation . Activated 

AMPK also reduces hyperglycemia by repressing of G6Pase and PEPCK gene 

expression. However, the activation of these compensatory pathways is insufficient to 

fully inhibit the accumulation of ectopie fat in the liver, but it certainly helps to 

reduce the progression of hepatic steatosis explaining why H-apoD Tg mice develop 

hepatic steatosis and insulin resistance only after one year of age. Overall our study 

highlights a new role for apoD as an AA transporter regulating lipid accumulation in 

the liver. 
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A.7 Figure Legends 

Figure A. l PPARy and C/EBP expression in the liver of H-apoD Tg mice. Semi­

quantitative RT-PCR (A) and Western blot (B) analysis of PPARy expression in liver 

and skeletal muscle of WT and H-apoD Tg mice. A- Graphs represent the mRNA 

expression level normalized by HPRT. A representative gel is presented above. B­

The graph represents the level of PPARy protein expression standardized by 

amidoblack staining. Muscle tissue was used for PPARyl /PPARy2 positive control. 

Semi-quantitative RT-PCR analysis of C/EBPa (C) and C/EBPp (D) mRNA 

expression. The graphs represent the level of mRNA expressions nonnalized by 

HPRT. Values are expressed relatively to the WT mice and are the means ± SD of 4 

mice per group. *P<0.05 and **P<O.O 1 vs WT mi ce. 

Figure A.2 Lipid droplets formation in the liver of H-apoD Tg mice. 

(A) Western blot analysis of Plin2 expression. The graph represents the level of Plin2 

protein expression standardized by amidoblack staining. A representative gel is 

presented. Semi-quantitative RT-PCR analysis of Cide A (B), Cide B (C) and Cide C 

(D) mRNA expression. The graphs represent the level of mRNA expressions 

normalized by HPRT. Values are expressed relatively to the WT mice and are the 

means ± SD of 4 mice per group.(E) Confocal analysis of lipid droplets in liver 

tissues of WT and H-apoD Tg mice. Lipid droplets are stained with bodipy (in green) 

and nucleus with propidium iodide (in red). Graphs represent the quantification of 18 

images. *P<0.05 , **P<0.01, P<0.001 vs WT mice. 
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Figure A.3 FF A uptake in the li ver of H-apoD Tg mice. (A) Semi-quantitative 

RT-PCR analysis of CD36 expression in liver tissue from WT and H-apoD Tg mice. 

Graph represents the mRNA expression levels normalized by HPRT. Representative 

gels are presented. Values are expressed relatively to the WT mice and are the means 

± SD of 4 mice per group. (B) 3H-oleate uptake was evaluated in primary hepatocytes 

prepared from WT and Tg mice. Results are expressed as CPM of 3H per mg of 

hepatic protein and represent the mean of 3 independent experiments . **P<O.O 1 vs 

WT mice. 

Figure A.4 Lipogenesis in the li ver of H-apoD Tg mi ce. Western blot analysis of total 

and phospho-AMPKa (A), total and phospho-ACC (B) and FAS (C) protein 

expression in the liver of WT and H-apoD Tg mice. The graphs represent the levels 

of protein expressions standardized by amidoblack staining. Representative gels are 

presented. (0) Semi-quantitative RT-PCR analysis of ACC, SCD I, DGAT and LXRa 

mRNA expression. The graph represents the level of mRNA normalized by HPRT. 

Representative ge ls are presented. (E) ln vivo lipogenesis measured in 1 year o ld mice. 

The values represent the amount of 3H20 incorporated into triglycerides . Values are 

expressed relatively to the WT mice and are the means ± SD of 4 mice per group. 

*P<0.05, **P<0.01 vs WT mice. 

Figure A.5 Analysis of genes involved in P-oxydation in the li ver of H-apoD Tg mi ce. 

(A) Western blot analysis of PPARa protein expression. The graph represents the 

leve l of PPARa protein expression standardized by amidob lack staining. A 

representative gel is presented. Semiquantitative RT-PCR analysis of PGC-1 a (B) 

and CPT! (C) expression in liver of WT and H-apoD Tg mice. PGCla and CPTl 

gene expression was normalized by HPRT. For each graph, the H-apoD Tg values 

were normalized by the WT values and are the means ± SD of 4 mice per group . 

*P<0.05 and **P<0.01 vs WT mice. 



Figure A.6 Measure of PPARy transcriptional activity in presence of AA and/or 

apoD. 
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(A) HepG2 cells were either non transfected (NT) or transfected with a myc-Tag 

apoD-cDNA or empty vector (EV) construct and incubated with BSA or arachidonic 

acid (AA). The level of H-apoD expression was evaluated by Western blot using a 

specific H-apoD antibody. (B) HepG2 cells were transfected with UAS-Luc, GAL4-

PPARy, B-galactosidase and with either an empty vector or a myc-Tag apoD-cDNA 

construct. After transfection, cells were treated with 7µM AA for 4h . Luciferase 

activity represents data normalized by B-galactos idase activity. The data represent the 

mean ± SD (n=3). *P<0.05 and **P<O.O 1 vs the non-stimulated control without apoD. 

The gel presented below showed the expression of apoD in transfected cells using a 

mye antibody. 
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Figure A.5 
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Figure A.6 
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Abstract 

Apolipoprotein D (ApoD) is a member of the lipocalin family which is known to 

transport small hydrophobie ligands. A major site of ApoD express ion in mice is the 

central nervous system and there is accumulati ng evidence suggesting that ApoD 

plays a protective ro le in the nervous ti ssue. Recently, gene expression of ApoD was 

reported in bone-forming osteoblasts but its ro le in bone metabolism is yet to be 

documented. We investigated the regulati on of ApoD gene expression in osteoblasts 

and documented the bone phenotype of ApoD-1- (null) mice. Gene express ion of 

ApoD was ev idenced in the murine osteoblast ce ll line MC3T3-E1 and its express ion 

was enhanced under condition of low ce ll pro li feration fo llowing serum depri vation 

and contact inhi bition. Moreover, cul ture condi tion promoting osteogenic 

differentiati on enhanced ApoD gene express ion and assoc iated with increased ce llular 

and secreted levels of ApoD prote in . Gene expression of ApoD was confirmed in 

primary cultures of bone marrow mesenchymal ce li s, with higher expression leve l in 

female mice over males. ApoD-null female mice showed a low bone mass phenotype 

which was accentuated with aging, resulting in 18 to 50% reduction of trabecular 

bone vo lume and 13 to 23% reduction of cortica l bone vo lume between 3 to 9 months 

of age. In contrast, trabecular bone vo lume of ApoD-null male mice was not different 

compared to wild-type mice whereas cortica l bone vo lume was red uced by an 

average of 24%. Low bone mass phenotype in ApoD-null fema le mi ce was assoc iated 

with reduced trabecular thickness and number of trabecul ae. Analys is of trabecul ar 

bone sections fro m ApoD-null fe male mice indicated lower osteoblast number 

whereas osteoclast number was not affected. Our resul ts indicate that ApoD 

contribute to the regulation of bone metaboli sm in mi ce. 

Key words: apolipoprotein D; osteoblast; low bone mass 
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