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RÉSUMÉ 

 Oméga 3 et troubles de l’humeur : mécanismes d’action neuroprotecteurs 

 

Le cerveau est riche en acides gras polyinsaturés (AGPI) dont les chaînes longues, comme l’acide 

docosahexaénoïque (DHA) et l’acide ecosapentaénoïque (EPA) issus des oméga 3 (n-3), s’accumulent 

au cours du développement. Leurs précurseurs ne sont pas synthétisés de novo par les mammifères 

et doivent être apporté par la nourriture. Or, il a été démontré qu’un apport nutritionnel maternel 

déséquilibré et carencé en AGPI n-3 induit des altérations cognitives et électrophysiologiques chez le 

nourrisson et dans des modèles murins de carence nutritionnelle.  

Nous nous intéressons à l’impact d’une intervention nutritionnelle au cours du développement et 

comment un régime déséquilibré en AGPI n-3 altère les réseaux neuronaux et la cognition, en 

étudiant les mécanismes moléculaires et en prenant en compte le sexe. Pour cela différents modèles 

sont utilisés 1) les souriceaux sont carencés en AGPI pendant le développement puis exposés à une 

diète riche en AGPI n-3 au sevrage ; 2) développer un modèle de carence locale par injection virale 

bloquant l’expression de l’élongase ELOVL2 (impliquée dans la synthèse des AGPI à longues chaînes) 

dans les astrocytes pour évaluer l’impact sur les propriétés des neurones environnants.  

Nos résultats suggèrent qu’un changement de statut nutritionnel d’une carence vers un régime riche 

en AGPI n-3 au sevrage restaure 1) la plasticité synaptique à long terme dans l’hippocampe chez les 

mâles et les femelles, 2) la cognition ainsi que les taux d’acides gras dans le cerveau mais de manière 

différentielle entre les deux sexes. Dans la seconde partie des résultats, une variation locale de la 

synthèse des AGPI dans l’astrocyte modifie l’excitabilité des neurones sans modifier les taux d’acides 

gras dans la structure cérébrale tout en modifiant certains critères de comportement émotionnel.  

Mots clés : AGPI, développement, cognition, neuroprotection 

 

  



 
 

  



 
 

SUMMARY 

Omega 3 and mood disorders: neuroprotective mecanisms 

  

The brain is rich in polyunsaturated fatty acids (PUFA) whose long chains, such as docosahexaenoic 

acid (DHA) and ecosapentaenoic acid (EPA) from omega 3 (n-3), accumulate during development. 

Their precursors are not synthesized de novo by mammals and must be provided by food. However, 

it has been shown that an unbalanced and deficient maternal dietary intake of n-3 PUFAs induces 

cognitive and electrophysiological alterations in infants and in mouse models of nutritional 

deficiency.  

We are interested in the impact of a nutritional intervention during development and how a diet 

unbalanced in n-3 PUFA alters neural networks and cognition, by studying the molecular mechanisms 

and taking into account the gender. To this end, different models are used: 1) mice are deficient in 

PUFAs during development and then exposed to a diet rich in n-3 PUFAs at weaning; 2) to develop a 

local deficiency model by viral injection blocking the expression of the elongase ELOVL2 (involved in 

the synthesis of long-chain PUFAs) in astrocytes to assess the impact on the properties of the 

surrounding neurons.  

Our results suggest that a change in nutritional status from deficiency to a diet rich in n-3 PUFA at 

weaning restores 1) long-term synaptic plasticity in the hippocampus in males and females, 2) 

cognition as well as fatty acid levels in the brain but in a differential manner between the two sexes. 

In the second part of the results, a local variation of PUFA synthesis in the astrocyte modifies the 

excitability of neurons without modifying the levels of fatty acids in the brain structure while 

modifying some criteria of emotional behavior. 

 

Key words : PUFA, developpment, cognition, neuroprotection 
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PREAMBULE  

Les lipides font partie des sept constituants principaux de notre alimentation avec les glucides, les 

protéines, les vitamines, les oligo-éléments et minéraux et l’eau. On distingue plusieurs classes de 

lipides, toutes constituées en majeure partie d’acides gras : les triglycérides, les phospholipides, les 

sphingolipides et les ester de cholestérol (minoritaires). Les acides gras (AG) sont classés selon leurs 

structures (chaîne carbonée et degré d’insaturation) en acides gras saturés (AGS), monoinsaturés 

(AGMI) (une double liaison) et polyinsaturés (AGPI) (plusieurs doubles liaisons). 

Les AGS et AGMI proviennent d’une synthèse endogène chez l’Homme dans le foie, le cerveau et le 

tissu adipeux et sont également apportés par l’alimentation. Ils ont un rôle dans l’apport énergétique 

via les triglycérides de réserve (pour les AGS) et également dans la constitution des phospholipides 

membranaires. Ils participent également à la modulation de l’activité des enzymes, des transporteurs 

et des récepteurs (Beauchamp et al., 2009). 

Les AGPI, à la différence des AGS et AGMI, sont des molécules dites « indispensables » car 

nécessaires à la croissance normale et aux fonctions physiologiques des cellules. Les AGPI les plus 

répandus et importants sont l’acide linoléique (LA, C18 :2) et l’acide α-linolénique (ALA, C18 :3) qui 

appartiennent à la famille n-6 (ou omega 6) et n-3 (ou omega 3) respectivement.  Ces précurseurs 

d’AGPI ne sont pas synthétisés de novo par les mammifères qui doivent les trouver dans des sources 

nutritionnelles (Bazinet and Layé, 2014). Une fois consommés, LA et ALA (qui sont d’origine végétale) 

sont métabolisés en AGPI dérivés à chaines carbonées allongées avec plusieurs insaturations (AGPI-

LC), majoritairement au niveau du foie. Ces formes (principalement acide eicosapentaénoïque, EPA 

20:5 et acide docosahexaénoïque, DHA C22 :6 à partir de ALA et acide arachidonique AA C20 :4 à 

partir du LA) sont dites « conditionnellement indispensables » car elles sont nécessaires aux 

fonctions physiologiques. Cependant, comme le taux de biosynthèse des AGPI-LC à partir de leurs 

précurseurs est faible et insuffisant pour répondre aux besoins nutritionnels et physiologiques, la 

consommation d’AGPI-LC préformés, à partir de ressources animales, est recommandée. Ainsi, les 

AGPI-LC n-3 et n-6 sont également fournis aux organismes directement dans l’alimentation à partir 

de sources alimentaires distinctes, tout comme leurs précurseurs. Les précurseurs des AGPI et leurs 

produits de métabolisation sont des AG « essentiels ».  

 

Au début des années 1990, les graisses alimentaires étaient considérées comme des contributeurs 

caloriques pour les organismes qui les consommaient. En effet, le catabolisme des AG alimentaires, 

notamment par la β-oxydation mitochondriale fournissent de l’énergie. De plus, les AG ont des 

fonctions structurales et sont des constituants des phospholipides membranaires. En revanche, les 
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AGPI, qui sont des nutriments indispensables, et leurs dérivés bioactifs, exercent des fonctions 

apparentées à celles des hormones et régulent de nombreuses fonctions physiologiques. Ainsi, dès 

les années 30, Mildred et George Burr ont démontré que les acides gras « essentiels » étaient 

important pour la santé. Des premières expériences menées chez des rats ont ainsi révélé qu’en 

supprimant les acides gras du régime alimentaire, les rongeurs présentaient un retard de croissance 

et des troubles fonctionnels avec notamment une sensibilité aux infections bactériennes et une 

infertilité chez les mâles et les femelles (Burr and Burr, 1930, 1929).  Ces premières données 

suggéraient que les AGPI jouaient un rôle dans la physiologie de la reproduction et le contrôle de 

l’immunité. Il s’en est suivi la découverte que par leur nature et leur abondance dans l’alimentation, 

les AGPI contribuent à l’étiologie d’un grand nombre de pathologies en cardiologie, cancer, mais 

aussi neurobiologiques. Il est important de signaler que les apports alimentaires en AGPI, que ce soit 

ceux de la famille n-3 ou n-6, impactent directement la métabolisation de ces AGPI et leur 

accumulation dans les membranes. Ainsi, la consommation de diètes de faible teneur en AGPI n-3 et 

haute teneur en AGPI n-6 conduit à une diminution de leur teneur dans les membranes cellulaires et 

à une augmentation de celle en AGPI n-6. Le caractère indispensable des AGPI chez l’homme n’est 

établi que dans les années 60. Cet aspect concerne essentiellement l’ALA, qui, administré seul 

suffisait à corriger les altérations fonctionnelles qui se développaient chez des adultes ou des 

nouveau-nés nourris avec des diètes dépourvues de graisses. Ce n’est que plus tard que l’existence 

de rôles distincts des AGPI n-3 et n-6 a été reconnue avec, dans les années 70, l’observation chez 

l’homme d’une prévalence élevée de protection vis-à-vis des pathologies cardiovasculaires dans des 

populations consommant des graisses de poisson riches en AGPI n-3.  

 

Les AGPI sont des constituants importants des phospholipides membranaires et sont métabolisés en 

dérivés oxygénés qui régulent de nombreuses voies métaboliques et processus intracellulaires. Ces 

connaissances ont ouvert une nouvelle voie aux recherches portant sur les mécanismes d’action 

reliant les taux alimentaires en AGPI, les teneurs membranaires de ces AGPI et les fonctions 

cellulaires, physiologiques ou pathophysiologiques qui en découlent, notamment dans le cerveau. En 

effet, la composition en acides gras des phospholipides cérébraux est unique. Elle est 

particulièrement concentrée en acide palmitique (C16:0 ; PA), en acide stéarique (C18:0 ; SA), en 

acide oléique (C18:1n-9 ; OA), en acide arachidonique (C20:4n–-6 ; AA) et en acide 

docosahexaénoïque (C22:6n-3 ; DHA). Des niveaux optimaux d’AGPI sont nécessaires dans le cerveau 

et la rétine pour assurer un fonctionnement cérébral et une acuité visuelle suffisants, surtout chez 

les enfants (Cunnane et al., 2000). Dans les années 90, des études épidémiologiques ont associé les 

habitudes alimentaires avec des taux faibles en AGPI n-3, le neurodéveloppement et les 

performances cognitives des enfants (Al et al., 1995; Gibson and Makrides, 1998; Soto-Moyano et al., 
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1995) et des sujets âgés  Ces approches ont également révélé qu’un lien existe entre une carence 

alimentaire en AGPI n-3 et la prévalence de pathologies neuropsychiatriques, notamment les 

troubles de l’humeur (Sinclair et al., 2007). Ces observations ont été corroborées par des études 

cliniques montrant que les taux circulants et cérébraux sont plus bas chez des patients souffrant de 

dépression ou de troubles anxieux (Lin et al., 2010; McNamara and Liu, 2011), conduisant à de 

nombreux essais cliniques consistant en la supplémentation alimentaire avec des AGPI n-3 aux 

résultats mitigés ou contradictoires. En parallèle, des travaux réalisés sur des modèles animaux, du 

rongeur au singe, soumis à des interventions nutritionnelles avec des diètes carencées ou, au 

contraire, enrichies en AGPI n-3 se sont développés afin d’étudier les mécanismes neurobiologiques 

par lesquels ces diètes influencent les comportements émotionnels et la mémoire. La plupart des 

études utilisaient des diètes carencées en ALA et riche en LA, auxquels les animaux étaient exposés 

pendant plusieurs générations. L’équipe de recherche NutriMind que j’ai rejointe à Bordeaux étudie 

les mécanismes d’action des AGPI dans le cerveau. Pour cela, l’équipe a développé au début des 

années 2000 des approches qui consistaient à exposer les rongeurs sur une seule génération à des 

diètes carencées en ALA et ce dès la gestation ou après le sevrage afin de limiter les éventuels 

mécanismes compensatoires de l’exposition multi-générationnelle. Les effets de cette diète sont 

comparés à celle d’une diète isocalorique équilibrée en LA et ALA (1/5), proche des 

recommandations émises chez l’homme. Dans ce contexte, une partie des recherches menées lors de 

ma thèse concernent la compréhension des conséquences biochimiques, comportementales et 

synaptiques d’une modification de l’apport alimentaire en AGPI n-3 en tenant compte du sexe. J’ai 

par ailleurs développé de nouvelles approches génétiques pour modifier plus localement les taux 

d’AGPI dans le cerveau, en agissant sur des enzymes de la conversion des précurseurs en AGPI à 

chaine longue qui s’accumulent dans le cerveau. Une autre partie de ces travaux de recherche 

concernera l’effet neuroprotecteur des AGPI n-3 en particulier dans le cas de la dépression et 

comment une supplémentation en AGPI n-3 par le régime induit des changements comportementaux 

et électrophysiologique.  

Cette thèse a été réalisée avec les apports du Dr Richard Bazinet (Université de Toronto), spécialiste 

du métabolisme des lipides dans le cerveau. Je n'ai malheureusement pas pu effectuer un séjour au 

sein de son laboratoire, comme initialement prévu, pour les raisons sanitaires liées au COVID qui se 

sont déroulées au cours de mon doctorat.  

Dans leur ensemble, mes travaux apportent de nouvelles données 1) sur la réversibilité par des 

apports nutritionnels riche en ALA sur les effets neurobiologiques et comportementaux d’une 

carence alimentaire précoce en AGPI n-3 (Martinat et al., soumis), 2) sur l’impact de la manipulation 

génétique locale d’enzyme impliquées dans le métabolisme des AGPI n-3 sur la plasticité synaptique 

(Martinat et al., en préparation) et  3) sur les effets de la supplémentation alimentaire d’une diète 



8 
 

riche en EPA et DHA sur les comportements émotionnels et la plasticité synaptique chez des 

rongeurs soumis à un stress chronique (Di Miceli et al., 2022). J’ai également fortement contribué à 

plusieurs travaux collaboratifs en lien avec les effets neurobiologiques des AGPI ou des lipides qui 

seront présentés en annexe (trois papiers).  Dans ce manuscrit de thèse sont présentés une 

introduction générale visant à présenter les AGPI et leur métabolisme dans le cerveau, l’influence 

exercée par les apports nutritionnels, l’impact des variations alimentaires et métaboliques des AGPI 

cérébraux sur la cognition et les comportements émotionnels ; les résultats principaux sont 

présentés sous forme d’articles et cette section est suivie par une discussion de l’ensemble des 

travaux.   
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1. Acides gras polyinsaturés (AGPI), sources alimentaires et digestion  

1.1. Nomenclature et classification des AGPI  

Comme évoqué dans le préambule, la structure des AG permet de les classer en acides gras saturés 

(AGS), monoinsaturés (AGMI) (une double liaison) et polyinsaturés (AGPI) (plusieurs doubles 

liaisons).  

On distingue deux familles d’AG parmi les AGPI : les oméga 6 ou n-6 et les oméga 3 ou n-3. Les AGPI 

de ces familles se différencient par la longueur de la chaîne carbonée ainsi que le nombre, la position 

et la structure spatiale (cis, trans) des doubles liaisons. Chacune de ces doubles liaisons est éloignée 

des autres par 3 atomes de carbone. Généralement, les acides gras sont naturellement présents en 

position cis. Dans le système de nomenclature n-x (ou « oméga x »), la formule générale qui décrit les 

acides gras est la suivante : C : D n-x avec C=longueur de chaîne carbonée, D= nombre de doubles 

liaisons et n-x qui indique la position de la première double liaison à partir de l’extrémité méthyle de 

l’insaturation 

Les précurseurs de ces deux familles, qualifiés d’indispensable comme précédemment indiqué, sont 

l’acide linoléique (C18 :2 n-6 ; LA) et l’acide α–linolénique (C18 :3 n-3 ; ALA ou LNA). Ces précurseurs 

sont ensuite métabolisés en AGPI à longue chaîne (AGPI-LC) avec une chaine carbonée entre 20 et 24 

carbones, via l’action de désaturases et d’élongases, constitutives de toutes les membranes 

cellulaires. Les principaux AGPI-LC sont l’acide arachidonique (C20 :4 n-6 ; AA) pour les oméga 6 et 

l’acide docosahexaénoïque (C22 :6 n-3 ; DHA) et l’acide eicosapentaénoïque (C20 :5 n-3 ; EPA) pour 

les oméga 3 (Figure 1). Les AGPI à très longue chaîne présentent une longueur de chaîne de plus de 

24 carbones et deux ou plusieurs doubles liaisons. Dans le reste du manuscrit, un focus sera fait sur 

le LA, ALA, DHA, EPA et AA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Schéma des deux familles d’acide gras oméga 6 (n-6) et oméga 3 (n-3). 
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1.2. Sources alimentaires des AGPI n-3 et n-6 

Les précurseurs des AGPI n-3 et n-6 sont principalement de source végétale. Le précurseur des 

oméga 6, LA, est principalement retrouvé dans les graines et huiles végétales issues du tournesol, du 

maïs, du soja et du blé. L’AA est présent en grande partie dans les sources animales comme la viande 

et les œufs (dépendant de la quantité de précurseurs présente dans le fourrage des animaux). Pour 

les AGPI n-3, les principales sources alimentaires du précurseur, ALA, sont le lin, le chia, l’airelle 

(environ 50% de ALA dans ces huiles au total), la noix et le colza (environ 10%). Le DHA et l’EPA sont 

massivement obtenus à partir de ressources halieutiques, en particulier les poissons gras comme la 

sardine, le hareng, le saumon, le thon et les huiles de poisson ou de foie de morue (Bentsen, 2017) 

Tableau 1. Les recommandations actuelles sont discutées dans un autre chapitre de l’introduction. 

Avec l’augmentation de la demande mondiale concernant les huiles riches en EPA et DHA, les sources 

classiques alimentaires que représentent les poissons gras se tarissent. De plus, la surpêche et 

l'aquaculture, qui représentent une alternative à la pêche marine, épuisent également les huiles 

riches en EPA et DHA. Enfin, le changement climatique entraîne le déclin des microalgues marines qui 

représentent la source principale de DHA et EPA pour les poissons gras. Les microalgues cultivables, 

qui sont riches en AGPI-LC n-3, représentent une alternative aux huiles de poisson car elles sont 

facilement cultivables. Une recherche intense, basée sur le développement de technologies de bio-

ingénierie permet d’envisager à court terme d’utiliser les microalgues comme sources d'EPA ou de 

DHA, ce qui évite les processus de séparation et de purification en EPA ou DHA extraits à partir 

d'huile de poisson (Liu et al., 2022). D’autres alternatives de production d’EPA et de DHA à partir de 

bactéries marines sont envisagées (Moi et al., 2018). 

L'AA se trouve dans les membranes cellulaires, en particulier chez les animaux. Par conséquent, la 

viande, le poisson, les abats comme le foie, les reins et la cervelle et les œufs sont des sources d'AA. 

Les apports alimentaires estimés en AA chez les adultes est entre 100 et 350 mg/jour avec ce qui 

correspond à <0-1 % de l'apport énergétique total (recommandation ANSES).  
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Tableau 1 Exemples de sources d'acides gras (issus de la table ciqual ANSES) 

 Source alimentaire 

AG (% AG 

totaux, en 

partie 

présentés 

ici) 

Huile de 

tournesol 

Huile 

de 

soja 

Huile 

de 

colza 

Noix Lin Sardine Saumon Boeuf Oeufs 

C18:2 n-6 

linoléique 

56.3 52 19.4 19.5 4.31 0.21 / 0.14 1.25 

C18-3 n-3 

α-

linolénique 

0.05 6.89 7.54 3.77 16.7 0.77 / 0.05 0.056 

AA <0.01 0 0 <0.01 0 0 0 0.017 0.13 

EPA <0.01 0 0 <0.01 0 1.09 0.32 0.0017 0 

DHA <0.01 0 0 <0.01 0 1.58 1.12 Traces 0.069 

AGS 11.1 14.7 7.26 2.93 3.17 2.4 1.92 5.94 2.71 

AGMS 27.6 22.1 59.7 4.1 6.51 1.2 2.87 5.11 3.43 

AGPI 56.3 59.1 26.9 23.3 24.9 3.25 2.43 0.27 1.03 

 

1.3. Digestion des AGPI alimentaires  

Le processus de digestion des lipides alimentaires commence au niveau buccal, se poursuit au niveau 

gastrique et implique des lipases. En raison de leur nature lipophile, la digestion intraluminale des 

lipides, qui se réalise en milieu aqueux, est un processus complexe. Les lipides sont hydrolysés par 

des lipases pancréatiques et des colipases. Les étapes d’hydrolyse permettent de libérer les AG libres 

par des enzymes spécifiques : la lipase pancréatique pour les triglycérides, la phospholipase A2 pour 

les phospholipides et les esters de cholestérol pour le cholestérol. Les produits lipolytiques sont 

émulsifiés par les sels biliaires issus du foie dans la lumière intestinale. Certains lipides alimentaires, 

comme ceux issus du lait, sont naturellement émulsifiés, ce qui facilite la digestion par les enfants. 

Les micelles sont ensuite absorbées par les entérocytes, au niveau de l’intestin grêle. Les triglycérides 

et diglycérides ne sont pas absorbables car non incorporés dans les micelles. Plusieurs transporteurs 

ont été identifiés au niveau des entérocytes : la FABPpm (fatty acid binding protein) qui lie les AG et a 

une forte affinité pour les AG à chaine longue, le NPC1L1 (Niemann Pick C1 like 1), le SR-BI (scavenger 

receptor de type BI), l’annexine-2, FATP4 (FA transport protein 4) et la protéine CD36 (cluster of 
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differentiation 36). La diffusion des acides gras à travers la membrane cellulaire des entérocytes est 

facilitée. L’absorption des AG libres (non estérifiés) de moins de 12 atomes de carbone par le sang 

portal se fait par le canal hépatique commun, communément appelé veine porte. Les AG de plus de 

12 atomes de carbone sont ré-estérifiés en triglycérides (TG) et phospolipides (PL) et contribuent à la 

formation de lipoprotéines, les chylomicrons et les VLDL (very low density lipoprotéines), qui sont 

transportés dans la lymphe puis dans le sang (Favé et al., 2004). La ré-estérification du cholestérol 

participe aussi à générer la production de chilomicrons. Les lipoprotéines sont alors dirigées vers les 

tissus utilisateurs (tissu adipeux, muscle, foie). Après un premier passage dans la lymphe, les résidus 

de chilomicrons se rendent au foie pour être réorganisés et former les VLDL. Les chylomicrons sont 

maturés par un échange d’apoprotéines avec les lipides à haute densité (HDL pour High Density Lipid) 

pour former des apolipoprotéines E (apoE) et C. Il s’ensuit un processus de synthèse des lipides, et 

des AG en particulier, appelé lipogenèse.  

Dans le sang, les AG sont associés à l’albumine pour être transportés. La concentration en AG libre 

dans la lumière intestinale est de l’ordre du micromolaire alors qu’elle est de l’ordre du nanomolaire 

pour les AG c. 

 

 

Figure 2 : Représentation schématique de la digestion des lipides et de leur absorption dans l’intestin grêle. 
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L’émulsification permet la dispersion des lipides grâce aux contractions gastriques et aux sels biliaires. L’hydrolyse lipidique 
par les enzymes digestives libèrent ensuite les triglycérides qui s’associent aux protéines pour former les chylomicrons ou 
lipoprotéines qui sont ensuite transportées vers les organes cibles. (Adapté de « lipid absorption »by OpenStax) 
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2. Métabolisme des AGPI 

La biosynthèse des AG est catalysée par deux systèmes enzymatiques, l’acétyl-CoA carboxylase et le 

complexe cytosolique de synthèse d’acide gras multienzymatique (FAS pour Fatty Acid Synthase). Le 

FAS utilise l’acétyl-CoA comme source de carbone pour produire les acides gras saturés (AGS) : 

principalement l’acide palmitique (C16 :0 ; PA) chez les animaux et l’acide stéarique (C18 :0 ; SA) chez 

les végétaux (Castro et al., 2016). Chez les végétaux, l’acide linoléique (C18 :2 ; LA) et l’acide α–

linolénique (C18 :3 ; ALA) sont synthétisés à partir de l’acide oléïque (C18 :1 n-9), leur première 

double liaison est située respectivement au niveau du 6ème carbone (n-6) ou du 3ème carbone (n-3). Ce 

n’est pas le cas chez les mammifères, qui doivent consommer ces précurseurs indispensables car ils 

ne peuvent pas les synthétiser. Une fois absorbés, ces précurseurs issus des végétaux sont 

métabolisés de façon spécifique au niveau du foie en AGPI à longue chaîne (AGPI-LC). Dans un 

premier temps, LA et ALA subissent une série de de désaturations (ajout de doubles liaisons) et 

d’élongations (ajout d’atomes de carbones) successives à partir de leur extrémité carboxyle dans le 

réticulum endoplasmique (RE) Figure 3. Ces étapes permettent la synthèse de l’acide arachidonique 

(AA, 20:4 n-6) et de l’acide eicosapentaénoïque (EPA, 20:5 n-3) à partir du LA et du ALA, 

respectivement. En revanche, la synthèse des acides docosapentaénoïque (DPA, 22:5 n-6) et 

docosahexaenoïque (DHA, 22:6 n-3) a lieu dans les peroxysomes par une étape de β-oxydation 

partielle des AGPI à 24 carbones (Burdge and Calder, 2005; Sprecher, 2002). Il est important de noter 

que les voies de conversion du LA et du ALA sont indépendantes et qu’aucune conversion n’est 

possible entre les n-6 et les n-3 chez les mammifères (Burdge and Calder, 2005). En l’occurrence, les 

enzymes impliquées dans la conversion des AGPI précurseurs en AGPI-LC sont des enzymes 

limitantes car elles sont partagées par les deux familles d’AGPI n-6 et n-3 et sont donc en 

compétition (Simopoulos, 2011). Les enzymes impliquées dans la conversion ont généralement une 

préférence pour les AGPI n-3 (Tocher et al., 1998). De plus, lorsque les apports LA/ALA sont 

équilibrés, la conversion du LA s’arrête au niveau de l’AA. Néanmoins, en condition de déficience 

alimentaire en AGPI n-3, la conversion des AGPI n-6 se poursuit jusqu’à la production de DPA n-6. Ce 

dernier, qui a des analogies moléculaires avec le DHA, compense la diminution de ce dernier. La 

présence de DPA n-6 est ainsi un marqueur de carence alimentaire en AGPI n-3. Comme indiqué 

précédemment, les voies de conversion de LA et ALA sont communes, entraînant une compétition 

métabolique pour ces deux familles. Ainsi, la quantité d’AGPI-LC est fortement influencée par les 

apports alimentaires et le rapport en LA et ALA. Cette compétition concerne également la 

métabolisation des AGPI-LC de la famille des n-3 et n-6, lors de leur métabolisation en oxylipines, ou 

en endocannabinoïdes, qui implique également des enzymes communes. Ce point sera discuté dans 

un autre chapitre. Les AGPI-LC peuvent également être apportés directement par l’alimentation sous 
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forme d’AA, de DHA et d’EPA issus des produits animaux. En effet, la synthèse d’AGPI-LC à partir des 

précurseurs est inférieure à 5% car LA et ALA sont majoritairement dégradés par β-oxydation pour 

fournir de l’énergie d’une part et fournir de l’acétate pour la synthèse des AGS et AGMI d’autre part 

(Brenna, 2002; Brenna and Diau, 2007; Plourde and Cunnane, 2007). Chez l’homme, de 1 à 2 % du LA 

est converti en AGPI n-6 dont 0-5 % en AA (Emken, 1994). Cependant, l’efficacité de la conversion est 

plus importante chez la femme que chez l’homme, avec une régulation accrue des désaturases 

(Burdge and Calder, 2005)   

2.1. Les désaturases 

2.1.1. Présentation générale des désaturases 

Les désaturases (D) introduisent des doubles liaisons éthyléniques à l’extrémité carboxyle de la 

chaîne carbonée des AGPI. Les désaturases sont classées selon leur localisation subcellulaire, avec les 

désaturases solubles et celles qui sont liées à la membrane. La seule désaturase soluble est la 

protéine porteuse d’acyl-acyl ou stéaroyl-ACP désaturase principalement retrouvée dans le stroma 

des plantes et qui induit la production d’acide oléique (C18 :1 n-9) à partir de l’acide stéarique 

(C18 :0) (Castro et al., 2016). Les désaturases liées à la membrane sont quant à elles omniprésentes 

chez les bactéries et les eucaryotes (Hashimoto et al., 2006). Les désaturases acyl-lipides et les 

désaturases acyl-coA se distinguent selon la nature du substrat lipidique auquel sont rattachés les 

acides gras, respectivement, AG estérifié à des glycérolipides ou à une coenzyme A (CoA) (Tocher et 

al., 1998).  

Le cluster de gènes de désaturase (fads) est une famille de trois gènes (fads 1, 2, 3) localisés sur le 

chromosome humain 11 et assurant une activité enzymatique qui catalyse l’insertion d’une double 

liaison à partir du groupe carboxyle des AGS et AGPI et d’au moins un AGS, l’acide palmitique (C16 :0) 

(Nakamura and Nara, 2004). On distingue la désaturase delta-5 (D5D) (la double liaison est insérée à 

5 carbones du groupe carboxyle), impliquée dans la synthèse de l’AA et de l’EPA à partir des 

précurseurs n-6 (LA) et n-3 (ALA), et la désaturase delta-6 (D6D). D5D et D6D sont respectivement 

codées par la désaturase d’acides gras 1 (fads1) et la désaturase d’acides gras 2 (fads2) (Marquardt 

et al., 2000). Fads2 assure aussi une activité delta-8 (D8D) (Park et al., 2009) et delta-4 (D4D) (Park et 

al., 2015). Le troisième gène du cluster, fads3 n’a à ce jour pas de fonction connue.  

 

2.1.2.  Altérations génétiques des désaturases et conséquences métaboliques et neurobiologiques 

L’altération génétique des gènes fads a des conséquences sur la biosynthèse d’AGPI-LC, la 

composition du lait maternel, certaines fonctions physiologiques comme la fertilité mais également 

le risque de développer des pathologies, notamment neurodéveloppementales. Chez l’homme, des 

polymorphismes d’un nucléotide unique (SNP, single nucleotide polymorphism) communs aux 
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clusters de gène fads et de gène des élongases sont associés aux niveaux plasmatiques d’AGPI-LC n-6 

et n-3 (Tanaka et al., 2009).  Des polymorphismes de fads2 ont été associés à une susceptibilité 

accrue de développer des désordres du spectre autistique (ASD pour Autism Spectrum disorder) chez 

des enfants chinois (Sun et al., 2018) ou la dépression (Cribb et al., 2018). De plus, un allèle mineur 

de fads2 a été récemment associé à des défauts neurodéveloppementaux chez l’enfant prématuré 

(Kim et al., 2022), renforçant le lien entre métabolisme lipidique et développement cérébral. Le SNP 

rs175547 du cluster de gène fads altère l’activité désaturase dans des populations caucasiennes et 

asiatiques (Merino et al., 2011). Une altération de fads2 dans les globules de matière grasse du lait 

maternel humain, fads2AT2, modifie la synthèse endogène d’AGPI-LC n-3 en supprimant l’activité 

D6D (Kothapalli et al., 2018). D6D est ainsi, en plus de la source alimentaire, clé dans le pool sanguin 

de DHA. Fads2 est exprimé dans le foie et le tissu adipeux, et son expression est régulée par SREBP-1 

(sterol regulatory element-binding protein1) et PPAR (peroxysomeproliferator-activated receptor) 

qui sont de puissants régulateurs du métabolisme lipidique (Dong et al., 2017; Ralston et al., 2015; 

Revilla et al., 2018). Fads2 est exprimé dans le cerveau, notamment dans le noyau accumbens et son 

expression est régulée par le niveau d’EPA et DHA de la diète (Di Miceli et al., 2022). Au niveau 

cellulaire, fads2 est exprimé par les astrocytes, avec une expression réduite en présence de DHA, 

mais pas en ALA, in vitro (Bewicz-Binkowska et al., 2019). Fads1 est également exprimé par les 

astrocytes (Guttenplan et al., 2021) alors que fads3 est faiblement exprimé (Zhang et al., 2014). 

Récemment, le microbiote a été incriminé dans la régulation de l’expression de fads1 et fads2 qui 

varie avec l’âge dans le cerveau (Albouery et al., 2020). Cependant, des études sont nécessaires pour 

déterminer précisément comment le cluster fads contribue à la production in situ d’AGPI-LC n-3 dans 

le cerveau, quels types cellulaires cérébraux expriment précisément ces différents gènes et comment 

leur expression est régulée et varie en fonction du sexe ou de l’âge. Des modèles murins 

génétiquement modifiées (KO, knock-out) fads2 ont été développés pour étudier le rôle de cette 

enzyme à l’échelle de l’organisme et la contribution des différents AGPI-LC aux fonctions 

physiologiques (Stroud et al., 2009). Si les souris fads2
-/- ne présentent pas d’altérations du 

développement et de la durée de vie, elles ont non seulement des altérations des taux d’AGPI-LC 

mais également de plusieurs grandes fonctions physiologiques comme la reproduction/fertilité 

(Stoffel et al., 2008), l’immunité (Monk et al., 2016) ou le métabolisme (Hayashi et al., 2021). La 

supplémentation alimentaire en AA et DHA permet de remodeler le profil en AGPI-LC des souris 

fads2-/- et de corriger les défauts de fertilité (Stoffel et al., 2020). Enfin, les variants génétiques du 

cluster des gènes fads 1, 2 et 3 contrôlent non seulement les taux des AGPI libres, mais également 

des phospholipides, lysophospholipides et les endocannabinoïdes (Reynolds et al., 2020). .  
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2.2. Les élongases 

2.2.1. Présentation générale des élongases 

La famille des enzymes d’élongation des AG à très longues chaînes (Elovl pour elongation of very long 

chain-fatty acids) compte 7 membres qui sont formés d’un complexe multimérique. Elles résident 

dans le réticulum endoplasmique et sont classées en élongases des AGS et des AGMS (Elovl1, Elovl3, 

Elovl6 et Elovl7) et élongases des AGPI (Elovl2, Elovl4 et Elovl5) (Guillou et al., 2010; Jakobsson et al., 

2006; Naganuma et al., 2011). Les Elovl2, Elovl5 et Elovl4 sont codées par les gènes elovl2, elovl5 et 

elovl4 respectivement (Jakobsson et al., 2006).  

Elovl2 est particulièrement impliquée dans l’élongation des AGPI de 20 à 22 carbones et les AGS de 

18 à 20 carbones (Guillou et al., 2010) et est peu exprimée dans le cerveau (Tvrdik et al., 2000). Un 

screening épigénétique chez l’homme a montré une augmentation de méthylation du gène elovl2 qui 

commence à des stades précoces de la vie ce qui en fait un marqueur prometteur du vieillissement 

dans tous les tissus (Garagnani et al., 2012). Elovl5 joue un rôle dans l’élongation des AGPI et AGS à 

longue chaîne d’une longueur entre 18 et 22 carbones (Guillou et al., 2010) et est fortement 

exprimée dans les cellules de Purkinje du cervelet (Di Gregorio et al., 2014). Elovl4 contribue 

également à l’élongation des AGPI et AGS à longue chaîne de 24 carbones en AGPI et AGS à très 

longue chaîne (VLCFA, plus de 26 carbones) (Guillou et al., 2010) avec la particularité d’ensuite 

allonger ces AGPI et AGS à très longue chaîne jusqu’à 38 carbones. L’expression d’elovl4 et les VLCFA 

ont été mis en évidence dans le cerveau, au niveau des neurones et des cellules gliales, et voient 

leurs niveaux augmentés dans le cerveau de patients atteints de démence fronto-temporale (He et 

al., 2021). 

 

2.2.2.  Altérations génétiques des désaturases et conséquences métaboliques et neurobiologiques 

Bien que des polymorphismes du gène elovl2 aient été récemment reportés comme associés à l’ASD, 

aucune pathologie n’est clairement associée à des mutations de ce gène (Sun et al., 2018). À 

l’inverse, deux mutations distinctes du gène elovl5 sont à l’origine de l’ataxie spinocérébelleuse 38 

chez l’Homme, caractérisée entre autre par une ataxie de la marche, une anosmie et une atrophie du 

cervelet (Di Gregorio et al., 2014). Les mutations du gène elovl4 provoquent également des 

pathologies spécifiques comme la dystrophie maculaire de type Stargardt, l’ataxie spinocérébelleuse 

34 et un syndrome neuro-ichtyotique (Deák et al., 2019). Chez la souris, la perte de fonction d’elovl4 

diminue les taux d’AGPI-LC de plus de 28 carbones et les oméga-O-acylcéramides dans la peau, 

conduisant à la mort néonatale (Vasireddy et al., 2007). Les souris elovl2-/-, générées en 2011, sont 

stériles et les souris mâle elovl2+/- (avec 50% d’inhibition de l’expression d’elovl2) présentent de 

graves problèmes de reproduction (Zadravec et al., 2011). De plus, les taux de DHA sont diminués 

dans les testicules des souris elovl2-/-, qui présentent également une augmentation de C22:4 n-6 et 
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une diminution de C22:5 n-6 (Zadravec et al., 2011). Le rôle d’Elovl2 dans la synthèse de DHA au 

niveau du foie chez la souris (Pauter et al., 2017) a été confirmé par l’utilisation d’un modèle de 

poisson zèbre Elovl2 KO (C. Liu et al., 2020). Lorsque les souris elovl2 -/- sont nourries avec une diète 

riche en DHA, les déficits en DHA tissulaires sont corrigés, y compris chez les femelles gestantes et 

leurs petits, qui accumulent le DHA fournis par l’alimentation (Pauter et al., 2017). D’autres fonctions 

que la fonction reproductive sont altérées par l’ablation génétique d’elovl2, comme l’immunité innée 

(Talamonti et al., 2017), le métabolisme énergétique (Gómez Rodríguez et al., 2022; Pauter et al., 

2019) ou les fonctions cérébrales (Talamonti et al., 2019). Ainsi, dans le cortex, l’absence de synthèse 

d’Elovl2 provoque chez la souris une altération de l’expression de marqueurs impliqués dans la 

plasticité synaptique ainsi que de l’apprentissage et de la mémoire (Talamonti et al., 2019). 

Récemment, un profilage épigénétique post-mortem d’hippocampes de patients atteints de la 

maladie d’Alzheimer a identifié un cluster de gènes associés, notamment elovl2, qui est corrélé 

positivement au niveau de la protéine phosphorylée Tau (Blanco-Luquin et al., 2020). Si le rôle de la 

méthylation de elovl2 dans la maladie d’Alzheimer reste à démontrer, de nombreuses données de la 

littérature lient le DHA à l’incidence de pathologies neurodégénératives (Balakrishnan et al., 2021) 

suggérant que la dysfonction de cette enzyme pourrait relier les PUFA-LC ou les VLCFA à leur 

physiopathologie.  
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Figure 3 : Voies de synthèse des acides gras polyinsaturés à chaine longue (adapté de (Joffre, 2019)) 

3. AGPI et cerveau 

Le cerveau, avec le tissu adipeux, est l’organe le plus riche en lipides, qui représentent de 50 à 60% 

de son poids sec. La détermination de la composition lipidique du cerveau, bien que les approches en 

lipidomique aient beaucoup évoluées dans les dernières années, reste problématique. En effet, le 

cerveau subit de profondes modifications structurales au cours du développement et du 

vieillissement, comme la myélinisation, et possède une grande hétérogénéité cellulaire. Par exemple, 

dans le cerveau humain, la phosphatidylcholine (PC) prédomine à la naissance où elle représente 

près de 50% des lipides du cerveau pour décliner ensuite. Inversement, la sphingomyéline (SM) 

augmente de 2 à 15% à l’âge de 3 ans, ce qui correspond à la formation de la gaine de myéline et à la 

maturation des membranes. De plus, les différents types cellulaires présents (neurones, astrocytes, 

oligodendrocytes, cellules microgliales) ont une composition lipidique très distincte. Par exemple, les 
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neurones présentent des gangliosides complexes alors que les oligodendrocytes sont riches en 

galactosylcéramides. Ainsi, l’échantillonnage des différentes zones du cerveau est critique pour la 

mesure des lipides. Le développement de nouvelles technologies comme le MALDI (matrix-assisted 

laser desorption ionization as a mass spectrometry imaging) offre une nouvelle alternative pour 

obtenir une résolution spatiale des lipides dans le cerveau (Dawson, 2015). Ainsi, l'analyse MALDI de 

l'accrétion spatiale et temporelle des espèces lipidiques au cours du développement du cerveau a 

montré que le lipidome cérébral évolue de manière hétérogène au cours du développement du 

cerveau (Oliveira et al., 2022). Cette approche est utilisée par exemple pour générer des atlas 

lipidomiques en résolution spatiale de cerveaux post-mortem humains (Hunter et al., 2021). 

En ce qui concerne les AG, la composition du cerveau du rongeur comporte de 36 à 46 % d’AGS, de 

18 à 33% d’AGMI et de 18 à 28% d’AGPI (en % d’acides totaux) (Joffre et al., 2016). Comme indiqué 

précédemment, les AGPI n-3 et n-6 sont majoritairement estérifiés dans les phospholipides (PL), qui 

représentent 50 % des lipides totaux du cerveau. Parmi les phospholipides on distingue : les 

phosphatidylcholines (PC, 42-44%), les phosphatidyléthanolamines (PE, 36-40%), les 

phosphatidylsérines (PS, 11-13%) et les phosphatidylinositols (PI, 2-3%) (Sastry, 1985).  Ces PL se 

distinguent par leur richesse en AGPI, qui représentent 33% des acides gras (Alessandri et al., 2004; 

Yehuda et al., 1999) et plus particulièrement les AGPI-LC tels que l’AA et le DHA. Ainsi, le DHA et l’AA 

représentent à eux seuls 50% et 30% respectivement des AGPI des PL cérébraux, alors que les 

précurseurs, LA et ALA, sont pratiquement absents. La substance blanche est moins riche en DHA et 

AA que la substance grise (Brenna and Diau, 2007). L’EPA est présent à de très faibles concentrations 

dans le parenchyme (Leyrolle et al., 2019). Bien que l'EPA et le DHA pénètrent dans le cerveau à un 

rythme similaire, l'EPA a un renouvellement relativement rapide au sein du cerveau, qui inclut la 

conversion en médiateurs lipidiques ayant des propriétés anti-inflammatoires (Bazinet et al., 2020; 

Layé et al., 2018). En l’occurrence, l'EPA est rapidement β-oxydé lors de son entrée dans le cerveau 

et pourrait servir à réguler les niveaux d’AG du cerveau en l'absence de transport sélectif (Chen and 

Bazinet, 2015). Récemment, il a été montré que l'EPA est rapidement estérifié dans les 

phospholipides des cellules microgliales murines et humaines, sans différence liée au sexe (Cisbani et 

al., 2021; Madore et al., 2020; Rey et al., 2018)  

3.1. Incorporation des AGPI dans le cerveau  

Le développement pré- et post natal du cerveau ainsi que le vieillissement représentent des périodes 

critiques pour la composition lipidique du cerveau. L’accumulation d’AGPI n-3 et n-6 dans le cerveau, 

aussi appelée accrétion, débute pendant la gestation, période au cours de laquelle l’apport 

nutritionnel du fœtus dépend de l’apport alimentaire de la mère (Haggarty, 2010). Cette accrétion a 
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lieu plus particulièrement pendant la période périnatale entre le 3ème trimestre et 2 ans chez 

l’Homme (Martinez, 1992) et entre le 7ème et le 21ème jour post-natals chez les rongeurs (Lauritzen, 

2001). Bien que les enzymes de synthèse des acides gras soient présentes dans le cerveau, le taux de 

synthèse du DHA et de l’AA est bas dans le cerveau et les apports pour le cerveau en développement 

dépendent essentiellement des apports maternels (Gibson and Makrides, 1998) . 

Au cours du dernier trimestre de grossesse, le taux d’incorporation du DHA est de 3 mg/jour dans les 

membranes des cellules du cerveau puis de 5 mg/jour au cours des premiers mois du nourrisson 

(Cunnane et al., 2000). Les 6 premiers mois de la vie postnatale représentent le moment où le 

cerveau accumule près de 50 % du DHA corporel total incorporé soit 900 mg. Le DHA est apporté via 

le placenta puis le lait maternel et dépend donc des apports nutritionnels de la mère (Innis, 2005, 

2004). Les teneurs en DHA chez le rat à la naissance augmentent en fonction de la teneur en ALA du 

régime maternel. Ainsi, les auteurs ont déterminé qu’un apport de 400mg/100g de ALA pendant la 

gestation puis de 200mg/100g pendant la lactation était optimal pour atteindre les teneurs 

cérébrales de DHA nécessaires à un bon développement  (Guesnet et al., 2005). 

Dans le cerveau adulte, l’AA et le DHA ne sont plus agrégés et les taux plasmatiques servent à 

remplacer ce qui est consommé par le cerveau (Carver, 2001). Dans le cerveau de rongeur mâle 

adulte, le DHA est présent en concentration plus importante dans le cortex préfrontal et dans 

l’hippocampe (respectivement 14,3% et 13,7% des acides gras totaux) (Carrié et al., 2000a; Delion et 

al., 1997; Joffre et al., 2016; McNamara and Carlson, 2006) que dans l’hypothalamus, le cortex ou le 

cervelet. L’AA est lui aussi présent majoritairement dans l’hippocampe (10,2 % des acides gras 

totaux) et dans le cortex préfrontal (9,7%) (Joffre et al., 2016). 

Chez l’homme, les niveaux de DHA et d’AA sont plus élevés dans le cortex préfrontal et l’hippocampe 

(entre 16 et 22% des acides gras totaux) que dans le striatum (environ 14% des acides gras totaux) 

d’après des études réalisées post-mortem sur des cerveaux humains adultes (McNamara and Carlson, 

2006). Les concentrations d’EPA sont très faibles dans le cerveau comme indiqué précédemment 

(Chen et al., 2009). Dans le cerveau humain, les formes de DHA et d’AA détectées sont celles 

estérifiées dans les membranes (Green et al., 2010). Le pourcentage d’AGPI n-3 est généralement 

mesuré dans les pools de lipides (lipides totaux, phospholipides) du plasma, qui reflètent la 

consommation régulière et les taux incorporés dans le cerveau (Hu et al., 2017; Létondor et al., 

2014).   

Par détection du C13 des AG du cerveau, des études récentes montrent que dans le cerveau humain, 

les AG les plus abondants sont (par ordre décroissant) l’acide oléique (AGM), l'acide stéarique (AGS), 

l'acide palmitique (AGS), le DHA et l’AA. Le cholestérol et les AGS cérébraux sont issus de la 

métabolisation endogène du sucre (riche en C13), alors que DHA et AA sont essentiellement de source 

alimentaire animale marine et terrestre (pauvre en C13)  (Lacombe et al., 2022). Comme 
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précédemment indiqué, l’origine du DHA cérébral est issue essentiellement de source alimentaire 

animale marine (Strobel et al., 2012) car le taux de conversion de l’ALA en DHA par le foie est faible 

(Plourde and Cunnane, 2007). De plus, l’accrétion de l’AA et du DHA est plus efficace lorsqu’ils sont 

apportés sous forme de PL que de TG (Werner et al., 2004).  

Les variations d’AGPI-LC n-3 dans le cerveau des rongeurs au cours du vieillissement sont variables 

d’une étude à l’autre avec soit une diminution des niveaux de DHA, en particulier dans l’hippocampe, 

le cortex, le striatum et l’hypothalamus (Favrelière et al., 2003) ou, au contraire un maintien ou une 

augmentation (Moranis et al., 2012). Des modifications de composition lipidique globale ont été 

mises en évidence dans le cerveau de sujets âgés et atteints de pathologies neurodégénératives 

comme la Maladie d’Alzheimer (Naudí et al., 2015). Une diminution de l’activité D6D avec l’âge 

impacte l’efficacité de conversion des précurseurs en chaînes longues (Bourre and Piciotti, 1992). Le 

taux de conversion de l’ALA en DHA est faible dans le cerveau humain et devient encore moins 

efficace avec l’âge (Burdge and Calder, 2005).  

3.2. Différences de composition d’AGPI des types cellulaires du cerveau 

Quelques données de la littérature montrent que les AGPI-LC s’accumulent dans les synaptosomes 

(Cao et al., 2009) ainsi que dans les membranes des astrocytes, de la microglie (Rey et al., 2018) et 

des oligodendrocytes (Brand et al., 2008; Yeh et al., 1998). De plus, les apports alimentaires en AGPI 

impactent de façon différentielle les teneurs en AGPI des cellules gliales et neuronales. Un régime 

déficient en AGPI n-3 (ALA 0,2% vs 6,5%) administré depuis la gestation jusqu’à l’âge de 2 semaines 

post-natale chez le rat provoque la diminution des taux en DHA des neurones, des astrocytes et des 

oligodendrocytes (Bourre et al., 1984). Cette diminution est compensée par une augmentation des 

taux de DPA n-6 (Bourre et al., 1984). La déficience nutritionnelle multigénérationnelle en AGPI n-3 

diminue de moitié les taux de DHA dans les cellules du cerveau, neurones, astrocytes et 

oligodendrocytes (Bourre et al., 1989). Des rats carencés en AGPI n-3 puis nourris avec une diète 

enrichie en ALA (7,4% vs 0,4%) voient un recouvrement de 75% des taux de DHA dans les neuronnes 

et les astrocytes et de 50% dans les  oligodendrocytes après 4 mois d’exposition (Bourre et al., 1989), 

suggérant que la correction des niveaux d’AGPI est cellule dépendante. Chez le rongeur, la 

consommation de diètes enrichies en DHA ou en DHA+EPA au cours de la gestation et de la lactation, 

augmente les taux de PE-DHA et PS-DHA dans les cellules gliales (Bowen and Clandinin, 2005; 

Destaillats et al., 2010). Une supplémentation en DHA+EPA provoque également la diminution des 

taux d’AA et de DPA n-6 tandis qu’une supplémentation en DHA seul conduit seulement à une 

réduction du taux de DPA n-6 (Bowen and Clandinin, 2005; Destaillats et al., 2010). L’AA s’accumule 
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dans les membranes des cellules vasculaires du cerveau qui pourraient jouer un rôle de stockage de 

l’AA  (Brenna and Diau, 2007)  

3.3. Influence du sexe sur la composition en AGPI du cerveau. 

Les taux d’AGPI varient dans le cerveau en fonction de facteurs extrinsèques et intrinsèques. Comme 

indiqué précédemment, les apports alimentaires en AGPI et les polymorphismes des gènes impliqués 

dans le métabolisme des AGPI-LC sont des déterminants clés de la teneur en AGPI du cerveau.   

Cependant, si toutes les structures cérébrales sont affectées, certaines sont plus affectées que 

d’autres comme le cortex préfrontal et l’hippocampe (Calder et al., 2007; Joffre et al., 2016). Plus 

récemment, des études menées chez l’homme et chez les rongeurs ont révélé que le genre influence 

les niveaux d’AGPI-LC, notamment dans le cerveau. En effet, chez les rongeurs, les femelles ont des 

taux de DHA plus élevés que les mâles, et ce indépendamment des teneurs alimentaires en AGPI de 

la diète (Lin et al., 2016). L’augmentation du DHA est associée aux niveaux d’hormones femelles, les 

oestrogènes (Giltay et al., 2004) qui influencent l’expression de fads2 et de la D6D dans des cultures 

primaires d’hépatocytes humains (Sibbons et al., 2014) et le foie des rats (Extier et al., 2010). Chez 

l’homme, les niveaux érythrocytaires de DHA sont plus élevés chez les femmes en âge de procréer 

ainsi que chez les femmes ménopausées sous traitement hormonal substitutif (Magnusardottir et al., 

2009). Ceci a été également observé chez les rats femelles adultes où le DHA est plus élevé dans les 

phospholipides hépatiques, mais pas dans les triglycérols (Burdge et al., 2008). Dans cette étude, il a 

également été révélé que l’expression de la D5D est plus élevée chez les femelles (Burdge et al., 

2008). A l’inverse du DHA, l’AA est moins présent dans le plasma de rat femelle lorsque l’ALA est plus 

élevé dans le régime. Cependant, les taux d’AA sont équivalents pour les mâles et les femelles si 

l’apport alimentaire est faible en ALA. Dans le cas d’une carence alimentaire prolongée en ALA, les 

femelles accumulent plus d’AA par rapport aux femelles nourries avec une diète riche en ALA. Cette 

surproduction d’AA pourrait permettre de répondre à des besoins physiologiques qui seraient plus 

élevés chez les femelles que chez les mâles (Lin et al., 2016). Ces données renforcent l’idée que les 

besoins alimentaires en AGPI-LC n-3 sont différents chez les mâles et les femelles, cependant plus 

d’études sont nécessaires pour comprendre quels sont ces besoins (de Groot and Meyer, 2020). Au 

final, au-delà de l’apport alimentaire en AGPI, le sexe, les polymorphismes des gènes d’élongation et 

de désaturation des précurseurs des AGPI n-3 et n-6, l’âge et le statut métabolique influencent la 

biodisponibilité des AGPI-LC, notamment dans le cerveau. Une meilleure compréhension de ces 

interactions est nécessaire pour établir les besoins précis à l’échelle de l’individu en AGPI.  
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3.4. Transport des AGPI dans le cerveau  

Le cerveau est à l’interface du sang par l’intermédiaire de plusieurs structures : la barrière hémato-

encéphalique (BHE au niveau de l’endothélium des micro-vaisseaux cérébraux), la barrière hémato-

céphalo-rachidienne (BHCR) et les plexus choroïdes (Strazielle and Ghersi-Egea, 2013). La BHE est 

composée de cellules endothéliales jointes par des jonctions serrées et étendues à l’unité 

neurovasculaire qui est formée par les cellules environnantes (péricytes, astrocytes, neurones et 

microglie) (Iadecola, 2017). Les AGPI sont transportés vers le cerveau par des lipoprotéines comme 

les LDL et les VLDL ou sous forme de complexe avec l’albumine, principalement depuis le foie via la 

circulation sanguine sous forme estérifiée ou non (Liu et al., 2015). Différents travaux réalisés chez le 

rongeur ont mis en évidence que les AGPI peuvent traverser la BHE. Cette dernière représente une 

barrière protectrice entre les vaisseaux sanguins du cerveau et l’environnement extracellulaire. Des 

études ont notamment utilisés des AGPI non-estérifiés radioactifs injectés dans le plasma qui ont 

ensuite été détectés dans le cerveau (Rapoport et al., 2001). Le transport des AGPI à travers la BHE et 

la BHCR se fait par diffusion passive ou par des protéines de transport et pour la BHCR, implique les 

plexus choroïdes (Pifferi et al., 2021). L’activité métabolique des plexus choroïdes mesurée in vivo et 

in vitro chez le lapin adulte a révélé que l’incorporation des traceurs radiomarqués en TG ou en PL 

était différente selon le plexus choroïde (gauche, droite, 3ème et 4ème) (Marinetti et al., 1971). 

Diffusion passive  

Le mécanisme de diffusion passive nécessite que les AGPI non-estérifiés se dissocient de l’albumine, 

pour se lier à la surface des cellules endothéliales et intégrer la bicouche lipidique en se transloquant 

dans le feuillet interne de la membrane par un mouvement transmembranaire ou « fli-flop » 

(Hamilton and Brunaldi, 2007; Lacombe et al., 2018). L’utilisation d’approches de perfusion de DHA 

et d’EPA radioactif in situ dans la carotide de souris adultes a permis de montrer que le DHA et l’EPA 

passent la BBB par diffusion car le coefficient de transport ne sature pas (Ouellet et al., 2009). Il a 

également été montré que l’albumine réduit le coefficient de transport du DHA (Ouellet et al., 

2009).).  

Protéines de transport  

Lorsqu’ils sont estérifiés à une lysophosphatidylcholine (lysoPC), les AGPI passent plus facilement la 

BHE (Lacombe et al., 2018), notamment via différentes protéines de transport d’AG. Le transporteur 

MFSD2A (major facilitator superfamily domain-containing protein 2A) est un des transporteurs 

majeurs de lysoPC contenant du DHA,  qui est exprimé par les cellules endothéliales de la BHE 

(Nguyen et al., 2014). En effet, la délétion induite de Mfsd2a dans l’endothélium vasculaire de souris 

provoque la diminution du DHA dans le cerveau, révélant l’importance de MFSD2A dans 

l’assimilation cérébrale des lysoPC (Nguyen et al., 2014). De plus, la délétion de MFSD2A a des 
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conséquences majeures sur le développement de la BHE, le métabolisme des lipides et provoque une 

microencéphalie (Andreone et al., 2017; Ben-Zvi et al., 2014), renforçant l’importance de ce 

transporteur dans le développement postnatal du cerveau (Chan et al., 2018).  

Les protéines de liaison aux acides gras (FABP, Fatty Acid binding Protein) permettent la dissociation 

des AG de l’albumine pour pouvoir traverser la bicouche lipidique membranaire (Zhang et al., 2017). 

Parmi les différentes FABP qui existent, seules FABP5 et FABP7 jouent un rôle dans l’utilisation du 

DHA (Pélerin et al., 2014). Leur expression est plus élevée au cours du développement pré-natal, puis 

elle décline après la naissance (Pélerin et al., 2014). Des expériences in vitro menées sur des cultures 

de neurones et de cellules gliales de rongeurs ont montré une corrélation de FABP7 avec la 

différenciation neuronale et une implication dans la signalisation dépendante du récepteur N-

méthyl-D-asparate (NMDA) (Owada et al., 2006). La FABP-7 a une forte affinité pour les AGPI n-3 et 

plus spécifiquement pour le DHA. Elle est abondamment exprimée dans les zones où la neurogénèse 

est prédominante comme l’hippocampe et les cellules gliales. A l’inverse, la FABP-3 a une affinité 

préférentielle pour les AGPI n-6 et est fortement exprimée par les neurones présents dans 

l’hippocampe et les couches corticales. 

Les protéines de transport des AG (FATP pour Fatty Acid Transport Protein) permettent un transport 

sélectif des AG-LC à travers la BHE (Mitchell et al., 2011). FATP-1 et FATP-4 sont les principales 

protéines de transport des AG qui sont exprimées à la BHE, contrairement à la translocase d’acides 

gras (FA translocase/CD36) qui transporte les AG à travers les cellules endothéliales du cerveau 

(Mitchell et al., 2011). L’expression de FATP-1 est régulée par des facteurs comme PPAR ou RXR 

(Zhang et al., 2017).  

Les cavéoles qui sont de petites invaginations intracellulaires des membranes plasmiques formées à 

partir des rafts lipidiques, transportent également les AG (Mitchell and Hatch, 2011). La calvéoline-1 

est retrouvée dans les cellules endothéliales et les astrocytes et peut agir indirectement en 

contrôlant la localisation de CD36 (Kagawa et al., 2015). 

Les ACSL (long chain acyl-coA synthetases) sont des protéines membranaires qui convertissent les 

formes libres d’AG en acyl-coA et sont, comme les FATPs, impliquées dans leur absorption cellulaire 

(Hall et al., 2005). Leurs activités semblent d’ailleurs liées à celle des FATP. Ainsi, dans des cultures 

d’adipocytes, FATP1 et ACSL1 sont colocalisés et agissent ensemble pour augmenter l’absorption 

d’AG (Richards et al., 2006). Dans le cerveau, ACSL4 est impliquée dans la régulation du signal de l’AA 

(recyclé en phospholipides) et ACSL6, quant à elle, peut moduler la différentiation neuronale en 

favorisant l’estérification du DHA dans les phospholipides (Marszalek et al., 2005, 2004).  

Certaines protéines facilitent l’utilisation des AGPI. C’est le cas notamment des FATP qui possèdent 

une activité acyl CoA synthétase qui facilite le métabolisme des AGPI et augmente leur 

métabolisation mais pas leur transport (DiRusso et al., 2005). En effet, dans un modèle murin de 
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knock-out pour CD36, les niveaux cérébraux d’AGPI ne sont pas altérés, ce qui suggère qu’un autre 

mécanisme de transport des AGPI vers le cerveau existe (Song et al., 2010). 

Enfin, l’apolipoprotéine E (APOE), synthétisée par les cellules gliales et les plexus choroïdes, s'associe 

aux lipides pour former des particules de transport de ces derniers dans le LCR (Koch et al., 2001). La 

majeure partie de l’APOE circulante est produite par le foie (Yu et al., 2014) et de façon moins 

importante par les macrophages (Kockx et al., 2008). D'autres cellules sont capables de synthétiser 

APOE comme les cellules endocriniennes telles que les cellules ovariennes et surrénales (Huang et 

al., 2015). Dans le cerveau, les astrocytes, les oligodendrocytes, les péricytes, le plexus choroïde et 

les neurones synthétisent APOE (Flowers and Rebeck, 2020; Kang et al., 2018). Les lipoprotéines 

APOE produites par le plexus choroïde sont directement sécrétées dans le LCR (Achariyar et al., 

2016). APOE est un ligand des récepteurs des lipoprotéines de surface cellulaire appartenant à la 

famille des récepteurs des lipoprotéines de basse densité (LDLR) (Holtzman et al., 2012). Il existe 3 

isoformes du gène APOE : apoE2, apoE3 et apoE4. Les isoformes APOE3 et APOE4 se lient avec une 

haute affinité au LDLR et au récepteur 1 lié au LDLR (LRP1). LDLR est exprimé dans les neurones et les 

hépatocytes et LRP1 est présent dans les membranes plasmatiques de nombreuses cellules y compris 

de la microglie, des astrocytes et des neurones (Goldstein and Brown, 2009). 

 

 

 

 

Figure 4 : Mécanismes de transport des AGPI dans le cerveau (Adapté de Bazinet et Layé, 2014) 
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3.5. Influence des SNPs des gènes du métabolisme des AGPI sur la biodisponibilité du DHA et les 

pathologies du cerveau  

Des variations génétiques des gènes fads et elovl peuvent être à l’origine d’une altération des 

niveaux d’AGPI dans le plasma, indépendamment d’une variation nutritionnelle. On parle de 

polymorphismes de nucléotide unique (SNPs pour Single Nucléotide Polymorphisms). Ces SNPs 

peuvent causer des problèmes de santé (syndrome métabolique) et des modifications des profils 

lipidiques plasmatiques, c’est le cas de certains SNPs de fads par exemple (Muc et al., 2015). Les 

travaux de Muc et al., ont également démontré que les enfants touchés par des polymorphismes de 

fads avaient une expression de cytokines inflammatoires plus élevée (Muc et al., 2015). 

D’autres SNPs dans le cluster de gène fads1-fads2 (rs174537, rs174761 et rs383458) induisent une 

modification de l’activité désaturase et par conséquent des niveaux d’AGPI-LC. Le génotype rs174537 

a notamment été associé à une modulation de l’activité de la D5D (Al-Hilal et al., 2013). Une méta-

analyse conduite par Lemaître et al., sur les locus génétiques associés aux phospholipides 

plasmatiques a mis en avant le rôle des SNPs de Fads1/2 dans l’augmentation des niveaux d’ALA et la 

diminution des niveaux d’EPA. Tandis que les SNPs sur elovl2 sont plus susceptible d’induire une 

augmentation d’EPA et une diminution des taux sanguins de DHA (Lemaitre et al., 2011). 

Des mutations d’elovl4 ou elovl5 provoquent des pathologies neurologiques chez l'homme (Deák et 

al., 2019). Au début de l'embryogenèse du poisson zèbre, l'expression des gènes de désaturase et 

d'élongation, mesurée par qRT-PCR et l'hybridation in situ, est restreinte dans le temps et dans 

l'espace (Monroig et al., 2009). Les trois transcrits FADS, ELOVL2 et ELOVL5 sont fortement exprimés 

dans la région de la tête dès le début de l'embryogenèse, ce qui a également été confirmé par une 

autre étude (Tan et al., 2010). La détection précoce de ces gènes dans le cerveau au cours du 

développement embryonnaire peut suggérer que la production in situ d'AGPI LC pourrait avoir lieu. 

Cependant, la contribution de ces gènes par rapport à l'apport maternel en AGPI a été peu étudiée 

au cours du développement cérébral. 

Certains génotypes sont responsables d’une modification de la biodisponibilité du DHA. C’est le cas 

notamment de l’APOE4. APOE régule l’homéostasie des lipides en modulant le transport des lipides 

d’un tissu ou d’un type cellulaire à un autre (Holtzman et al., 2012). L'APOE, présente dans le SNC et 

la périphérie, représente un lien critique entre ces deux compartiments. De plus, la présence de 

l’allèle epsilon 4 de l’APOE, est associé à un risque accru de développer la maladie d'Alzheimer (MA) 

(Corder et al., 1993) en perturbant notamment l'intégrité de la barrière hémato-encéphalique (BHE) 

(Chernick et al., 2019). Le gène APOE à trois variantes d’allèles apoe2, apo3 et apoe4 qui sont 

déterminées par deux SNPs rs429358 et rs7412. La fréquence de l’allèle espislon 4 d’APOE est plus 

que doublée chez les patients atteints d’Alzheimer (de 13,6 % à 36,7 %) (Farrer et al., 1997). 
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Certaines études chez l’homme et l’animal montrent une corrélation positive entre un régime enrichi 

en AGPI n-3 et une prévalence diminuée de la pathologie d’Alzheimer (Calon et al., 2004; Morris et 

al., 2003). Ce n’est pas le cas pour les porteurs d’APOE4 (Samieri et al., 2011). L’essai clinique conduit 

par Quinn et al., en 2010 confirme ces observations : des patients Alzheimer consommant 2g de DHA 

par jour ont un score de démence amélioré, s’ils ne sont pas porteurs d’APOE4 (Quinn et al., 2010). 

Les travaux de Vandal et al., montrent que les taux de DHA dans le plasma et dans le cerveau ainsi 

que le transport à travers la BHE sont modulés par le génotype APOE. Et plus particulièrement, 

l’expression de APOE4 humain chez la souris provoque la diminution des niveaux de DHA dans le 

cerveau en comparaison avec l’expression de APOE2 (Vandal et al., 2014).  

 

  



30 
 

4. Métabolisme des AGPI en dérivés bioactifs  

L’AA, l’EPA et le DHA sont convertis en métabolites bioactifs qui exercent des effets neurobiologiques 

souvent opposés dans l’inflammation et, comme étudié plus récemment, dans la neuroinflammation. 

Ainsi, les dérivés de l’EPA et du DHA sont les intermédiaires des actions neuroprotectrices, 

neurotrophiques et anti-inflammatoires, alors que ceux issus de l’AA ont des effets majoritairement 

pro-inflammatoires et, seulement pour quelques espèces moléculaires, anti-inflammatoires. Dans ce 

chapitre, les principaux dérivés de l’AA, l’EPA et le DHA seront présentés ainsi que leurs effets 

potentiels dans la régulation de la neuroinflammation, car les dérivés ont été découverts et surtout 

étudiés dans ce contexte. Un focus sera fait sur les oxylipines et les endocannabinoïdes issus des 

AGPI n-3 

4.1. Qu’est-ce que la neuroinflammation ? 

L'inflammation est un processus autolimité et protecteur qui se résout généralement de lui-même, 

notamment par l’action de molécules aux activités pro-résolutives et anti-inflammatoires et rétablit 

l'homéostasie des tissus lésés. Le cerveau n’est pas un organe immuno-privilégié comme il a été 

prôné au siècle dernier. Ainsi, des événements neuro-inflammatoires se produisent dans le 

parenchyme cérébral et entrainent l'activation des cellules gliales, particulièrement les cellules 

microgliales et les astrocytes, et le recrutement de leucocytes périphériques (Harry and Kraft, 2008). 

La neuroinflammation, ainsi définie par la production de facteurs inflammatoires, dans le cerveau a 

également des vertus neuroroprotectrices si elle est résolue. Cependant, si elle est persistante ou 

non résolue, elle altère de nombreuses fonctions neurologiques, entraîne des modifications 

comportementales, notamment de la mémoire, et contribue à la physiopathologie de pathologies 

neurovégétatives ou neuropsychiatriques (Dantzer, 2001). De plus, la neuroinflammation est une 

caractéristique commune à de nombreuses pathologies du cerveau et si les mécanismes ne sont pas 

encore complètement compris, les interactions entre les cellules immunitaires circulantes et 

résidentes du cerveau font l’objet d’intense recherche pour mieux comprendre leur rôle dans 

l'immunosurveillance et les pathologies du cerveau afin d’empêcher le basculement vers une 

neuroinflammation délétère pour le cerveau (Da Mesquita et al., 2018; Rustenhoven et al., 2021). 

Ainsi, l’immunosurveillance est un mécanisme physiologique essentiel pour la protection, la 

réparation et le maintien du cerveau, tant en situation de santé que pathologique (Schwartz et al., 

1999), mais repose sur la résolution de l'inflammation. Les médiateurs lipidiques de la résolution de 

l’inflammation jouent un rôle crucial dans l'homéostasie cérébrale et la protection vis-à-vis des 

processus neurodégénératifs (Joffre et al., 2020; Layé et al., 2018; Rey et al., 2019). En effet, au cours 
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de la résolution de l'inflammation, les mêmes cellules qui sont impliquées dans les premières étapes 

de l'inflammation aiguë (cie, les cellules endothéliales vasculaires et les cellules immunitaires innées 

comme les cellules microgliales dans le cerveau) cessent progressivement de produire les 

eicosanoïdes classiques aux activités pro-inflammatoires (prostaglandines, leucotriènes, 

thromboxanes générés à partir de AA) et commencent à utiliser l'EPA et le DHA pour générer plus de 

30 SPMs (Specialized Proresolving lipid Mediator) différents, y compris dans le cerveau (Basil and 

Levy, 2016; Chiurchiù et al., 2018; Layé et al., 2018; Serhan, 2014). Celles-ci incluent différentes 

familles telles que les résolvines, les protectines et les marésines et, bien qu’issues de voie 

enzymatiques distinctes et ayant des structures biochimiques différentes, partagent toutes la 

caractéristique d'activer la résolution de l’inflammation (élimination des cellules immunitaires 

extravasées dans les tissus, restauration, régénération et rémission) (Basil and Levy, 2016; Serhan, 

2014; Serhan et al., 2020). Plus récemment, le rôle des SPMs a été questionné dans le cerveau, 

notamment dans la résolution de la neuroinflammation ainsi que l’impact que peut avoir la teneur 

alimentaire en AGPI-LC n-3 et n-6 dans la production et l’action des SPMs dans le cerveau (Layé et al., 

2018). Des travaux récents ont mis en évidence que les SPMs et leurs récepteurs sont exprimés par 

les cellules du cerveau, notamment les cellules microgliales et que leur production et action sont 

régulées par les apports nutritionnels en AGPI (Calder, 2001; Joffre et al., 2020; Madore et al., 2020; 

Rey et al., 2019). Ces données suggèrent que l'activation des voies pro-résolutives se produit dans le 

cerveau. De plus, les SPMs pourraient être critiques dans la modulation de la diaphonie entre les 

cellules gliales et les neurones et ainsi affecter l'initiation et la progression de plusieurs 

neuropathologies. 

4.2. Metabolisme des AGPI en oxylipines 

4.2.1. Les phospholipases 

Les phospholipases (PLA)1 et 2 hydrolysent les liaisons des AG en position sn-1 et sn-2 pour libérer 

les AG et les lysophospholipides 2-acyl ou 1-acyl, respectivement. A l’inverse, la phospholipase B 

hydrolyse les AG en positon sn-1 et sn-2 (Bornscheuer and Kazlauskas, 2004). PLA1 et PLA2 jouent un 

rôle important dans le remodelage de la structure membranaire cellulaire et de l’homéostasie et 

contribuent également à plusieurs aspects du métabolisme cellulaire par le biais de voies de 

signalisation spécifiques (Kita et al., 2019). Un intérêt tout particulier a été porté à la PLA2 en raison 

de son implication dans la libération des AGPI des phospholipides membranaires. L’AA et le DHA sont 

présents en grandes quantités sur la position (sn)-2 des phospholipides membranaires dont ils sont 

libérés via l’action des PLA2, qui constituent une superfamille d’enzymes spécialisées dans 

l’hydrolyse en sn-2 des glycérophospholipides (Rapoport, 2003). Les PLA2 sont soit associées à la 

membrane, soit cytosolique ou encore sécrétées. La localisation subcellulaire et leur substrat 
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confèrent aux PLA2 des spécificités en terme d’activités. Elles hydrolysent les phospholipides au 

niveau des liaisons ester. Les AGPI sont libérés des phospholipides de la membrane via les activités 

de trois principaux types de PLA2 : la PLA2 cytosolique dépendante du calcium (cPLA2), la PLA2 

indépendante du calcium (iPLA2) et la PLA2 sécrétoire dépendante du calcium (sPLA2). Chaque PLA2 

a une structure moléculaire et des modes d’actions distincts ainsi que des besoins en calcium 

différents selon les types de cellules.  Parmi les nombreux isoformes de cPLA2, cPLA2α est la plus 

courante chez les mammifères. Son activité dépend des taux de calcium intracellulaire (Leslie et al., 

2010). Lorsque ces derniers augmentent, cPLA2α est transloquée du cytosol jusqu’au noyau. De plus, 

la liaison au calcium augmente l’hydrophobicité de la membrane pour faciliter l’insertion des 

enzymes dans la bicouche lipidique (Hirabayashi et al., 2004). Le substrat préférentiel de la cPLA2 est 

la phosphatidylcholine qui porte l’AA en sn-2. Son action enzymatique libère la lysophosphatidyl-

choline (lysoLPC) et l’AA, ce dernier étant ensuite disponible pour une métabolisation ultérieure en 

dérivés bioactifs (Leslie, 2004; Riendeau et al., 1994). La sPLA2 est également spécifique de l’AA. La 

iPLA2, qui est indépendante du calcium, est soupçonnée d’hydrolyser les phospholipides cérébraux 

pour libérer le DHA (Green et al., 2008). En ce qui concerne le cerveau, des différences de localisation 

cellulaire des PLA2 ont été observées. La cPLA2 est exprimée notamment par les neurones, les 

astrocytes et la microglie (Sun et al., 2014). De plus, dans le cerveau, le DHA est estérifié 

majoritairement dans les phosphatidyléthanolamine (PE) et les phosphatidylcholine (PC). 90% du 

DHA libre après hydrolyse des PE et PC est re-ésterifié et 10% métabolisés en dérivés. Il existe 2 

isoformes de iPLA2, VIA et VIB, qui présentent des homologies dans leurs parties C terminale. Le 

bromoenolactone, un inhibiteur spécifique des PLA2 non dépendante du calcium, et l’inhibition de la 

synthèse de iPLA2 inhibe la libération de DHA par les astrocytes, renforçant son rôle dans la genèse 

des formes libres de DHA (Strokin et al., 2007). Chez l’homme, la cPLA2 a une préférence pour l’AA, la 

iPLA2 pour l’EPA et la sPLA2 pour le DHA (Hayashi et al., 2021). Il est important de souligner que chez 

les souris des souches C57bl6, 129Sv et B10.RIII une mutation non-sens naturelle existe dans le gène 

de la sPLA2 (Bosetti, 2007).  

L’AA, l’EPA et le DHA libres sont rapidement et majoritairement réincorporés dans les membranes via 

l’action de l’acyl-CoA synthétase (autour de 90%). Cependant, une petite partie de ces AGPI-LC non 

estérifiés (autour de 10%) va rentrer dans des voies cataboliques de conversion en oxylipines comme 

les eicosanoïdes ou les docosanoïdes par l’action des cyclooxygénases (COXs), des lipoxygénases 

(LOXs) ou cytochrome P450 (Cyp450) (Farooqui et al., 2007). Les dérivés bioactifs oxygénés, comme 

les oxylipines, ou les endocannabinoïdes ont un rôle primordial dans la régulation des fonctions 

immunitaires, l’inflammation et les fonctions synaptiques (Buckley et al., 2014; Rey et al., 2019; 

Serhan et al., 2015; Yang and Chen, 2008) 
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4.2.2.  Biosynthèse des oxylipines 

Comme indiqué précédemment, une partie des AGPI-LC AA, EPA et DHA libérés des phospholipides 

membranaires est métabolisée en dérivés oxygénés, les oxylipines, par des enzymes spécifiques 

lipoxygénase (LOX), cyclooxygénase (COX) et cytochrome P450 (CYP450) (Smith and Murphy, 2016). 

Les oxylipines issues de l’AA sont des eicosanoïdes et regroupent les prostanoïdes, les leucotriènes, 

et les thromboxanes; celles issues de l’EPA et du DHA sont des médiateurs de résolution de 

l’inflammation (résolvines, marésines et protectines), des acides dihydroxy-eicosatriénoïque 

(diHEtrE), epoxy-eicosatriénoïque (EET), hydroxy-eicosapentaénoïque (HEPE), hydroxy-

eicosatétraénoïque (HETE), hydroxydocosahexaénoïque (HpDHA) et oxo-eicosatétraénoïque (oxo-

ETE) (Gabbs et al., 2015). 
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Tableau 2 Enzymes de synthèse des oxylipines et localisation cérébrale et cellulaire des enzymes.  

(AA : acide arachidonique, COX : cyclooxygenase, CYP : cytochrome P450, DHA : acide docosahexaénoïque, EET : acide 

epoxy-eicosatriénoïque, EPA : acide eicosapentaénoïque, HEPE : acide hydroxy-eicosapentaénoïque, HETE : acide 

eicosatétraénoïque, HpDHA : acide hydroxy-docosahexaénoïque, LOX : lipoxygénase, LT : leucotriène, LX : lipoxine, oxoETE : 

acide oxo-eicosatétraénoïque, PG : prostaglandine, RV : résolvine, TX : thromboxane) 

Enzyme 
AG ou dérivé 

impliqué 
Métabolite formé Localisation Référence 

COX-2 

AA PG et TX série 2 
Cellules endothéliales, 

neurones, microglie 

Hippocampe, cortex, 

amygdale 

(Breder, 1997; Font-
Nieves et al., 2012; 

Harris, 2003; 
Hoozemans et al., 

2001; Kaufmann et 
al., 1996; Li et al., 

2018; Yamagata et al., 
1993; Yang and Chen, 

2008)  

EPA PG et TX série 2 

LOX-15 

AA 15-HETE, 12-HETE Neurones, cellules 

gliales 

Cortex préfrontal, 

Hippocampe 

(Calder, 2001; Gabbs 
et al., 2015; Guo et 

al., 2011; Huang et al., 
1999; Sun et al., 2015) 

DHA 17-HpDHA 

EPA 15-HEPE 

LOX-5 

AA 5-HEPE 

Neurones, cellules 

gliales 

Cortex, hippocampe, 

cervelet 

(Samuelson et al, 
1999 ; Fredman et al., 

2014 ; Jatan et al., 
2006 ; Chinnici et al., 

2007) 

15-HETE LX série 4 

EPA 5-HEPE 

5-HEPE LT série 5 

15-HEPE LX série 5 

 17-HpDHA RV série D 

 18-HEPE RV série E 

CYP450 

AA EET et 16-20 HETE 
Neurones, astrocytes, 

vaisseaux sanguins 

(Gabbs et al., 2015; 
Huang et al., 2016) 

Bystrom et al., 2011, 
Fleming, 2011, Nebert 
et al., 2013, Gilroy et 

al., 2016 

EPA 18-HEPE 

 

4.2.3. Enzymes de conversion impliquées dans la métabolisation des AGPI-LC en oxylipines 

Les cyclooxygénases (COX) sont un groupe d’enzymes qui catalysent la conversion de l’AA en 

prostaglandines (PG) bioactives grâce à l’ajout d’oxygène (Choi et al., 2009). Il existe deux isoformes 

principaux de COX, COX-1, dont l’expression est constitutive et COX-2, dont l’expression est 

inductible notamment par des stimuli inflammatoires (Breder, 1997; Harris, 2003). Cependant, dans 

le cerveau COX-2 est constitutive dans les neurones où elle joue un rôle dans la physiologie 

neuronale (Hoozemans et al., 2001)(Breder et al., 1995; Li et al., 2018; Yamagata et al., 1993). La 

COX-2 neuronale est concentrée dans les dendrites post-synaptiques et les terminaisons excitatrices 
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du cortex, de l’hippocampe, de l’amygdale et de la moelle épinière (Kaufmann et al., 1996; Yamagata 

et al., 1993; Yang and Chen, 2008).  

Au niveau cérébral, dans la réponse neuroinflammatoire induite par des cytokines ou des inducteurs 

de cytokines comme le lypopolysaccharire (LPS,  une endotoxine des bactéries gram+), la COX-2 

contribue à la production des prostaglandines et des thromboxanes (Davidson et al., 2001; Salinas et 

al., 2007) et son expression augmente dans les astrocytes et les microglies (Font-Nieves et al., 2012). 

COX-2 intéragit avec le système endocannabinoïde et plus particulièrement le l’arachidonoyl-glycérol 

(2-AG). Par exemple, en culture de neurones hippocampique murins, le 2-AG endogène inhibe 

l’expression de COX-2 et les courants excitateurs postsynaptiques en réponse à un stimuli 

inflammatoire (Du et al., 2011). Finalement, COX peut, en plus des prostaglandines, produire des 

acides gras hydroxyles comme le 11-hydroxy-eicosatetraenoïque (11-HETE) à partir de l’AA, le 13-

hydroxy-docosahexaenoïque acide (13-HDoHE) à partir du DHA et 9-hydroxy-octadecadienoïque (9-

HODE) à partir du précurseur LA (Serhan et al., 2002). 

Les lipoxygénases exprimées dans le cerveau sont LOX-15 et LOX-5. Elles catalysent la formation 

d’acides gras hydroxylés et de leur métabolites (ou oxylipines) dont les leucotriènes, les lipoxines, les 

résolvines, les protectines, les marésines, les hepoxilines et les éoxines. La LOX-5, activée par la 

protéine activatrice de la 5-lipoxygénase (FLAP) produit les leucotriènes dont les leucotriène B4 

(Samuelsson et al., 1987). Les activités LOX (et parfois y compris les activités époxygénase et 

hydrolase) entraînent la formation de di- et tri-hydroxy AG, comprenant les lipoxines, les résolvines, 

les protectines et les marésines (Buckley et al., 2014; Serhan et al., 2015). Les hepoxilines peuvent 

également être formées à partir du 12-HETE (Pace-Asciak, 2015). Comme pour les prostanoïdes, les 

oxylipines dérivées de LOX se lient à des récepteurs couplés aux protéines G, bien que les récepteurs 

de toutes ces oxylipines n'aient pas été identifiés. Chez l’homme et l’animal, la LOX-15, qui réside 

dans le cytosol des cellules mais qui est également liée aux membranes intracellulaires, catalyse l’AA 

pour donner les oxylipines 12-HETE et 15-HETE qui induisent des cascades de signalisation pro- et 

anti-inflammatoires. S’ils se lient à PPAR, ces dérivés ont un effet neuroprotecteur (Sun et al., 2015) 

et à l’inverse, en se liant au récepteur GPR31, les voies de signalisation activent la production de 

cytokines pro-inflammatoires (Interleukine 6 IL-6 et 12 Il-12) (Guo et al., 2011; Huang et al., 1999). 

L’AA est  le substrat majoritaire de la 15-LOX par rapport à DHA et EPA (Calder, 2001). Lorsque LOX-

15 utilise le DHA comme substrat, il y a une production de 17-HDHA et de 14-HDHA (Kutzner et al., 

2017). 

Comme la LOX-15, la LOX-5 peut générer des oxylipines aux fonctions pro- ou anti-inflammatoires, en 

fonction de sa localisation cellulaire et du substrat oxydé. Ainsi, à partir de l’AA, la LOX-5 favorise la 

synthèse de leucotriènes pro-inflammatoires lorsqu’elle se trouve dans le noyau tandis qu’elle facilite 

la production de LxA4 anti-inflammatoire lorsqu’elle est dans le cytoplasme (Fredman et al., 2014). 
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Dans le cerveau, l’inhibition de la LOX-5 est protectrice car elle entraîne une inhibition de la voie pro-

inflammatoire NFκB ce qui limite les dommages cérébraux associés (Jatana et al., 2006). Avec l’âge, 

l’expression de la LOX-5 augmente dans l’hippocampe (Chinnici et al., 2007).  

La dernière voie du métabolisme des oxylipines est celle du cytochrome P450 (CYP) qui forme un 

large éventail d’enzymes liées à la membrane et nommées ainsi car elles ont une absorbance unique 

à 450 nm lorsqu’elles sont réduites et liées par le monoxyde de carbone. Chez les mammifères, il 

existe une cinquantaine de CYP différentes divisées en 4 familles (CYP1 à 4) et sous-familles 

(Christmas, 2015). Les enzymes CYP peuvent avoir une activité époxygénase ou hydroxylase. Le rôle 

des CYP450 est large et complexe. Les epoxydes (EET) générés par les familles enzymatiques CYP2C 

et CYP2J à partir de l’AA ont des propriétés anti-inflammatoires dans les monocytes et les 

macrophages (Bystrom et al., 2011; Fleming, 2011; Gilroy et al., 2016; Nebert et al., 2013). Les CYP 

peuvent convertir l’AA, l’EPA et le DHA en acide époxyeicosatriénoïque (EpETrE), en acide 

époxyeicosatétraénoïque (EpETE) et en acide époxydocosapentaénoïque (EpDPE) respectivement, 

via leur activité époxygénase. Mais elles peuvent aussi convertir l’AA, l’EPA et le DHA en HETE, acide 

hydroxyeicosapentaénoïque (HEPE) et HDoHE, respectivement via leur activité hydroxylase. Les 

produits issus de l’activité époxygénase sont rapidement métabolisés via l’hydrolase époxyde soluble 

(sEH) pour former les acides gras dihydroxyles comme les métabolites de l’AA, de l’EPA et du DHA : 

l’acide dihydroxyeicosatriénoïque (DiHETrE), le DiHETE et l’acide dihydroxydocosapentaénoïque 

respectivement. De la même façon que pour les autres voies de formation des oxylipines, les 

métabolites issus de la voie CYP vont se lier à des récepteurs spécifiques ou avec des récepteurs 

communs à d’autres oxylipines.  

 

 

Figure 5 : Les AGPI n-3 et n-6 sont métabolisés en oxylipines par les voies COX, LOX et CYP450. (Adapté de Michael-Titus and 

Priestley, 2014)  
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4.2.4. SPMs et leurs récepteurs dans le cerveau 

Les SPMs (Specialized pro-resolving lipid mediators) font partie d’une grande famille de molécules 

pro-résolutive (Serhan, 2017). Les SPMs sont retrouvés dans le sang, le liquide céphalo-rachidien, le 

placenta, les fluides synoviaux, l’urine mais aussi dans les tissus, dont le cerveau (Layé et al., 2018). 

Parmi ces molécules on compte les lipoxines issues de l’AA (LxA4 et LxB4), les résolvines de la série E 

issues de l’EPA (RvE1-RvE3), les Rv de la série D issues du DHA (RvD1-RvD6), les protectines, les 

neuroprotectines (PD1/NPD1 et PDX), les maresines (MaR1 et MaR2) et les dérivés du 

docosapentaenoic (DPA) de la série 13 (RvT1-RvT4) ainsi que leurs formes épimériques induites par 

l’aspirine (AT-RvD1-AT-RvD6) (Joffre et al., 2020; Layé et al., 2018; Serhan et al., 2015). Les activités 

pro-resolutives et anti-inflammatoires des SPMs sont principalement produites par leur effet sur des 

récepteurs à protéine G (GPR) dont certains ont été identifiés dans le cerveau (Joffre et al., 2020) 

 

Lipoxines dérivées de l'AA 

Les Lx sont catalysées par plusieurs voies enzymatiques : la voie 15-LOX dans les cellules 

endothéliales, les monocytes ou les éosinophiles, qui génère l'intermédiaire 15-S-HpETE, ensuite 

converti en 5,6-époxytétraène par la 5-LOX avant d'être finalement hydrolysé en LxA4 ou LxB4 

(Bennett and Gilroy, 2017) ; l'oxygénation de l'AA en leucotriène A4 (LTA4) ensuite converti en LxA4 

et LxB4 via la 12-LOX (Freire et Van Dyke, 2013) ;  une troisième voie de biosynthèse qui implique 

l'administration d'aspirine, un anti-inflammatoire non stéroïdien couramment utilisé, qui déclenche 

l'acétylation irréversible de la COX-2. Le blocage de l'activité de la COX-2 permet la formation de 

l'intermédiaire 15-R-HETE qui est rapidement libéré et capturé par les leucocytes adhérents ou les 

cellules endothéliales vasculaires, puis métabolisé par la 5-LOX pour former des Lx 15-épimères ou 

des Lx déclenchés par l'aspirine (AT- Lx) (Serhan, 2005). Les effets pro-résolutifs des Lx est exercé par 

le récepteur ALX/FRP2 (lipoxinA4 receptor/formyl peptide receptor 2) qui est partagé par d’autres 

SPMs (Chiang et al., 2005). Les Lx, qui ont été les premiers SPMs identifiés sont considérés comme les 

initiateurs de ce processus biologique et le déclencheur du changement métabolique (Serhan and 

Oliw, 2001). À ce jour, aucun récepteur spécifique pour LxB4 n'a encore été identifié. Dans le 

cerveau, les récepteurs ALX/FRP2 sont exprimés notamment par les astrocytes, les cellules 

microgliales et les neurones, suggérant l’interaction de ces types cellulaires dans la régulation de la 

neuroinflammation (Krashia et al., 2019). L’activation de ces récepteurs par des agonistes 

spécifiques, la LxA4 ou l’AT-Lx conduit à la réduction de la production des cytokines inflammatoires 

par les cellules microgliales (Futokoro et al., 2022; X.-J. Wang et al., 2011), la neuroinflammation 

(Derada Troletti et al., 2019) y compris en situation neurodégénérative (Pamplona et al., 2022). Les 

neurones et cellules microgliales produisent de grande quantité de LxA4 qui a un effet protecteur vis-
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à-vis du déclin cognitif lié à l’âge chez le rongeur et les sujets atteints de démence présentent des 

taux réduits de LxA4 dans le LCR (Pamplona et al., 2022). 

 

Résolvines dérivées de l'EPA 

Comme indiqué précédemment, les RvE sont issues du catabolisme de l’EPA par aspirin-COX2, 5-LOX 

et CYP450, notamment en situation inflammatoire. Au cours de l’inflammation, les mêmes cellules 

qui ont généré les eicosanoïdes commencent à utiliser l'EPA comme substrat au lieu de l'AA. La 

biosynthèse des RvE est initiée par les cellules endothéliales vasculaires qui convertissent l'EPA en 

18-HEPE et procède par une biosynthèse transcellulaire via la COX-2 acétylée et le CYP450. Ensuite, 

les leucocytes, par le biais de la 5-LOX et d'une série d'époxydations et d'hydrolyses enzymatiques, 

génèrent RvE1 (Serhan et al., 2002) et, RvE2 (Tjonahen et al., 2006). La 18-HEPE peut être 

directement transformée en RvE3 par la 12/15-LOX dans les leucocytes (Isobe et al., 2012). La RvE4, 

récemment découverte, est synthétisée par les neutrophiles et les macrophages humains par la 5-

LOX (Libreros et al., 2021). Les RvE1-E4 augmentent l'efferocytose des cellules apoptotiques par les 

macrophages et bloquent le recrutement des leucocytes dans les tissus inflammés (Vik and Hansen, 

2021). Les actions pro-résolutives de RvE1 et RvE2 sont dues à leur capacité à activer ChemR23 et à 

antagoniser BLT1, qui est impliqué dans les effets pro-inflammatoires de LTB4 (Chiang and Serhan, 

2017). Ces deux récepteurs sont des récepteurs largement exprimés dans plusieurs cellules de la 

périphérie et le cerveau. À ce jour, les récepteurs de RvE3 et RvE4 restent à identifier. ChemR23, qui 

est aussi le récepteur de la chemerine, une adipocytokine anti-inflammatoire (Wittamer et al., 2003), 

est exprimé par les neurones et les cellules microgliales (Wang et al., 2015) et est impliqué dans les 

effets anti-inflammatoire de la RvE1 (Arita et al., 2005). BLT1 et ChemR23 ont été détectés dans les 

neurones et les cellules gliales de toutes les régions examinées du cerveau humain, avec des niveaux 

nettement plus élevés dans ceux de patients atteints de la maladie d’Alzheimer que dans les 

cerveaux contrôles (Emre et al., 2020). Ces données sont cohérentes avec l’observation que les voies 

de résolution sont perturbées dans la maladie d’Alzheimer (Wang et al., 2015; Zhu et al., 2021). Chez 

le rongeur, l’administration intracérébroventriculaire de RvE1/E2 protège des effets anxiogènes de 

l’inflammation par leur action via ChemR23 (Deyama et al., 2018). De plus, l'administration 

chronique de RvE1 à un modèle murin de Down Syndrome améliore les altérations mnésiques et 

diminue la neuroinflammation, notamment l'activation microgliale dans l'hippocampe (Hamlett et 

al., 2020). Les effets bénéfiques de la RvD1 sur la mémoire et la neuroinflammation ont également 

été décrits dans un modèle murin de maladie d’Alzheimer (Kantarci et al., 2018) ou, de lésion focale 

cérébrale (Harrison et al., 2015). La RvE1 a un effet direct sur les cellules microgliales, par son action 

sur ChemR23/ALX et les voies inflammatoires (Rey et al., 2016). Dans un modèle de douleur 

inflammatoire, RvE1 abolit les augmentations du courant postsynaptique excitateur et l'hyperactivité 
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des récepteurs de l'acide N-méthyl-D-aspartique (NMDA) provoquées par l’inflammation dans les 

neurones de la corne dorsale de la moelle épinière (Xu et al., 2010). 

 

Résolvines, maresins et protectines dérivées du DHA 

Le DHA est converti en résolvines (RvD), en protectines (PD) et en marésines (MaR) de la série D. Ces 

3 classes de SPMs dérivés du DHA sont clés dans la résolution de l’inflammation en réduisant 

l'infiltration des leucocytes, en éliminant les pathogènes, les débris, les cellules mortes par 

efferocytose et en réduisant la production des médiateurs pro-inflammatoires et augmentant celle 

des médiateurs anti-inflammatoires. Chaque groupe est constitué de plusieurs molécules 

comprenant au total plus de 20 SPMs biologiquement actifs. 

La synthèse des RvD commence par la conversion du DHA par la 15-LOX en 17(S)-HpDHA 

(hydroperoxyDHA) qui est à son tour converti par la 5-LOX en RvD1, RvD2 et RvD5 ou RvD3, RvD4 et 

RvD6 ou en PD1 (ou NPD1 lorsqu'elle est produite dans les tissus cérébraux) et en PDX. La COX-2 

acétylée par l'aspirine peut aussi métaboliser le DHA en 17(R)-HpDHA, qui est ensuite transformée 

par la 5-LOX en AT-D-résolvines ou AT-protectines (Serhan, 2014, p. 201; Serhan et al., 2015). 

L’activité des RvD1, 3 et 5 et AT-RvD se fait par ALX/FPR2 (lipoxinA4 receptor/formyl peptide 

receptor 2) chez les rongeurs et GPR32/DRV1 chez l’homme qui sont tous deux exprimés par les 

cellules T (Chiurchiù et al., 2019). GPR32 qui appartient à la famille des rhodopsines, est exprimé 

majoritairement par les macrophages. Dans les macrophages humains, l’activation de GPR32 par la 

RvD1 active la phagocytose et l’élimination des débris cellulaires (Krishnamoorthy et al., 2010). In 

vitro, RvD1 réduit l’activation des cellules microgliales par ses effets sur ALX (Rey et al., 2016). 

Notamment, RvD1 module l’expression des miR-155, miR-146, miR-21 et miR-219 par les cellules 

microgliales (Rey et al., 2016). Ces miRs ont différents rôles biologiques: miR-21 est essentiel à la 

production de la cytokine anti-inflammatoire IL-10, miR-146 régule la transcription des cytokines, des 

chimiokines et de leur récepteur, miR-219 diminue la transcription du TNF-α et miR-208a régule 

l'activation de NFκB (Recchiuti et al., 2011). Chez l’homme, une diminution de RvD1 a été trouvée 

dans le sang de patients atteints de pathologies neurodégénératives ou neuropsychiatriques (revue 

récente de (Roohbakhsh et al., 2022). De nombreux travaux menés chez l’animal montrent que 

l’administration de RvD1 réduit la neuroinflammation dans des modèles de lésions cérébrales, 

d’anxiété/dépression ou de maladies neurodégénératives (Layé et al., 2018; Tomaszewski et al., 

2020; Wang et al., 2015). RvD2 engage le récepteur GPR18/DRV2 (Chiang and Serhan, 2017) pour 

provoquer la phagocytose des cellules apoptotiques et des microbes et la résolution de 

l’inflammation (Chiang et al., 2015). GPR18 est exprimé dans le cerveau notamment par la microglie 

(Chiang et al., 2015). Récemment, RvD2 a été montré comme ayant un effet neuroprotecteur vis-à-

vis de la neuroinflammation et les lésions cérébrales via son action sur GPR18 (Zhang et al., 2022).  Il 
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est important de souligner que les RvD agissent à des concentrations proches du nM, alors que les 

AT-RvD ont des activités lorsqu’elles sont de l’ordre du mM. 

Dans le cerveau, le DHA est métabolisé par la LOX-15 en NPD1 (Calandria et al., 2009). NPD1 possède 

une activité neuroprotectrice par la modulation de l’inflammation et une fonction anti-apoptotique 

qui contribue au maintien de l’homéostasie cérébrale (Mukherjee et al., 2004). En effet, l’activation 

des voies de signalisation en aval de NPD1 entraîne l’activation de gènes pro-survie et la suppression 

de gènes pro-apoptotiques (Asatryan and Bazan, 2017). De plus, des niveaux réduits de NPD1 et de 

son précurseur DHA ont été mis en évidence dans le tissu cérébral post-mortem de la maladie 

d’Alzheimer tout comme ceux du LXA4, de MaR1 et de RvD5. PD1 se lie aux récepteurs GPR37 (Bang 

et al., 2018). Dans le cerveau, les macrophages, les neurones, les astrocytes et les oligodendrocytes 

expriment très fortement GPR37 qui joue un rôle neuroprotecteur en interagissant avec la 

prosaposin et la prosaptide qui sont des neuropeptides. Cette interaction protège du stress oxydatif 

et permet la survie cellulaire (Meyer et al., 2013). 

Les marésines MaR1 et MaR2 sont générées à partir du DHA par la voie 12-LOX dans les macrophages 

humains et 12/15-LOX dans les macrophages murins (Deng et al., 2014; Serhan et al., 2008). La 

présence de l’intermédiaire 14(S)-HDHA est un marqueur des MaR (Deng et al., 2014; Serhan et al., 

2008). Le profilage d’oxylipines d'exsudats murins montre que les niveaux de 14-HDHA forment un 

pic tard dans la phase de résolution, suggérant un rôle pour ces médiateurs dans le rétablissement 

de l'homéostasie tissulaire (Serhan et al., 2008). Mar1 interagit avec BLT1, qui est fortement exprimé 

par les leucocytes, les macrophages, les neurones et les cellules gliales (Tager et al., 2003), où il 

exerce une activité d’agoniste partiel et antagonise l’activation de LTB4 (Colas et al., 2016). LGR6 est 

un récepteur de Mar1 qui est exprimé dans les macrophages, mais aussi les neurones et les 

astrocytes (Chiang et al., 2019). Très récemment Mar2 a été identifié comme le médiateur de la 

résolution de l'inflammation induite par l'obésité au sein du tissu adipeux brun (Sugimoto et al., 

2022). L’administration intrathécale de MaR améliore l’inflammation et les troubles cognitifs induits 

par une hypoperfusion cérébrale chez le rat (Li et al., 2022). Le niveau de MaR est diminué dans le 

cerveau de patients atteints de la maladie d’Alzheimer (Zhu et al., 2016) et MaR1 augmente l’activité 

phagocytaire des cellules microgliales vis-à-vis de la protéine Aβ (Zhu et al., 2016). Enfin, il est 

important de noter parmi les dérivés bioactifs du DHA les élovanoïdes (ELV), qui sont des métabolites 

oxydés synthétisés à partir des produits d'élongation du DHA contenant 32- ou 34-carbones (Jun et 

al., 2017). Les composés formés ELV-N32 et ELV-N34, qui sont des produits d’élongation par ELOVL4 

dans l'épithélium pigmentaire rétinien ont des propriétés antioxydantes et préviennent la 

dégénérescence rétinienne. 

Enfin, le DPA n-3 peut également être converti en résolvines, protectines et marésines de la série n-3 

DPA (Dalli et al., 2013) et est également le précurseur de résolvines de la série 13 ou T (RvT1-4) (Dalli 
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et al., 2015). Le rôle de ces dérivés n’est pas encore élucidé, même si des données indiquent que 

l’action de RvD5 n-3 DPA sur son récepteur GPR101 permet la résolution de l'arthrite inflammatoire 

(Flak et al., 2020). Bien que l’expression de GPR101 ait été mise en évidence dans l’hypophyse et 

certaines régions cérébrales du fœtus humain et que DPA n-3, le précurseur de RvD5 n-3 DPA, soit 

présent dans le cerveau (Drouin et al., 2019; Trivellin et al., 2020), aucune étude n’a été menée sur 

les effets de ce dérivé sur les fonctions cérébrales. 

4.3. Endocannabinoïdome  

Le système endocannabinoïde (eCB) est composé de l’arachidonoylethanolamide (anandamide, AEA), 

du 2-arachidonylglycerol (2-AG) qui sont des dérivés métaboliques de l’AA, des récepteurs 

canoniques CB1R et CB2R et des enzymes de synthèse et de dégradation des eCBs. La NAPE-PLD (N-

acylphosphatidyléthanolamine-phospholipase D-like hydrolase) catalyse la synthèse de l'AEA et la 

FAAH (fatty acid amide hydrolase) catalyse son hydrolyse. La DAGL (diacylglycérol lipase) catalyse la 

synthèse du 2-AG et la monoacylglycérol lipase (MAGL) catalyse son hydrolyse. Les récepteurs CB1R 

et CB2R sont des GPR. CB1R a une expression pléiotropique et est très exprimé dans le cerveau, 

surtout dans les neurones, mais également à plus faible niveau dans les astrocytes, où ils jouent un 

rôle dans les processus mnésiques (Covelo et al., 2021) et les cellules microgliales, où ils contribuent 

à la réponse neuroinflammatoire (De Meij et al., 2021a). L’activation des CB1R est associée à une 

pléthore de fonctions physiologiques (Scheen et al., 2008) et neurobiologiques, y compris de la 

plasticité synaptique (Puente et al., 2010). A l’inverse, l’expression de CB2R est plus restreinte et son 

activation est limitée, notamment à la régulation de l’immunité (Ashton et al., 2006). En raison de sa 

faible expression dans le cerveau, les effets du CB2R dans les fonctions cérébrales a été peu étudié, 

et ce n’est que récemment que son rôle dans les pathologies psychiatriques a été évoqué (Kibret et 

al., 2022). De nombreuses études soulignent l’importance des eCB dans la modulation de 

l’inflammation. En situation inflammatoire, les cellules immunitaires produisent des eCBs et leur 

produit de dégradation qui exercent des effets anti-inflammatoires via l’activation des récepteurs 

CB2 (Facchinetti et al., 2003; Pacher et al., 2006). De plus, les cellules microgliales, qui régulent la 

production de cytokines inflammatoires lorsqu’elles sont activées expriment le récepteur CB2 (Stella, 

2022). 

Le système eCB a été récemment enrichi de nouveaux médiateurs lipidiques, enzymes et récepteurs, 

pour devenir l’endocannabinoïdome (eCBome) (Di Marzo, 2020) Figure 6. Ainsi les récepteurs GPR55, 

TRPV1, PPAR, GPR18, GPR110, GPR119 et leurs ligands, N-acylated amino acids (lipoamino acids), N-

acylethanolamines (NAEs comme PEA, OEA, LEA, DHEA) et 2-AcGs (2-OG, 2-LG), N-acyl-

neurotransmitters (N-acyl-dopamines and N-acyl-serotonins) sont de nouveaux acteurs de l’eCBome 
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Figure 6. Les AGPI-LC n-3 sont également métabolisés en molécules de type eCB, les NAEs : le 

docosahexaenoylethanolamide (DHEA) ou synaptamide qui est dérivé du DHA et 

l’eicosapentaenoylethanolamide (EPEA) est dérivé de l’EPA. Le DHEA est fortement exprimé dans le 

cerveau, notamment l’hippocampe, où il est exprimé par les neurones embryonnaires (Kim et al., 

2022). La synthèse de DHEA utilise les mêmes voies biochimiques que celles utilisées pour générer 

l’AEA, notamment la N-Acylphosphatidyléthanolamine(NAPE)-phospholipase D (NAPLD) à l’activité 

de N-acylation phosphodiestérase. Le DHEA est hydrolysé en DHA et éthanolamine par la FAAH, 

suggérant qu'une grande partie de cet analogue eCB est rapidement hydrolysé après sa formation 

dans le cerveau (Kim and Spector, 2018). Enfin, le DHEA peut être converti en métabolites oxydés qui 

sont des ligands du CB2 et ont des effets anti-inflammatoires (McDougle et al., 2017). Des données 

récentes ont mis en évidence que le DHEA est l’intermédiaire des effets neurodévelopementaux du 

DHA comme la croissance des neurites et la synaptogenèse via le récepteur GPR110 (Kharebava et 

al., 2015).  

La production endogène de DHEA dans le cerveau est influencée par l'apport alimentaire en AGPI n-3 

(Berger et al., 2001). L’augmentation de DHEA s’accompagne d’une diminution de 2-AG et d’AEA 

lorsque les animaux sont nourris avec une diète riche en DHA (Watanabe et al., 2003). Inversement, 

un régime maternel déficient en AGPI n-3 altère la plasticité synaptique, notamment la 

potentialisation à long terme (LTP) dans l’hippocampe et la dépression à long terme (LTD) médiées 

par les endocannabinoïdes dans le noyau accumbens (NAC) et le cortex préfrontal (PFC), ainsi que les 

voies de signalisation du CB1R dans la progéniture (Lafourcade et al., 2011; Larrieu et al., 2012; 

Thomazeau et al., 2016). Cependant, alors que l’AA augmente, les taux de 2-AG et AEA ne varient pas 

dans le cerveau. La consommation de diète appauvrie en AGPI n-3 augmente l’expression de CB2R 

dans le cerveau de la progéniture adulte et ce dès la naissance (Isaac et al., 2021). Inversement, la 

consommation de diète riche en DHA augmente le DHEA et l’EPEA et diminue le 2-AG dans le cerveau 

des nouveaux-nés (Isaac et al., 2021). Ces modifications de l’endocannabinoïdome du nouveau-né 

s’accompagnent de la variation de protéines synaptiques, mais pas du nombre de cellules 

microgliales, comme précedemment décrit (Madore et al., 2020, 2014). Ainsi, les taux et type d’AGPI 

n-3 dans la diète influencent l’endocannabinoïdome qui pourrait contribuer aux effets de la diète sur 

les systèmes synaptiques et de plasticité neuronale et/ou la plasticité synaptique et/ou la 

neuroinflammation. Cependant, des études supplémentaires sont nécessaires pour déterminer le 

rôle précis de l’endocannabinoïdome dans ces effets. D’autre part, étant donné que les eCBs et les 

oxylipines sont en étroite relation, de par leurs origines communes, il serait intéressant de mieux 

décrypter si ces deux systèmes interagissent dans les effets de la diète enrichie en DHA et EPA sur le 

cerveau.  
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Figure 6 Effets membranaires des différents médiateurs lipidiques issus des AG n-3 et n-6 et agissant au sein de 

l’endocannabinoidome (extrait de Cristoni et al., 2019)  
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5. Rôle des AGPI dans le cerveau et le comportement  

5.1. AGPI n-3 et période développementale 

Le dernier rapport de l’Agence Nationale de Sécurité Sanitaire de l’alimentation, de l’environnement 

et du travail (ANSES, 2011) définit un besoin physiologique minimal (apport nutritionnel conseillé 

ANC) en lipides totaux de 30% de l’apport énergétique (AE) chez un adulte homme ou femme en 

bonne santé avec un AE proche de 2000 kcal. En ce qui concerne les AGPI, la recommandation porte 

d’une part sur le rapport LA/ALA qui doit être autour de ¼, puis sur la consommation des AGPI-LC n-3 

avec une dose minimale journalière de 250 mg pour l’EPA et 250 mg pour le DHA. Pour les 

populations particulières comme les nourrissons, enfants, femmes allaitantes ou enceintes et les 

personnes âgées, ces besoins peuvent varier. En France, l’étude individuelle de consommation 

alimentaire (INCA2) réalisée entre 2006-2007 a permis de créer une base de données reflétant la 

consommation alimentaire de la population. L’apport moyen en AGPI n-3 est près de deux fois plus 

faible que les ANC (tableau 3). 

L’ISSFAL recommande de consommer au moins 200mg par jour de DHA pour une femme enceinte 

(Koletzko et al., 2007), cependant ces valeurs ne prennent pas en compte les effets des AGPI n-3 sur 

la prématurité. Aux Etats-Unis, une étude récente financée par les instituts nationaux de la santé, de 

la santé infantile et du développement humain (NICHD) a conduit à conseiller aux cliniciens de 

prescrire 1000 mg de DHA par jour pour réduire le risque de prématurité précoce (moins de 34 

semaines avant terme) (Best et al., 2022; Carlson et al., 2021). Très récemment, une synthèse a été 

réalisée par un groupe d’experts (ISSFAL) et conclut que le DHA et l’EPA ont un rôle crucial dans la 

durée des grossesses à un seul enfant. L’apport adéquat d’AGPI-LC n-3 en début de grossesse, 

conformément aux recommandations nutritionnelles existantes, diminue le risque de naissances 

prématurées. Par ailleurs, les femmes ayant de faibles apports en AGPI sont celles qui bénéficient le 

plus d’une supplémentation en EPA/DHA telle que recommandée (autour de 1000 mg DHA+EPA en 

débutant avant avant 20 semaines de gestation) (Best et al., 2022). 

Tableau 3 :  Apports Nutritionnels Conseillés pour un adulte selon l'ANSES et apports moyen selon l'INCA2 

Données en % de l’apport énergétique ou en mg/jour. 

 ANC 2011 
Apport moyen 

quotidien en France 

LA C18 :2 n-6 4% 3,9% 

ALA C18 :3 n-3 1% 0,4% 

DHA C22 :6 n-3 250 mg 137 mg 

EPA C20 :5 n-3 250 mg 102 mg 
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5.2. AGPI n-3 et cognition chez l’enfant  

Chez l’Homme, l’accrétion des AGPI et plus particulièrement du DHA et de l’AA commence lors du 

troisième trimestre de grossesse (Clandinin et al., 1980).  On observe donc une accrétion 

exponentielle des AGPI LC n-3 et n-6 entre les 26ème et 43ème semaines de grossesse tandis que 

l’accrétion postnatale des AGPI-LC est plutôt stable (Martinez, 1992). La forte demande en DHA du 

cerveau fœtal est soutenue par les apports fournis par la mère, grâce à la synthèse accrue de DHA à 

partir de l'ALA et à la mobilisation des réserves maternelles de DHA à partir du tissu adipeux 

(Metherel et al., 2017). L’apport en AGPI-LC n-3 et n-6 du fœtus et du nouveau-né dépend donc des 

apports maternels pendant la gestation et la lactation. Cette contribution résulte de l'apport 

alimentaire maternel, qui est transféré par le placenta pendant la gestation (Larqué et al., 2006), puis 

par le lait pendant la lactation (Innis, 2004). La teneur du lait maternel en AGPI-LC n'est pas régulée 

par la glande mammaire mais reflète les concentrations d'AGPI-LC dans le plasma de la mère qui, à 

leur tour, dépendent des teneurs en AGPI n-3 de son régime alimentaire et des activités de ses 

désaturases et élongases, impliquées dans la conversion de LA et ALA alimentaires en AGPI-LC (Heird, 

2001). Malgré les avantages connus, de nombreuses familles ont du mal à atteindre leurs objectifs en 

matière d'allaitement, et seulement 25 % des mères américaines respectent les recommandations de 

lactation exclusive pendant 6 mois et de poursuite de l'allaitement jusqu'à l'âge de 1 ou 2 ans (CDC 

2022). 

Il est important de noter que des travaux récents ont montré la présence d’AGPI-LC libres ou 

estérifiés ainsi que des oxylipines dérivées du DHA dans le lait humain (Gan et al., 2020; Pitino et al., 

2019; Robinson et al., 2017). Les formes d’oxylipines les plus représentées dans le lait maternel sont 

celles dérivées du LA (Gan et al., 2020), qui jouent un rôle essentiel dans le développement du 

cerveau du rat (Hennebelle et al., 2020). Dans le lait maternel lié à la prématurité, des associations 

positives existent entre l'AA et le TxB2, l’EPA et la 18-HEPE et entre le DHA, le PDX et 14- et 17-HDHA. 

De plus, les concentrations de DHA sont 1,5 fois plus élevées et celles de 14-HDHA 1,7 fois plus 

élevées dans le lait des femmes prenant des suppléments de DHA (Robinson et al., 2017). LTB, Lx et 

RVDs sont détectés dans le lait humain au début de la lactation (Weiss et al., 2013). En outre, le DHA 

et son produit hydroxylé non estérifié, le 17-HDoHE, diminuent avec le temps au cours de la 

lactation. Les taux d’oxylipines du lait maternel de donneur ne sont pas affectés par la pasteurisation 

(Pitino et al., 2019). Les oxylipines du lait pourraient, avec les taux d’acides aminés être des 

biomarqueurs des liens entre le statut métabolique et nutritionnel de la mère et le développement 

corporel du nourrisson (Riederer et al., 2020). La présence de SPMs en particulier dans le lait 

maternel représente un potentiel pour réduire la gravité des maladies à composantes 

inflammatoires, et pourquoi pas neuroinflammatoires, chez les nourrissons (Arnardottir et al., 2016). 
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Cependant, le rôle des oxylipines du lait dans les processus neurodéveloppementaux n’est pas connu 

et reste peu étudié. La question de la biodisponibilité des oxylipines du lait maternel vers l’enfant 

allaité est posée. Bien que les oxylipines non estérifiées soient les principales molécules bioactives, 

celles estérifiées dans les TG et les PL peuvent être rendues biodisponibles par l’activité des lipases, 

notamment celles activées dans l'intestin du nourrisson par les sels biliaires du lait maternel (Gan et 

al., 2020; Walker, 2022). En ce qui concerne les mères, une supplémentation en EPA+DHA au cours 

de la grossesse atténue le déclin de DHA, de 7-HDHA et 4-HDHA et du 14-HDHA, mais pas de l’EPA et 

des oxylipines associées pendant la gestation. Cependant, ces variations sanguines dépendent du 

statut en DHA des femmes au début de la supplémentation (Best et al., 2022).  

Les enfants nés avant terme (<37 semaines de gestation), en particulier ceux nés <29 semaines de 

gestation, présentent un risque accru de développer des troubles du neurodéveloppement (Pravia 

and Benny, 2020; Soleimani et al., 2014). La période d’accrétion in utero du DHA est perturbée par la 

prématurité et, bien que ces enfants reçoivent du DHA via le lait maternel et/ou les préparations 

pour nourrissons prématurés, cette quantité est insuffisante pour atteindre les taux nécessaires 

(Hewawasam et al., 2021). Ainsi, les enfants nés prématurément ont des niveaux de DHA cérébral 

inférieurs à ceux retrouvés chez des enfants nés à terme (Lapillonne and Jensen, 2009). De plus, les 

taux de DHA sont inférieurs dans le plasma, les érythrocytes et le cerveau d’enfants nourris par du 

lait maternisé par rapport à ceux allaités (Carlson and Neuringer, 1999). Enfin, un taux de DHA bas 

est un facteur de risque de prématurité (Brantsæter et al., 2017), et augmente le risque de 

complications et de mortalité des enfants prématurés (Fares et al., 2017). Afin de réduire le risque de 

gestation courte et de palier au défaut d’accrétion de DHA dans le cerveau des enfants prématurés, 

plusieurs cohortes ont été créées pour supplémenter des femmes au cours de la grossesse avec du 

DHA. Cependant, les supplémentations en DHA ont donné des résultats mitigés, notamment sur 

l’amélioration des fonctions cognitives des enfants prématurés avec des améliorations de l’attention 

(Jasani et al., 2017; Westerberg et al., 2011) ou sans effet (Hewawasam et al., 2021). Ces différences 

pourraient être liées aux doses et composition en AGPI-LC n-3, le niveau d’éducation des familles et 

l’âge auquel les évaluations cognitives ont été réalisées. Un autre paramètre concerne la santé 

mentale des mères. En effet, de faibles taux de DHA ont été associés à un risque accru de dépression 

post-partum chez la mère (Hamazaki et al., 2016). 

La période de la conception au deuxième anniversaire de l'enfant, communément appelée "les 1000 

premiers jours", est une période cruciale pour la nutrition de la dyade mère-enfant. Comme indiqué 

précédemment, le DHA joue un rôle important dans la construction du cerveau pendant les périodes 

périnatales. L’ajout de DHA dans les formules de lait maternisé améliore le développement visuel, 

mental et moteur chez des enfants prématurés (Fewtrell, 2006). Les taux sanguins élevés de DHA ou 

une consommation plus importante en AGPI n-3 de la mère sont associés à de meilleures capacités 
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cognitives chez leurs enfants (Braarud et al., 2018). Par exemple, des taux sanguins élevés en AGPI n-

3 pendant la grossesse ont été corrélés avec de meilleures réponses émotionnelles mais également 

avec une meilleure concentration chez les enfants à l’âge de 5 ans (Loomans et al., 2014).   

L’étude clinique COGNIS a étudié les effets à long terme d’une formule enrichie en AGPI-LC comparé 

à une formule standard, le groupe de référence étant représenté par des enfants ayant été allaités 

jusqu’à l’âge de 18 mois. Les résultats montrent que la formule supplémentée est associée à des 

effets à long terme sur le développement cognitif des enfants ainsi que sur la structure cérébrale. Les 

enfants présentent, suite aux tests neurocognitifs et aux IRM réalisés à 6 ans, des volumes plus 

importants dans le cortex orbital, un meilleur score de QI et une meilleure attention que les enfants 

allaités. Des analyses corrélatives suggèrent que de plus grand volumes et une épaisseur corticale 

des régions frontales et pariétales sont associés au développement cognitif (langage et fonctions 

exécutives) (Nieto-Ruiz et al., 2022). Des nourrissons nés avant 29 semaines de gestation et 

supplémentés en DHA par voie d’administration entérale jusqu'à 36 semaines ont des scores 

cognitifs améliorés à l'âge de 5 ans (Gould et al., 2022). Cependant, d’autres études indiquent que 

l'hyperactivité/inattention et les problèmes relationnels avec des pairs ne sont pas améliorés, voire 

altérés par la supplémentation prénatale en DHA d’enfants nés à terme (Gould et al., 2022). Enfin, 

une meta-analyse des données de supplémentation en DHA administrée à des femmes enceintes ou 

à des nourrissons au cours des 1000 premiers jours n’a pas révélé d’effets sur le développement 

comportemental. Ainsi, l’effet des supplémentations en DHA pendant le neurodéveloppement ne fait 

pas consensus en terme d’impact sur la cognition de l’enfant (Gould et al., 2022).   

5.3. AGPI, cognition et intégrité structurelle et fonctionnelle du cerveau des sujets adultes et âgés 

5.3.1. Données épidémiologiques et cliniques 

L’adhésion à des régimes alimentaires dit « prudents » tels que le régime méditerranéen (MeDI), 

DASH et MIND (Mediterranean-DASH Intervention for Neurodegenerative Delay) est associée à une 

préservation de la santé cognitive avec l’âge et une réduction du risque de développer des démences 

(Samieri et al., 2013). Chez l’adulte sain, l’adhésion à un régime MeDI ou MIND est également 

positivement associée aux performances de mémoire de travail et des fonctions exécutives (Reddan 

et al., 2019; Thomas et al., 2022). Les effets protecteurs de ces diètes pourraient être liés entre-autre 

aux AGPI n-3 dont les teneurs sont élevées. Ainsi, des études observationnelles ont révélé des 

associations entre le statut en AGPI n-3, les fonctions cognitives et l’intégrité structurale du cerveau. 

Chez les individus âgés et cognitivement sains, une consommation élevée en poisson gras est 

corrélée à un plus grand volume de matière grise dans le cortex orbitofrontal, le cingulaire 

postérieur, le précuneus et l'hippocampe (Raji et al., 2014). La consommation élevée de poisson 
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prédit également l’intégrité macrostructurale de la matière blanche (Virtanen et al., 2008) et la santé 

cérébrovasculaire (Thomas et al., 2021). Des associations identiques ont été trouvées avec le statut 

en AGPI-LC n-3 (McNamara and Almeida, 2019). Des niveaux plus élevés d'EPA+DHA plasmatiques 

ont été systématiquement associés à un risque plus faible de démence, d’accumulation de la 

protéine Ab, à un déclin plus faible de la cognition globale, de la mémoire et du volume du lobe 

temporal médian (Rouch et al., 2022; Thomas et al., 2020). De plus, la mémoire verbale épisodique 

est associée à l’EPA alors que les fonctions exécutives ne sont pas associées aux AGPI circulants 

(Duchaine et al., 2022). De plus, les associations entre AGPI n-3 et mémoire dépendent du sexe 

(Duchaine et al., 2022). Le lien entre AGPI-LC n-3 et déclin cognitif a été corroboré récemment par la 

mise en évidence que le DHA est parmi les 15 métabolites sanguins (sur 299 mesurés) associés au 

déclin cognitif (van der Lee et al., 2018). Cependant, une signature lipidique sanguine associée au 

déclin cognitif corrèle la PE (18:1 ;20:4), riche en AA, au déclin cognitif (Lefèvre-Arbogast et al., 2021). 

Un indice de risque nutritionnel (NRI) basé sur les dosages sanguins de DHA, DPA n-3, vitamine D et 

homocystéine permet de lier le NRI au déclin cognitif (Bowman et al., 2019). Au final, le lien entre les 

taux faibles de DHA et EPA sanguins et le déclin cognitif lié à l’âge et/ou la démence est clairement 

établie. Cependant, les essais contrôlés randomisés (RCT) avec des supplémentations en DHA+EPA 

pour limiter le déclin cognitif ont donné des résultats mitigés avec, au mieux, des effets modestes et 

le plus souvent pas d’effets (Burckhardt et al., 2016; Yassine et al., 2022). Plusieurs raisons peuvent 

être à l’origine de cette absence d’effet 1) le niveau d’AGPI-LC n-3 des sujets supplémentés qui, s’il 

est faible avant la supplémentation, permet le maintien des fonctions exécutives par la 

supplémentation en DHA+EPA (Hooper et al., 2017). Des études récentes ont établi un seuil d’index 

omega-3 (EPA+DHA deserythrocytes) < à 5% (Coley et al., 2018); 2) L'âge, le sexe et le génotype 

APOE4, qui influencent l'absorption des AGPI n-3 par le cerveau (Maltais et al., 2022) : chez les sujets 

âgés, l’augmentation des concentrations circulantes en AGPI-LC n-3 rend le DHA plus disponible pour 

la β-oxydation (Plourde et al., 2014). De plus, la supplémentation en DHA améliore la cognition et le 

niveau de DHA dans le LCR et le sang chez les sujets âgés non porteur d’APOE4 (Quinn et al., 2010; 

Tomaszewski et al., 2020) ; 3) le type, la durée d’exposition et la dose d’AGPI-LC n-3. En l’occurrence, 

beaucoup de RCTs ont utilisé des suppléments riches en DHA, alors que des données récentes 

indiquent que l’EPA pourrait avoir des effets plus efficaces (Fairbairn et al., 2020; Martins, 2009; 

Rogers et al., 2008; Sublette et al., 2011). Ainsi, identifier le seuil optimal de l'indice d’AGPI-LC n-3 qui 

permet de prédire le déclin cognitif et/ou la réponse au traitement par les AGPI-LC n-3, permettra de 

définir la population cible pour prévenir le déclin cognitif et/ou la démence. En l’occurrence, des 

travaux récents indiquent que les profils en oxylipines sont des pistes prometteuses de 

détermination d’indicateurs de réponses aux AGPI n-3 vis-à-vis de l’inflammation cérébrale chez les 

sujets à risque de démence et porteurs de l'allèle APOE4 (Ebright et al., 2022). 
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Si les données sont nombreuses chez les sujets âgés et les enfants prématurés, le lien entre statut en 

AGPI, structure du cerveau et cognition est plus tenu chez les adultes et les adolescents. Comme 

pour les enfants, les métanalyses des effets d'une supplémentation en AGPI n-3 sur la cognition chez 

les personnes en bonne santé ne sont pas concluants (Stonehouse, 2014), même si quelques 

données indiquent une amélioration de la mémoire par le DHA chez des adultes sains (Stonehouse et 

al., 2013). Plus récemment, des RCTs conduits avec de l’EPA chez des adultes en bonne santé ont 

révélé que cette espèce d’AGPI-LC n-3 a une incidence bénéfique sur les fonctions cognitives et le 

traitement des informations visuelles par le cortex (Bauer et al., 2014, 2011). Des individus âgés de 

25 à 49 ans sains et non consommateur de suppléments alimentaires riche en AGPI n-3 ont reçu des 

suppléments en EPA+DHA enrichi en DHA (900+270 mg/j) ou enrichi en EPA (360+900 mg/j) micro-

émulsifiés, ce qui augmente sa biodisponibilité, pendant 26 semaines et les fonctions cognitives, la 

consolidation de la mémoire et la fatigue perçue ont été mesurées (Patan et al., 2021). La formule 

enrichie en EPA améliore les fonctions cognitives globales et la précision de l'exécution des tâches de 

mémoire en comparaison à la formule DHA et le placebo (Patan et al., 2021). Ce travail suggère que 

l’EPA est plus efficace que le DHA, cependant les mécanismes d’action ne sont pas connus.   

5.4. Modèles animaux pour étudier les mécanismes impliqués dans les effets des AGPI sur la cognition 

Comme précédemment discuté, le lien entre le statut nutritionnel et la cognition a largement été 

établi par de nombreuses études épidémiologiques chez l’homme et ce tout au long de la vie. En 

l’occurrence, le statut cérébral en AGPI relie les apports nutritionnels, leur métabolisation et les 

capacités cognitives (Bazinet and Layé, 2014; Joffre, 2019; Makrides, 2013). Afin de comprendre les 

mécanismes neurobiologiques impliqués, des modèles animaux ont été développés. En l’occurrence, 

l’utilisation de diètes isocaloriques qui diffèrent sur les proportions de précurseurs LA et ALA, 

apportés par des huiles végétales, et/ou en formes longues EPA, DHA, DPA n-3 ou AA, apportés par 

des produits animaux, ont été développées, notamment sur des rongeurs, mais également chez le 

singe (Fedorova and Salem, 2006). Des diètes équilibrées en ALA/LA (1/4) sont utilisées comme 

contrôle des diètes carencées en ALA et en AGPI-LC n-3 et riches en LA, qui provoquent des 

modifications drastiques des taux de DHA dans le cerveau (Joffre et al., 2016). Cependant, les diètes 

carencées en AGPI n-3 sont parfois utilisées comme contrôle de l’effet des diètes supplémentées en 

AGPI-LC n-3. Il est important de noter que la carence alimentaire en AGPI n-3 est bien plus sévère 

que ce que l'on peut trouver dans les populations humaines (Innis, 2000). Certaines études ont aussi 

utilisé des modèles multigénérationnels en mesurant les effets du régime sur la 2ème ou 3ème 

génération d’animaux déficients en AGPI n-3 (Chalon, 2006). Des modèles transgéniques ont 

également été développées pour diminuer les taux de DHA, y compris dans le cerveau : les souris KO 
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pour elovol2 nourries avec des diètes avec ou sans DHA pour assurer leur reproduction (Pauter et al., 

2014; Zadravec et al., 2011). Des souris avec une déficience du gène fads2 ont également été 

générées pour modifier les AGPI n-3 accumulés dans l’organisme (Stoffel et al., 2008). Tout comme 

les elovl2 KO, elles sont stériles et doivent être nourries avec des diètes riches en DHA pour se 

reproduire. La diminution de DHA est drastique dans le foie des souris KO fads2, mais modeste dans 

le cerveau (Stroud et al., 2009). Aucune production de AA n’est mesurée lorsque ces animaux sont 

nourris avec du LA. A noter, la découverte récente de l’importance de l’acsl6 dans la teneur de DHA 

dans le cerveau fait des souris KO acsl6 un modèle potentiel pour étudier l’impact de la diminution 

de DHA dans les neurones et les fonctions cérébrales (Fernandez et al., 2021, 2018). 

Les huiles de poisson gras ou de krill, aux teneurs variables en DHA et EPA, sont classiquement 

utilisées pour apporter les AGPI-LC n-3 sous forme de triglycérides (Moffat et al., 1993), mais elles 

contiennent aussi des SFA et des MUFA ainsi que de l’iode, de l’a-tocopherol ou de la vitamine K.  Les 

petits peptides issus du poisson gras, qui ont des vertus protectrices vis-à-vis de la 

neuroinflammation et du stress, ne sont pas présents dans les huiles de poisson (Chataigner et al., 

2021). Certaines microalgues, comme Schizochytrium sp, sont aussi utilisées comme source de DHA 

sous forme de phospholipide (Hadley et al., 2017; Harel et al., 2002).  L’application de ces diètes est 

réalisée soit en amont de la mise en accouplement, soit au début de la gestation, soit plus tard dans 

la vie, dans les périodes périnatales, à l’âge adulte ou pendant le vieillissement. Certaines études 

consistent aussi à administrer les AGPI d’intérêt par voie intraveineuse ou intrapéritonéale (Fourrier 

et al., 2017; Sun and Zhang, 2022), intra-cérébroventriculaire ou intrathécale pour des études 

d’effets de court terme. Enfin, l’administration par voie entérale ou gavage ou par pompe mini-Alzet 

est aussi pratiquée (Manual Kollareth et al., 2020). Enfin, des modèles transgéniques ont été 

développés pour augmenter les AGPI n-3 sans modifier les apports alimentaires. En l’occurrence, les 

souris Fat-1, qui expriment le gene fat-1, une AGPI n-3 desaturase exprimée par c. Elegans, 

convertissent les AGPI n-6 en AGPI n-3 de la même longueur de chaine carbonée (Kang, 2007). 

Nourries avec une diète carencée en AGPI n-3, elles convertissent les AGPI n-6 accumulés dans les 

tissus en AGPI n-3, y compris dans le cerveau où les niveaux de DHA augmentent. Nourries avec une 

diète A04, les souris Fat1 n’ont pas plus de DHA, mais plus d’EPA dans le cerveau par rapport aux 

souris contrôle (Delpech et al., 2015). L’expression spécifique du gène cre-inductible fat1 (Clarke et 

al., 2014) dans des sous types neuronaux permet d’étudier dans un contexte carencé en AGPI n-3, 

l’impact du maintien du statut en AGPI n-3 dans ces cellules spécifiques (Ducrocq et al., 2020). 

L’utilisation de ces différents modèles a permis d’étudier les mécanismes d’action des AGPI dans le 

cerveau et le comportement. 
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5.4.1. AGPI alimentaires et cognition chez l’animal  

L’utilisation des modèles animaux décrits ci-dessus ont permis de mettre en évidence le lien entre 

une déficience alimentaire en AGPI n-3 dès la période périnatale et les altérations de mémoire à l’âge 

adulte (Joffre et al., 2014; Luchtman, 2013). Ainsi, chez le rat, l’exposition multigénérationnelle, où la 

déficience en AGPI n-3 s'aggrave à chaque génération, provoque de profondes altérations 

comportementales, émotionnel et cognitif, qui s’aggravent avec l’augmentation du déséquilibre 

entre AGPI n-3 et n-6 dans le cerveau (Chalon, 2006; Moriguchi et al., 2000). L’exposition uni-

générationnelle au régime déficient en AGPI n-3 provoque également une altération de la mémoire 

spatiale si cette carence commence dès la gestation, mais pas après le sevrage (Labrousse et al., 

2018; Lépinay et al., 2015; Moranis et al., 2012). Les altérations mnésiques et de comportement 

spontanés apparaissent dès le sevrage (Leyrolle et al., 2022; Madore et al., 2020). Dans ces études, 

les mesures cognitives utilisées sont des « maze-tests » comme le labyrinthe d’eau de Morris (Morris 

water maze), le labyrinthe circulaire de Barne, le labyrinthe radiaire (Fedorova and Salem, 2006) ou 

le labyrinthe en Y (Labrousse et al., 2009). Ce sont des tests hippocampo-dépendants de mémoire 

spatiale. Le test de reconnaissance d’objet est également utilisé comme tâche hippocampo-

indépendante  (Dere et al., 2007). Les altérations des capacités mnésiques des rongeurs provoquées 

par la carence en AGPI n-3 gestationnelle (Fedorova et al., 2009, 2007; Lim et al., 2005; Moriguchi et 

al., 2000; Xiao et al., 2006) sont partiellement ou totalement restaurées à l’âge adulte par un apport 

en AGPI n-3 (ALA ou DHA+EPA) s’il a lieu à la naissance ou au sevrage(Lozada et al., 2017; Moriguchi 

and Salem Jr, 2003). Administré après le sevrage, la diète carencée en AGPI n-3 sensibilise aux effets 

néfastes de stimuli inflammatoire ou de stress sur la mémoire(Delpech et al., 2015; Leyrolle et al., 

2022). Inversement, les diètes riches en EPA+DHA protègent vis-à-vis du développement 

d’altérations de mémoire et de comportements émotionnels provoquées par le vieillissement 

(Chataigner et al., 2021; Labrousse et al., 2012; Taoro-González et al., 2022), le stress chronique 

(Chataigner et al., 2021; Costa et al., 2022; Di Miceli et al., 2022; Larrieu et al., 2014) ou l’obésité 

(Demers et al., 2020; Fourrier et al., 2020). Des résultats identiques ont été observés chez le lémurien 

et le singe (Languille et al., 2012). De plus, les diètes riches en AGPI n-3 restaurent les altérations de 

la sphère sociale, émotionnelles ou cognitives dans des modèles de pathologies 

neurodéveloppementales (Dinel et al., 2016; Leyrolle et al., 2022; Pietropaolo et al., 2014; Reemst et 

al., 2022). Très récemment, des travaux conduits dans des modèles murins de la maladie d’Alzheimer 

ont montré que l'administration intranasale de DHA nanovectorisé améliore les déficits des fonctions 

cognitives et la pathogénèse (Zussy et al., 2022). Cependant, la carence en ALA et la supplémentation 

en PUFA-LC n-3 périnatale provoquent des altérations des interactions mère-enfant (comportement 

maternel, vocalisations) et des troubles comportementaux précoces chez la progéniture (Colucci et 
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al., 2020). Enfin, un rapport récent indique que l'administration aiguë d'EPA altère l'apprentissage et 

la mémoire ainsi que la LTP hippocampique chez les souris adultes et prépubères (Liu et al., 2020). 

Des déficits similaires sont reproduits par une augmentation endogène de l'EPA dans l'hippocampe 

de la souris transgénique fat-1. En conclusion, de nombreuses études montrent que la teneur en 

AGPI n-3 de la diète est un déterminant alimentaire de la trajectoire comportementale émotionnelle 

et cognitive. Les mécanismes par lesquels les AGPI n-3 contribuent au développement et le maintien 

des capacités d’apprentissage et de mémorisation font l’objet d’intenses recherches. La façon dont 

ils régulent les phénomènes de plasticité synaptique fait l’objet du paragraphe suivant (Su, 2010).  

5.4.2. AGPI et troubles anxio-dépressifs 

Les animaux soumis à la carence en AGPI n-3 développent non seulement des altérations cognitives, 

mais aussi des comportements de type anxiodépressifs (Lafourcade et al., 2011; Larrieu et al., 2012). 

Ainsi, chez les rongeurs, un déficit d’accumulation de DHA dans le cerveau au cours du 

développement périnatal est associé à des altérations de la neurogenèse (Beltz et al., 2007), de la 

synaptogenèse (Cao et al., 2009) et également d’une augmentation des comportements de types 

anxieux et dépressifs (DeMar et al., 2006; Lafourcade et al., 2011; Larrieu et al., 2014, 2012; Weiser 

et al., 2015). Ces données expérimentales corroborent les données cliniques et épidémiologiques. En 

effet, il existe une association inversée entre la consommation de poissons gras (riches en EPA et 

DHA) et la prévalence de développer une dépression majeure (MDD pour Major Depressive Disorder) 

(Luo et al., 2020). De plus, les taux de DHA périphériques et dans diverses structures cérébrales 

impliquées dans la dépression sont diminués chez les patients diagnostiqués pour une dépression.  

De plus, Les AGPI-LC n-3 sont considérés comme des stratégies thérapeutiques de prévention et de 

traitement du MDD (Bazinet et al., 2020; Bazinet and Layé, 2014). Citer travaux diminution dha dans 

le cerveau. Des analyses transnationales ont suggéré qu'une consommation plus élevée de poisson et 

de fruits de mer par personne de poissons et de fruits de mer par habitant est associée à des taux de 

prévalence plus faibles de TDM (Tanskanen et al., 2001), de dépression post-partum et de troubles 

bipolaires post-partum (Hibbeln, 2002). 

Cependant, les effets d’une supplémentation alimentaire en AGPI-LC n-3 sur la symptomatologie 

dépressive sont très mitigés. Des études cliniques portant sur l'efficacité de l'EPA, du DHA ou d'une 

combinaison EPA + DHA suggèrent que la supplémentation en EPA couplée à des médicaments 

antidépresseurs est la plus efficace vis-à-vis des symptômes et pas d’effets des mono-thérapies 

(Gertsik et al., 2012; Lespérance et al., 2010). En 2014, un essai randomisé portant sur les effets de 

monothérapies EPA ou DHA sur la dépression majeure met en évidence l’effet correcteur de l’EPA 

(Mischoulon et al., 2014). Ce résultat concorde avec les méta-analyses qui suggèrent que l'EPA ou 
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l'EPA + DHA (mais pas le DHA seul) présentent un léger avantage en terme defficacité pour le 

traitement des dépressions (Bloch and Hannestad, 2012; Martins, 2009). Seuls les patients atteints 

de dépression présentant une inflammation bénéficient du traitement en EPA (Rapaport et al., 2016), 

ce qui est cohérent avec les effets pro-résolutifs de l’EPA (Layé et al., 2018).  Très récemment, un 

essai clinique montre que des patients atteints de depression majeure supplémenté avec de l'EPA à 

raison de 4 g/j pendant 12 semaines ont une amélioration modeste de leurs symptômes. Cependant, 

les symptômes sont améliorés chez les patients en surpoids avec une inflammation élevée, qui se 

voit également améliorée (Mischoulon et al., 2022). De plus, chez ces sujets, la supplémentation en 

EPA augmente drastiquement les taux plasmatiques d'EPA et de 18-HEPE, associée à une meilleure 

conversion en RvE2-3, et des taux de LXB4 (Lamon-Fava et al., 2021).  

Récemment, par une approche d’IRM, la mise en évidence que les patients dépressifs qui ont les taux 

érythrocytaires d'EPA+DHA les plus faibles ont des regroupements de réseau neuronaux, une 

efficacité globale et une connectivité plus faibles dans les régions frontales-limbiques (Lei et al., 

2021; McNamara, 2016). De plus, une supplémentation en EPA+DHA de 12 semaines augmente ces 

paramètres dans les régions temporales. L’expression de cPLA2 est induite par l’EPA, mais pas par le 

DHA chez les pateints dépressifs supplémentés (Su et al., 2018). L’ensemble de ces données 

suggèrent que les AGPI-LC n-3 pourrait non seulement limiter le développement de symptômes 

dépressifs chez les patients avec inflammation, mais également que les AGPI-LC n-3 pourrait prévenir 

la survenue de ces symptômes (Guu et al., 2020). Cependant une étude récente de grand envergure 

(18 353 participants) incluant des adultes âgés de 50 ans ou plus sans symptômes dépressifs voit une 

augmentation faible, mais significative, du risque de dépression ou de symptômes dépressifs après 

supplémentation (huile de poisson, 1 g/j contenant 465 mg d'EPA et 375 mg de DHA) avec un suivi de 

5 ans (Okereke et al., 2021). Des études supplémentaires sont nécessaires pour mieux comprendre la 

quantité et le type d’AGPI-LC n-3 nécessaires pour prévenir les troubles de l’humeur, en tenant 

compte des facteurs de risque, notamment ceux liés au taux d’AGPI n-6 et n-3, le sexe, l’âge ou le 

stress. Ainsi, des études montrent que les sujets qui développent une dépression lors d’un traitement 

par interféron-, une cytokine inflammatoire, ont des taux élevé d’AA (Lotrich et al., 2013). D’un 

point de vue des mécanismes, les études chez l’animal montrent que des diètes riches en EPA+DHA 

ou EPA seul protègent vis-à-vis du développement de comportement de type dépressif dans 

plusieurs modèles de stress chronique ou de bulbectomie (Di Miceli et al., 2022; Larrieu et al., 2014). 

Dans les modèles de stress chronique, les AGPI-LC promeuvent la plasticité synaptique au sein du 

NAc, préserve l’intégrité dendritique des neurones du PFC, la neurogénèse au niveau hippocampique 

et limite la neuroinflammation (Di Miceli et al., 2022; Larrieu et al., 2014; Larrieu and Layé, 2018). Ces 

effets pourraient être dus aux oxylipines dérivées de EPA/DHA, notamment celles de la voie LOX, qui 

protègent des altérations de la neurogenèse dans une modèle humain (Borsini et al., 2021). Enfin, la 
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sEH pourrait être impliquée dans la pathogenèse de la dépression majeure. Son inhibition 

pharmacologique ou génétique réduit la genèse d’oxylipines-epoxydes pro-inflammatoites et 

l'apparition de comportements de type dépressif après une inflammation ou un stress de défaite 

sociale répété, renforçant l’importance des dérivés des AGPI dans la physiopathologie de la 

dépression (Ren et al., 2016). 

6. Rôle des AGPI dans la plasticité neuronale  

La plasticité neuronale fait référence à la capacité du système nerveux à se modifier 

fonctionnellement et structurellement suite à une expérience ou une blessure. Pendant le 

développement embryonnaire, la plasticité neuronale est très active et assure la mise en place des 

connections neuronales (Hensch and Stryker, 2004). C’est non seulement un processus clé du 

neurodéveloppement mais également de la réponse adaptative du cerveau face aux modifications 

environnementales, comme le stress, le vieillissement ou les processus pathologiques. La plasticité 

neuronale s’exprime à différentes échelles cellulaire et moléculaire, synaptique et non synaptique. La 

plasticité moléculaire désigne les cascades de signalisation moléculaires qui, lorsqu’elles sont 

activées, entrainent une modification du fonctionnement de protéines clés dans la plasticité 

synaptique. C’est le cas des récepteurs glutamatergiques AMPA et NMDA qui peuvent être 

phosphorylés et changer leur perméabilité pour modifier la transmission neuronale (Lisman and 

McIntyre, 2001). La plasticité synaptique correspond à une transmission entre deux neurones qui 

induit des courants post-synaptiques dont l’amplitude peut être modulée par des phénomènes de 

plasticité. La dynamique calcique est un acteur important à la fois pour la potentialisation et pour la 

dépression des courants synaptiques même si d’autres mécanismes avant et après la libération de 

calcium peuvent aussi générer différentes plasticités. La plasticité non-synaptique, quant à elle, fait 

référence à des changements électrophysiologiques non-synaptique au niveau des canaux voltages-

dépendants qui peuvent modifier l’excitabilité des neurones (Daoudal and Debanne, 2003). 

L’excitabilité neuronale est la capacité du neurone à émettre un potentiel d’action selon les entrées 

synaptiques qu’il reçoit.  

6.1. Généralités sur la plasticité synaptique     

La découverte par Cajal de la discontinuité entre les cellules neuronales a été suivie de la 

démonstration que les cellules nerveuses communiquent au travers de jonctions spécifiques 

appelées synapses (Tansey, 1997), les premières dynamiques de composants synaptiques. La 

transmission d’information entre les neurones se propage le long de l’axone sous la forme d’un signal 

électrique : le potentiel d’action. Au sein de la synapse on distingue les structures pré-synaptiques ou 
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boutons axonaux et les structures post-synaptiques ou épines dendritiques. La plasticité synaptique 

désigne la capacité du système nerveux à former des connexions, notamment lors de l’apprentissage 

et de la mise en place de la mémoire qui impliquent les synapses glutamatergiques.  On distingue 2 

grands types de plasticité, la LTP (Potentialisation à long terme) et la LTD (Dépression à long terme) 

(Citri and Malenka, 2008). La LTP désigne une augmentation à long terme de la transmission 

synaptique à la suite d’une stimulation courte à haute fréquence (Bennett, 2000).  

6.2. Plasticité synaptique de l’hippocampe et dans le striatum 

6.2.1. Hippocampe et noyau accumbens 

L’hippocampe des mammifères est une structure sous-corticale enroulée sur elle-même. On 

distingue le gyrus denté (GD) et la corne d’Ammon (divisée en 3 zones : CA1, CA2 et CA3) qui est 

composée de neurones pyramidaux. L’hippocampe forme un réseau uni-directionnel dans lequel les 

fibres qui proviennent du cortex entorhinal (CE) projettent vers le gyrus denté (GD) par les voies 

perforantes médiales et latérales. Les cellules granuleuses du gyrus émettent des fibres moussues 

vers les cellules apicales de la zone CA3. Les cellules de la zone CA3 emettent des axones vers les 

cellules pyramidales de la zone CA1 via les voies des collatérales de Schaeffer (SC) et des fibres 

commissurales. Les neurones de la zone CA1 envoient des axones vers le subiculum (Sb), qui à leur 

tour, vont renvoyer un signal vers le cortex entorhinal Figure 7. Dans l’hippocampe, qui est le siège 

de l’apprentissage et de la mémoire, la LTP est induite par une stimulation des collatérales de 

Schaeffer (afférences glutamatergiques) dans la région du CA1 (Lynch, 2004). Cette forme de 

plasticité synaptique dépend des récepteurs glutamatergiques NMDA et est médiée par les 

endocannabinoïdes (eCBs) agissant à la synapse inhibitrice. On parle de dépression à long terme 

inhibiteur hétérosynaptique (iLTD) (Carlson et al., 2002) (Castillo et al., 2012). L’iLTD 

hétérosynpatique repose sur l’activation de récepteurs CB1 couplé à une protéine G qui vont réduire 

la libération de GABA à la synapse inhibitrice. La LTP à la synapse des collatérales de Schaeffer du 

CA1 est donc médiée par la iLTD hétérosynaptique des interneurones GABAergiques, qui est 

dépendante de la production d’eCB et de l’activation des récepteurs CB1 (Castillo et al., 2012).   

Le striatum a été décrit comme une structure capable de détecter et intégrer les informations 

corticales (Graybiel, 1995). Cette structure est composée à 95% de neurones de projections 

GABAergiques et à 5% d’interneurones GABAergiques, cholinergiques et à NO-synthase (Kawaguchi 

and Kubota, 1993). Chez le rongeur, on distingue le striatum dorsal et le striatum ventral aussi appelé 

nucleus accumbens (NAc). Nous focaliserons ici sur le NAc. Le NAc est une structure méso-corticale 

divisée en deux sous-régions : une région « shell » plus médiale et une région « core » plus latérale 

(Zahm and Brog, 1992). Les types cellulaires les plus représenté dans le NAc sont les neurones 
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épineux moyens (MSN pour Medium Spiny Neuron) à projection GABAergique qui vont exprimer des 

récepteurs à la dopamine de type D1 ou D2 (Francis et al., 2015) Les neurones MSN du Nac reçoivent 

et intègrent des inputs glutamatergiques provenant du cortex préfrontal (PFC), de l’hippocampe 

ventral (vHipp) et de l’amygdale baso-latérale (BLA) (Groenewegen et al., 1999) (Britt et al., 2012) 

mais également de l’hippocampe dorsal (dHipp) (Qi et al., 2016). Toutes ces régions communiquent 

entre elles et traitent différents types d’information et l’activation spécifique de ces voies peut 

susciter des fonctions comportementales différentes selon les interactions avec le NAc (Sesack and 

Grace, 2010). En particulier, l’axe vHipp-NAc est nécessaire pour la navigation spatiale (Compton, 

2004; Mannella et al., 2013; Miyoshi et al., 2012) et encodant la dynamique temporelle de la prise de 

décision (Abela et al., 2015). Les MSN sont particuliers car silencieux au repos, grâce à des 

conductances potassiques fortes qui les maintiennent très hyperpolarisés (Wilson and Kawaguchi, 

1996). Les interneurones GABAergiques inhibent fortement les MSN car ils sont plus facilement 

excitables par les entrées glutamatergiques corticales et thalamiques. Les MSN ne répondent à 

l’émission d’un potentiel d’action que lorsque les afférences excitatrices sont fortes(Mahon et al., 

2006). Le striatum reçoit des afférences glutamatergiques de l’ensemble des aires corticales et de 

certains noyaux thalamiques (McFarland and Haber, 2000). 

 

Figure 7 : Voies hippocampales glutamatergiques. 

Les fibres provenant du cortex entorhinal (EC) se projettent vers le gyrus denté (DG) via les voies perforantes médiales 

(MPP) et latérales (LPP). Les cellules granuleuses du gyrus vont émettre des fibres moussues (MF) vers les cellules apicales 

de la zone CA3. Les cellules de la zone CA3 vont émettre des azones vers les cellules pyramidales de la zone CA1 via les 

voies des collatérales de Schaeffer (SC) et des fibres commisurales (AC). Les neurones de la zone CA1 envoient des axones 

vers le subiculum (Sb), qui à leur tour, vont renvoyer un signal vers le cortex entorhinal. (Adapté de la thèse de Hennebelle 

Marie) 

6.2.2. Neurotransmission glutamatergique 

Le glutamate est le principal neurotransmetteur excitateur dans le cerveau et est impliqué dans la 

plupart des fonctions cérébrale y compris la cognition et les émotions. Chez les mammifères, il 
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représente 80 à 90 % des synapses cérébrales (Watkins, 2000).  Afin d’assurer la neurotransmission, 

les terminaisons synaptiques des neurones sont enrichies en mitochondries, principal siège du 

métabolisme énergétique. C’est au niveau de ces mitochondries présynaptiques qu’est formé le L-

glutamate. Le glutamate est synthétisé principalement à partir de 3 voies métaboliques : la 

dégradation des protéines, la conversion de la glutamine sous l’action de la glutaminase (Kvamme et 

al., 2000) (Bak et al., 2006), et enfin la transamination de l’acide α-cétoglutarate issu du cycle de 

Krebs (Bak et al., 2006). Une fois dans le cytosol de la cellule, le glutamate va être chargé dans des 

vésicules sous l’action de transporteurs vésiculaires spécifiques. Actuellement, trois types de 

transporteurs ont été identifiés : V-Glut 1, 2 et 3. Contrairement aux transporteurs V-Glut-1 et 2, le 

transporteur V-Glut 3 est exprimé principalement par des neurones non glutamatergiques tels que 

les neurones cholinergiques ou sérotoninergiques (Omote et al., 2011) (Gras et al., 2002). Lorsqu’une 

dépolarisation présynaptique survient, les vésicules chargées de glutamate déversent leur contenu 

dans la fente synaptique via un processus Ca2+-dépendant -l’exocytose-, provoquant une 

augmentation de la concentration extracellulaire de glutamate pouvant atteindre 1000 fois celle de 

repos. 

Les cellules du SNC possèdent au niveau de leurs membranes des transporteurs spécifiques du 

glutamate. Cinq types de transporteurs ont été identifiés. Au niveau des astrocytes, la capture du 

glutamate s’effectue principalement via les transporteurs GLAST/EATT1 et GLT1/EAAT2. Les 

neurones possèdent également leurs propres récepteurs, EAAC1/EAAT3, qui sont exprimés en 

moindres proportions comparées à ceux des cellules gliales (Nieoullon et al., 2006). Enfin, les 

transporteurs EAAT4 et EAAT5, contrairement aux autres qui sont ubiquitaires, sont exprimés 

exclusivement au niveau du cervelet et de la rétine.  

Dans le SNC, 90% de la capture du glutamate est effectuée par les astrocytes (Rothstein et al., 1996), 

ce qui traduit l’importance de leur rôle dans le maintien de l’homéostasie au niveau de la fente 

synaptique en captant le glutamate en excès. Lors de la neurotransmission, la concentration de 

glutamate dans la fente s’élève de manière dramatique d’un niveau de base (ou de repos d’environ 

25nM) à des niveaux pouvant être toxiques s’ils ne sont pas atténués rapidement (proche de 100 μM 

à 1mM) (Danbolt, 2001). Une fois capté dans les astrocytes, le glutamate peut suivre différentes 

voies métaboliques, dont les principales sont son entrée dans le cycle de Krebs, fournissant de 

l’énergie à l’organisme, sa conversion en glutathion pour prévenir du stress oxydatif et son recyclage 

en glutamine, qui va pouvoir être redistribuée au niveau du neurone présynaptique et alimenter un 

nouveau pool de neurotransmetteur (Kvamme et al., 2000). Le glutamate est converti en association 

avec de l’ammonium en glutamine sous l’action de la glutamine synthetase (GS), enzyme spécifique 

des astrocytes dans le SNC (Walton and Dodd, 2007). Cette glutamine est ensuite transférée aux 
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neurones par des systèmes de transports spécifiques (Chaudhry et al., 2002) pour être recyclée en 

glutamate sous l’action de la glutaminase phosphate-dépendante. 

6.3. Rôle des astrocytes dans la neurotransmission 

Historiquement, les cellules gliales ont souvent été considérées comme de simples supports 

physiques aux neurones. Or, on sait désormais que les cellules gliales jouent un rôle important dans 

le fonctionnement cérébral et sont des partenaires essentiels des neurones. On distingue différents 

types de cellules gliales. Les oligodendrocytes qui ont un rôle de synthèse de la myéline qui entoure 

les axones. Les cellules microgliales qui sont les cellules immunitaires résidentes du SNC ayant un 

rôle neuroprotecteur. Les cellules NG2+ dont le rôle serait de constituer les cellules souches 

multipotentes (Richardson et al., 2011). Et enfin les astrocytes qui sont les cellules gliales présentes 

en plus grand nombre dans le cerveau et qui seront décrit plus précisément dans les paragraphes 

suivants. Le concept de la synapse tripartite a émergé en 1999 grâce à la considération des astrocytes 

comme éléments fonctionnels de la synapse. Ce concept fait donc référence à l’association 

fonctionnelle des neurones pré et post-synaptiques et les astrocytes.  

6.3.1.  Astrocyte et synapse tripartite 

Les astrocytes se présentent sous forme étoilée et ont la particularité de n’avoir que peu de zones de 

recouvrements entre eux (Bushong et al., 2004). Leur corps cellulaire est enrichi en protéine des 

filaments intermédiaires (GFAP pour Glial Fibrillary Acidic Protein) (Bignami et al., 1972). En 

immunohistochimie, le marqueur GFAP est donc utilisé pour la caractérisation des astrocytes. 

Cependant tous les astrocytes ne sont pas GFAP-positifs et la GFAP peut être présente dans d’autres 

cellules (Liu et al., 2006). D’autres marqueurs que la GFAP peuvent être utilisés, comme ceux des 

transporteurs astrocytaires du glutamate (GLAST et GLT-1), la vimentine ou la glutamine synthase 

capable de convertir le glutamate en glutamine (Sofroniew and Vinters, 2010). Les astrocytes, à 

l’inverse des neurones, sont électriquement silencieux. Ils n’émettent pas de potentiel d’action. Des 

enregistrements électriques ont montré qu’ils avaient un potentiel de repos très négatif, un input de 

résistance faible et une conductance sensible aux ions potassiques. L’imagerie calcique a permis, tout 

d’abord en culture cellulaire puis in situ et enfin in vivo, de voir que les astrocytes répondent à une 

application de transporteurs chimiques avec une élévation de leurs niveaux de calcium 

intracellulaire.  

Les astrocytes capturent le glutamate extracellulaire prévenant ainsi son accumulation ce qui 

protège les neurones de sa excitotoxicité. Cette recapture de glutamate va aussi réguler l’efficacité 

des synapses glutamatergiques (Danbolt, 2001). La régulation des transporteurs de glutamate 
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astrogliaux GLAST et GLT-1 est d’autant plus importante pour la neuroprotection et la 

neurotransmission (Sattler and Rothstein, 2006). Une altération dans la diffusion du transporteur 

GLT-1 à la surface des astrocytes à la fois in vitro et ex vivo sur des tranches d’hippocampe a un effet 

direct sur les cinétiques des courants postsynaptiques excitateurs associé avec une altération de 

l’élimination du glutamate à la synapse (Murphy-Royal et al., 2015). 

Au-delà d’un soutien structurel et métabolique des neurones, les astrocytes jouent un rôle dans les 

fonctions synaptiques des neurones  (Haydon, 2001). De nombreuses études ont mis en évidence 

une régulation dynamique et bidirectionnelle de la communication neuronale par les astrocytes. La 

plupart des études ont été menées sur des cellules uniques en patchant un astrocyte isolé pour 

moduler son activité (Panatier et al., 2011). Les astrocytes présentent à leur surface des récepteurs 

ionotropiques et métabotropiques de neurotransmetteurs pouvant détecter l’activité neuronale 

périphérique. Lorsque ces récepteurs sont activés, ils traduisent l’activité neuronale par une 

augmentation intracellulaire de la concentration de Ca2+  (Perea et al., 2009; H.-L. Wang et al., 2011). 

Ce signal calcique va provoquer la libération de gliotransmetteurs tels que le glutamate, la D-sérine 

ou l’ATP (stimulateurs de l’activité synaptique) (Bezzi and Volterra, 2011). On parle alors de 

gliotransmission (Adamsky et al., 2018; Perea et al., 2009). Ces gliotransmetteurs vont ensuite activer 

les récepteurs neuronaux et induire une neuromodulation de la transmission synaptique et de la 

plasticité médiée par les astrocytes dans différentes régions du cerveau. Les actions des différents 

gliotransmetteurs dans les régions cérébrales ont été reviewé par Araque et al., 2014 (Araque et al., 

2014). Les astrocytes expriment mGluR5 qui une fois activé va induire la gliotransmission (Fellin et 

al., 2004). Par exemple, il a été montré ex vivo, dans le NAc de souris, que l’activation de mGluR5 a 

induit des oscillations calciques astrocytaires aboutissant à une libération de glutamate par 

l’astrocyte. Cette gliotransmission a activé les récepteurs NMDA des MSNs, mettant en avant 

l’implication de la gliotransmission dans la modification de l’excitabilité neuronale (D’Ascenzo et al., 

2007). La D-sérine participe à l'activation des récepteurs NMDA (Oliet and Mothet, 2009). Comme les 

astrocytes peuvent contacter plus de 100 000 synapses, le contrôle de la diffusion du signal calcique 

pourrait jouer un rôle déterminant dans la physiologie du système nerveux (Halassa et al., 2007).  

Il a également été montré que les astrocytes répondent au signal donné par le glutamate en libérant 

de l’ATP/Adénosine (Araque et al., 2014; Illes et al., 2019). Les astrocytes sont également impliqués 

dans la régulation synaptique induite par la dopamine dans le Nucleus Accumbens. En effet, les 

astrocytes du NAc répondent à la libération synaptique de dopamine in vivo et sur tranches, avec une 

augmentation du calcium via l’activation du récepteur D1, exprimé par les astrocytes(Corkrum and 

Araque, 2021). De plus, l’activation de ces astrocytes par la dopamine, l’amphétamine ou DREADD 

stimule la libération d’ATP/Adénosine qui active les récepteurs A1 neuronaux postsynaptiques et 

diminue la transmission synaptique excitatrice (Corkrum and Araque, 2021).  
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Il est mentionné un peu plus haut que les astrocytes régulent de façon bidirectionnelle la 

communication neuronale. En effet, bien que les astrocytes soient proches des neurones pre- et pos-

synaptiques, ils sont relativement distants de la fente synaptique et des systèmes de recapture des 

neurotransmetteurs ce qui représente des limitations structurales et fonctionnelle de la signalisation 

neurone-astrocyte. Or, la présence de récepteurs à haute affinité et faible désensibilisation va 

permettre une communication bidirectionnelle. Lors de la libération de neurotransmetteurs à la 

fente synaptique, ils atteignent rapidement l’élément postsynaptique puis diffusent jusqu’à 

l’astrocyte avec une diminution rapide de leur concentration (Figure 8 A et B). Plusieurs récepteurs 

impliqués dans la capacité de l’astrocyte à détecter l’activité synaptique, tels que les récepteurs 

métabotropiques au glutamate, muscariniques, CB1, P2Y et GABAB, ont été caractérisé comme des 

récepteurs à haute affinité et faible désensibilisation et donc activités même avec de faibles 

concentrations de neurotransmetteurs (Araque et al., 2014). A l’inverse, les actions des 

gliotransmetteurs sont possibles grâce à la présence de récepteurs à la fente synaptique plus sensible 

à la libération de gliotransmetteurs (Figure 8 C).  

De plus, les astrocytes du cerveau sain sont très diversifiés et spécialisés afin de jouer des rôles 

différents dans des circuits distincts du SNC (Chai et al., 2017). Cette diversité de phénotypes 

astrocytaires repose non seulement sur la programmation embryonnaire, mais aussi sur les signaux 

neuronaux locaux (Haim and Rowitch, 2017). En situation pathologiques, lésionnelle et 

neuroinflammatoires, les astrocytes dits « réactifs » sont également très diversifiés, comme montrés 

par la diversité de leurs profils transcriptomiques (Escartin et al., 2021). De plus, les changements 

fonctionnels complexes des astrocytes réactifs leur confèrent de nouvelles fonctions, notamment 

neuroprotectrices ou, au contraire, neurotoxiques. Ainsi, au-delà de leur rôle crucial dans la plasticité 

synaptique (Oliveira and Araque, 2022), les astrocytes contribuent de façon très importante au 

maintien de l’homéostasie du cerveau (Escartin et al., 2021) en régulant entre autres la 

neuroinflammation et les neurotrophines (De Keyser et al., 2008).  
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Figure 8 : Communication bidirectionnelle neurone-astrocyte  

Cette communication est médiée par des récepteurs à haute et à faible affinité. A – synapse tripartite illustrant la 

localisation des récepteurs à haute et faible affinité. B – les neurotransmetteurs activent rapidement les récepteurs à faible 

affinité de l’élément postsynaptique et diffusent hors de la fente synaptique pour activer les récepteurs à haute affinité de 

la membrane de l’astrocyte. C – les gliotransmetteurs activent les récepteurs à haute affinité situés sur les membranes 

neuronales. La diminution des concentrations de neurotransmetteurs ou de gliotransmetteurs avec la distance est 

symbolisée par les différentes intensités de couleurs (B et C). D’après (Araque et al., 2014). 

6.4. Modulation de la plasticité neuronale par les AGPI 

Les mécanismes par lesquels les AGPI agissent dans le cerveau font l’objet d’intenses recherches. In 

vivo, une carence alimentaire en AGPI n-3 altère sur la neuritogénèse, la synaptogénèse et les 

fonctions synaptiques (Ahmad et al., 2002; Calderon and Kim, 2004; Cao et al., 2009; Sidhu et al., 

2011). De plus, elle modifie les phénotypes microgliaux et diminue leur motilité dans le cerveau en 

développement, et plus particulièrement dans l’hippocampe (Madore et al., 2014). L’exposition de la 

mère à un régime carencé en AGPI n-3 altère les fonctions microgliales de la progéniture 

(homéostasie et activité phagocytaire) aboutissant à un élagage synaptique excessif et des 

conséquences sur la formation des réseaux neuronaux hippocampiques, la LTP et la mémoire 

(Madore et al., 2020). Les AGPI n-3 régulent les fonctions cérébrales en favorisant la capture et le 

métabolisme du glucose ce qui a été corrélé avec de meilleure performance cognitive (Pifferi et al., 

2015; Ximenes da Silva et al., 2002). Enfin, l'association entre la carence en AGPI n-3 et les 

symptômes anxieux et dépressifs pourraient, au moins en partie, reposer sur une altération de l'axe 

corticotrope (ou axe du stress) (Larrieu et al., 2014, 2012). Des études récentes ont révélé 

l’implication des AGPI n-3 dans les capacités de neurogénèse du cerveau (Borsini et al., 2020; Tang et 

al., 2018). Dans les chapitres suivants un accent est mis sur les effets des AGPI sur la 

neurotransmission. En effet, des modèles de déficience en AGPI n-3 ont mis en avant l'impact des 

AGPI n-3 sur la neurotransmission. Il a notamment été observé une diminution des taux de 

sérotonine dans le cortex préfrontal accompagnée d’une diminution de la synthèse ou de la 

transmission (récepteurs, voies de signalisations) dans les systèmes GABAergiques, dopaminergiques 

et cholinergiques (Aïd et al., 2003; Chalon, 2006; Innis and de la Presa Owens, 2001; Owens and Innis, 
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1999; Takeuchi et al., 2003). Par ailleurs, les AGPI sont des précurseurs des endocannabinoïdes, 

connus pour leur rôle régulateur de la neurotransmission (Lafourcade et al., 2007; Marzo et al., 

2004). La carence en AGPI n-3 déséquilibre ce système et diminue ses capacités de modulation de la 

transmission synaptique et induit donc des déficits comportementaux (Bosch-Bouju et al., 2016; 

Lafourcade et al., 2011; Larrieu et al., 2012; Thomazeau et al., 2016). 

6.4.1. Impact des AGPI sur la transmission neuronale 

Des données in vitro ont permis d’étudier l’effet de l’administration ex vivo d’AGPI sur la plasticité 

synaptique. Pour cela, des tranches de cerveau, qui maintiennent un certain niveau d’intégration 

neuronale, ont été utilisées pour étudier l’effet synaptique du DHA par des approches de patch-

clamp. Le DHA libre bloque l'induction de la LTD sur des tranches d’hippocampe (Itokazu et al., 2000). 

Une dose plus élevée de DHA entraine l’altération de la plasticité synaptique dans des tranches 

cortico-striatales, avec une facilitation de la LTP, sans effet sur la LTD (Mazzocchi-Jones, 2015). La 

perfusion d'AA à de faible concentration active la LTP, tandis que le DHA et l'EPA désactivent la LTP 

dans l'hippocampe (Mirnikjoo et al., 2001). Ces données suggèrent que les effets synaptiques des 

AGPI-LC sont dépendants de la dose, ou que le DHA a une activité bidirectionnelle dans l'hippocampe 

(Itokazu et al., 2000). De façon très intéressante, le DHA, mais pas l’ALA, reverse les effets délétères 

du bromoenol lactone (un inhibiteur de la libération du DHA) sur la LTP (Fujita et al., 2001). Les effets 

des AGPI-LC sur la neuroplasticité pourraient être médiés par leurs dérivés, notamment les oxylipines 

et/ou les endocannabinoïdes (Di Miceli et al., 2022). Ainsi, l'acide époxyeicosatriénoïque, un 

eicosanoïde dérivé de l'ARA, diminue la libération de glutamate dans des tranches d'hippocampe par 

ses effets sur les canaux potassiques à rectification interne couplés à la protéine G (Mule, Orjuela 

Leon et Falck). De plus, la N-palmitoyléthanolamine (PEA), un composé endogène de la famille des 

eCB qui dérive de l'acide hexadécanoïque, augmente les fréquences des courants post-synaptiques 

inhibiteurs GABAergiques spontanés, par l’intermédiaire de son effet sur le récepteur GPR55 

(Musella et al., 2017). Très récemment, l’EPA a été montré comme un activateur de la transmission 

GABAergique via le 5-HT6R (J.-H. Liu et al., 2020). 

La modulation des capacités d’apprentissage des individus par le statut nutritionnel en AGPI n-3 est 

associée à des modifications des propriétés de plasticité synaptique(Su, 2010). Ainsi, une déficience 

chronique en DHA se traduit par l’inhibition de l’induction de LTP au niveau de l’hippocampe chez 

des souriceaux, associée à une réduction de l’expression des protéines synapsines et des sous-unités 

des récepteurs NMDA (Cao et al., 2009) et à un retard de l’apparition de ces protéines au cours du 

neurodéveloppement (Moreira et al., 2010). La déficience alimentaire en AGPI n-3 modifie 

également les fonctions des récepteurs au cannabinoïdes CB1R et la LTD dans le NAc et le cortex 
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préfrontal, sans modifications de niveau des eCBs (Lafourcade et al., 2011). Dans l’hippocampe, la 

LTP dépend des récepteurs NMDA et des eCBs. Ces eCBs sont des signaux lipidiques produits par les 

AGPI-LC présents dans les phospholipides des membranes neuronales suite à une activité neuronale. 

Dans l’hippocampe de souriceaux au sevrage, cette LTP NMDA-dépendante est altérée par la 

déficience alimentaire en AGPI n-3 et ceci est dû à l’ablation de la iLTD CB1-dépendante (Thomazeau 

et al., 2016). Une déficience alimentaire en AGPI n-3 commencée après le sevrage provoque 

également une altération de la LTD eCB dépendante dans le cortex préfrontal, qui est restaurée 

lorsque ces derniers sont stimulés (Manduca et al., 2015). Enfin, la carence post-natale, si elle 

n’altère pas la LTP et la LTD au niveau de l’hippocampe de souris adulte, sensibilise ces dernières aux 

altérations provoquées par un stimulus inflammatoire (Delpech et al., 2015)  

A l’inverse, une supplémentation en AGPI-LC n-3, qui augmente les capacités cognitives chez le 

rongeur, augmente également l’expression de protéines synaptiques ou impliquées dans la plasticité 

synaptique, telles que la synapsine I, la syntaxine, CamKII, CREB ou encore des sous-unités des 

récepteurs NMDA. Cet effet est d’autant plus marqué lorsque le régime alimentaire est associé à une 

activité physique (Chytrova et al., 2010; Wu et al., 2012). Les AGPI n-3 participeraient ainsi à 

l’induction et au maintien de la LTP (Fujita et al., 2001; Kawashima et al., 2010). Au cours du 

vieillissement, la diminution des capacités cognitives des individus est associée à une réduction de la 

proportion cérébrale du DHA et de l’activité cérébrale (Delion et al., 1997; Whelan, 2008). Le 

vieillissement physiologique ou pathologique (comme la maladie d’Alzheimer ou de Parkinson) 

constitue un champ d’étude souvent exploité pour apprécier l’impact des AGPI n-3 sur les fonctions 

cognitives et sur la plasticité synaptique. La supplémentation en AGPI-LC n-3 restaure, partiellement 

ou totalement, les capacités cognitives, ainsi que l’expression de marqueurs de la plasticité 

synaptique, tels que la CamKII, les sous-unités des récepteurs AMPA et NMDA, aussi bien en 

condition de vieillissement physiologique (Dyall et al., 2007; Martin and Kosik, 2002), que 

pathologique (Boudrault et al., 2009; Calon et al., 2004; Hashimoto, 2009; Kotani et al., 2006). 

Cependant, les résultats restent assez disparates et certaines études n’ont pas permis de confirmer 

l’effet bénéfique des AGPI n-3 sur le déclin cognitif et le développement de maladies 

neurodégénératives (Arendash et al., 2007; Fotuhi et al., 2009; van de Rest et al., 2008). Le rôle des 

AGPI n-3 reste complexe et dépend fortement du modèle utilisé, du stade d’avancement du déclin 

cognitif et/ou de la pathologie, ainsi que du type de supplémentation. 
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Figure 9 : Représentation des mécanismes d’action des AGPI au niveau de la synapse (adapté de Di Miceli et al., 2018) 

6.4.2. Impact des AGPI sur les fonctions astrocytaires à la synapse 

De nombreux articles ont révélé que l’inhibition des transporteurs de glutamate GLAST et GLT-1 par 

les AGPI participe aux altérations dues à l’excitotoxicité du glutamate, lorsqu’une grande quantité 

AGPI est libérée dans le milieu extracellulaire suite à une destruction des cellules membranaires (Lau 

and Tymianski, 2010). Le DHA et l’AA étant abondants dans les neurones et les astrocytes, ils 

représentent d’excellents candidats en tant que régulateurs de la concentration glutamatergique 

dans la fente synaptique (Barbour et al., 1989; Green et al., 2008; Lundy and McBean, 1995; Manzoni 

and Mennini, 1997). En effet, comme indiqué précédemment, le DHA et l’AA sont libérés grâce à 

l’action de l’enzyme PLA2 et celle-ci est activée par la liaison du glutamate sur des récepteurs post-

synaptiques et astrogliaux (Bazan, 2003). L’AA inhibe la recapture du glutamate par les synaptosomes 

issus de cerveau de rat (Lundy and McBean, 1995; Manzoni and Mennini, 1997), mais également les 



65 
 

cellules rétinales de Müller (Barbour et al., 1989) et les astrocytes corticaux (Volterra et al., 1994). 

Cependant cet effet inhibiteur de l’AA semble être un effet non spécifique d’AG qui pourrait être lié à 

l’action peroxydative des AGPI. D’autres résultats indiquent que le DHA (Berry et al., 2005) et l’AA 

(Zerangue et al., 1995) inhibent la recapture de glutamate par GLAST et stimulent la recapture de 

glutamate par GLT-1. Cependant il est important de noter que ces deux études ont été réalisées sur 

des cellules rénales transfectées. En 2009, Grintal et al., ont confirmé l’inhibition de la recapture du 

glutamate par les astrocytes dans des cultures primaires d’astrocytes (isolés de cortex de rats) par le 

DHA, sans observer d’effet significatif de l’AA (Grintal et al., 2009). L’équilibre membranaire 

astrocytaires en DHA et en AA serait donc impliqué dans le couplage entre les cellules, notamment 

via les Connexines 43 (Champeil-Potokar et al., 2006), ainsi qu’à la maturation et à la différentiation 

des astrocytes en culture (Joardar et al., 2006; Joardar and Das, 2007) 

Il est important de souligner que la carence maternelle en AGPI n-3 inhibe la maturation des 

astrocytes ce qui entrave le développement des cellules gliales et de leurs fonctions (Yamamoto et 

al., 2021). 

Bien que les études sur l’impact des AGPI n-3 sur le fonctionnement astrocytaire soient peu 

nombreuses, elles semblent souligner néanmoins un rôle complexe de ces AGPI dans la régulation de 

la fonction astrocytaire et, en conséquence, de la plasticité synaptique (Di Miceli et al., 2020)   
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OBJECTIFS 

De nombreuses données épidémiologiques indiquent que la consommation de diètes riches en AGPI, 

comme les diètes de type méditerranéen, la diète DASH ou la diète MIND sont associées à un 

moindre risque de développer des pathologies du cerveau, que ce soit des pathologies 

neuropsychiatriques, comme la dépression, ou des pathologies neurodégénératives (Bazinet and 

Layé, 2014; Feart and Barberger-Gateau, 2015). De plus, des études cliniques et expérimentales 

montrent qu’il existe des liens entre les niveaux d’AGPI n-3 de la diète, le statut du cerveau en AGPI 

n-3, les performances cognitives et les comportements émotionnels. En particulier, des données chez 

l’animal ont mis en valeur l’importance de l’exposition périnatale à des diètes carencées en AGPI n-3, 

notamment en ALA, sur le métabolisme et les teneurs cérébrales en AGPI n-3 et les conséquences 

morphofonctionnelles et comportementales précoces de cette exposition, ainsi que leur persistance 

à long terme. Cependant, très peu d’études ont abordé la question de la réversibilité des effets de 

l’exposition précoce à ces diètes carencées en AGPI n-3 et de nombreuses questions restent en 

suspens. Or, cette question est d’une très haute importance quand on considère les données 

récentes qui indiquent qu'une proportion élevée de la population infantile mondiale est à risque de 

carence en AGPI n-3 LC au début de la vie (Forsyth et al., 2016). Ainsi, il est important de répondre 

aux questions suivantes : est-ce que le rééquilibrage alimentaire en AGPI n-3 du jeune peut restaurer 

les niveaux d’AGPI n-3 et notamment ceux des AGPI-LC DHA et EPA ? Est- que la restauration en AGPI 

n-3 du cerveau est associée à une restauration des métabolistes bioactifs associés aux AGPI ? Les 

altérations morphofonctionnelles cérébrales et de la cognition sont-elles restaurées ? Est-ce que les 

effets restaurateurs de la diète sont identiques chez les mâles et les femelles ? Peut-on identifier les 

acteurs moléculaires des effets restaurateurs de la diète administrée après le sevrage ? Le premier 

objectif de cette thèse a donc été d’étudier, dans des souris mâles et femelles carencées en ALA dans 

les périodes périnatales, les conséquences de l’exposition à partir de la période de sevrage à une 

diète équilibrée en ALA sur les AGPI et leurs métabolites (oxylipines) dans le cerveau, la plasticité 

synaptique hippocampique et la cognition à l’âge adulte (Publication 1). Une revue faisant état des 

connaissances des effets des AGPI nutritionnels sur le développement cérébral s’en est suivi 

(Publication 2). 

D’autre part, les AGPI présents dans le cerveau sont principalement fournis par l’alimentation, 

pourtant les enzymes impliquées dans l’élongation et la désaturation des AGPI sont exprimées dans 

le cerveau, notamment par les astrocytes, dont le rôle dans les fonctions synaptiques est très 

important. De plus, les AGPI sont de puissants régulateurs de la plasticité synaptique (Di Miceli et al., 

2020), cependant peu de données existent sur le rôle de ces enzymes dans la production locale 

d’AGPI et la régulation de l’activité neuronale. Pourtant, l’inhibition génétique d’Acsl6 dans les 
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astrocytes provoque une diminution de DHA dans le cerveau et une diminution des épines 

dendritiques dans le cervelet (Fernandez et al., 2018), suggérant que la production locale d’AGPI n-3 

par les astrocytes ont un impact sur les neurones. Le NAc est une structure sensible aux 

modifications en lipides, et en particulier en AGPI n-3 ou de leurs dérivés (Berland et al., 2020; 

Ducrocq et al., 2020; Lafourcade et al., 2011; Manduca et al., 2015; Takeuchi et al., 2020). Le 

deuxième objectif a été de comprendre si elovl2, qui est impliquée dans l’élongation des AGPI-LC, 

joue un rôle dans l’activité neuronale des MSNs. Pour cela, nous avons généré un modèle de souris 

génétiquement modifiée pour l’expression d’elovl2 dans les astrocytes et étudié l’impact de cette 

inactivation sur les propriétés électrophysiologiques des MSNs, le statut en AGPI n-3 du NAc et les 

comportements émotionnels (Manuscrit 3).   

Enfin, dans un troisième objectif, nous avons étudié comment une diète enrichie en EPA et DHA 

protège du développement de comportements émotionnels altérés après un stress chronique 

(Larrieu et al., 2014). En l’occurrence, nos travaux précédents ont établi qu’après un protocole de 

stress chronique social (CSDS), les souris développent des altérations des comportements sociaux et 

anxieux qui sont sous la dépendance de l’altération de la plasticité synaptique du noyau 

accumbens(Bosch-Bouju et al., 2016). De plus, la carence alimentaire en AGPI n-3 qui altère les 

niveaux de DHA dans le NAc, le PFC et l’hippocampe provoque également une augmentation des 

comportements de type anxieux et une diminution des comportements d’interaction sociale, une 

altération de la plasticité synaptique LTD endocannabinoïde dépendante dans le NAc et le PFC et une 

altération de l’intégrité dendritique des neurones de ces structures (Lafourcade et al., 2011; Larrieu 

et al., 2014, 2012; Manduca et al., 2015). Nous avons recherché si la consommation de diètes riches 

en EPA+DHA modifie les profils en AGPI du NAc et la signature moléculaire lipidque asssociée et 

promeut la LTD-dépendante des ECBs et limite les altérations comportementales associées au stress 

chronique (Manuscrit 4). 
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CHAPITRE 01 : Conséquences de l’exposition à partir de la période de sevrage 

à une diète équilibrée en ALA sur les AGPI et leurs métabolites (oxylipines) 

dans le cerveau, la plasticité synaptique hippocampique et la cognition à l’âge 

adulte 
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ABSTRACT 

The brain is highly enriched in n-6 and n-3 long chain polyunsaturated fatty acids (LC-PUFAs) that 

are crucial to brain development. In humans, the link between low n-3 PUFA dietary intake during 

development and the risk to higher cognitive alteration has been established. In rodents, perinatal 

dietary n-3 PUFA deficiency alters brain n-3 LC-PUFA levels, synaptic plasticity and memory. 

However, most of the studies have been conducted in male, and not in female rodents. In addition, 

whether these neuronal and cognitive alterations triggered by an early-life n3 PUFA deficiency are 

reversible has been poorly addressed. In this work, we sought to determine how a diet balanced in n-3 

PUFAs given at weaning can correct the alteration of the long-term potentiation (LTP) measured in 

the hippocampus and spatial memory triggered by exposure at the beginning of life to a diet low in 

PUFA n-3, taking sex into account. Female mice were fed either with a diet deficient in n-3 PUFA or 

to a diet balanced in n-3 PUFA throughout pregnancy and lactation and, at weaning, the male and 

female offspring were maintained until adulthood under the same diets as their mothers. In a third 

cohort, male and female offspring from the n-3 PUFA-deficient diet were exposed to the n-3 PUFA 

balanced diet from weaning to adulthood. In adulthood, behaviour and spatial memory, hippocampal 

PUFAs and their metabolites (oxylipins), hippocampal LTP and spine density were measured. Our 

results revealed that early exposure to an n-3 PUFA-deficient diet impairs memory and hippocampal 

synaptic plasticity, but not spinal density in male and female adult offspring. Importantly, exposure of 

n-3 PUFA-deficient offspring to a balanced diet at weaning differentially reverses spatial memory and 

hippocampal PUFA differently according to females based on our results. Interestingly, oxylipins and 

synaptic plasticity is restored in both male and female. Overall, our results indicate for the first time 

that impairments in memory, hippocampal PUFA metabolism, and synaptic plasticity induced by 

dietary n-3 PUFA deficiency in early life are more easily corrected by dietary correction with n-3 

PUFA in early life in females than in males. 
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INTRODUCTION 

The brain contains high amounts of n-3 and n-6 long chain polyunsaturated fatty acids (LCPUFAs) 

and more precisely of docosahexaenoic acid (DHA, n-3) and arachidonic acid (AA, n-6) (Bazinet and 

Layé, 2014; Joffre et al., 2016). In addition, eicosapentaenoic acid (EPA, n-3), which is poorly found 

in neurons, accumulates in microglia cells (Cisbani et al., 2021; Rey et al., 2018). N-6 and n-3 

LCPUFAs are metabolically derived from their respective precursors, alpha-linolenic acid (ALA, n-3) 

and linoleic acid (LA, n-6) which are not synthetized de novo by mammals and have to be provided 

through the diet (Bazinet and Layé, 2014). A substantial amount of DHA is accreted in the brain 

during the perinatal period (Lauritzen, 2001). Indeed, n-3 PUFA maternal dietary supply is a critical 

component of DHA composition of the offspring brain (recently reviewed in (Martinat et al., 2021)). 

We and others have previously reported that early-life exposure to diet deficient in ALA and rich in 

LA decreases brain DHA and increases emotional behavior and memory alteration at weaning 

(Madore et al., 2020, 2014) and at adulthood (Fedorova et al., 2009, 2007; Lafourcade et al., 2011; 

Larrieu et al., 2012; Leyrolle et al., 2022, 2021; Moranis et al., 2012). As the neuronal content of DHA 

decreases, synaptic plasticity (long-term potentiation, LTP) is altered in the hippocampus of male 

offspring at weaning and adulthood (Di Miceli et al., 2020; Madore et al., 2020; Thomazeau et al., 

2016). Interestingly, dendritic arborization and spine density is altered in the hippocampus of n-3 

PUFA deficient mice at weaning (Madore et al., 2020), but not at adulthood (Larrieu et al., 2014). 

Endocannabinoid-dependent long-term depression (eLTD) is also altered in the nucleus accumbens 

and the prefrontal cortex of n-3 PUFA deficient male adult mice (Lafourcade et al., 2011; Manduca et 

al., 2015). Transcriptional profiles are altered in the hippocampus and prefrontal cortex of n-3 PUFA 

deficient male mice, with a majority of genes belonging to cell communication defined as synaptic 

transmission or neurotransmitter release, immune system or brain developement (Leyrolle et al., 

2022). Importantly, altered hippocampal structure and function, together with memory impairment 

observed at adulthood, is dependent on early life dietary exposure to n-3 PUFA deficiency as such 

alterations are not observed in adult mice submitted to the deficient diet starting at weaning (Delpech 

et al., 2015; Labrousse et al., 2018; Leyrolle et al., 2022; Rey et al., 2018). Indeed, developmental 

deprivation of brain DHA could be a determinant of long lasting memory and neuronal alterations 

associated to low dietary intake of n-3 PUFA. This is consistant with the previously reported activity 

of DHA on neurodevelopment (Lozada et al., 2017) and the highest risk of developing cognitive 

alteration in infants fed with diets poor in n-3 PUFA (recently reviewed in (Martinat et al., 2021) ; 

Basak et al., 2020; Madore et al., 2020; Makrides et al., 2019). The mechanisms underlying the effect 

of decreased DHA on synaptic plasticity and behavior are still poorly understood. In the hippocampus, 

decreased brain DHA is associated with increased arachidonic acid (AA, n-6) (Delpech et al., 2015; 

Joffre et al., 2016). AA is metabolized by cyclooxygenases (COX), lipoxygenases (LOX), or 

cytochrome P450 monooxygenases (CYP) to several eicosanoids (prostaglandins, leukotrienes, HETE, 

etc) which have pro-inflammatory activities (Calder, 2001). The same enzymes convert DHA and EPA 
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to metabolites (maresin, neuroprotectin, resolving) which are considered to exhibit pro-resolutive and 

anti-inflammatory activities (Serhan et al., 2015, 2002). As AA and DHA compete with the same 

enzymes, diet-induced changes in AA/DHA alters the synthesis of their respective oxidized products 

called oxylipins, including in the brain (Joffre et al., 2016; Layé et al., 2018; Reemst et al., 2022; Rey 

et al., 2019). Recently, we revealed that 12-HETE, a AA-derived oxylipin increased in microglia by 

dietary n-3 PUFA deficiency, is crucial to hippocampal spine and spatial memory alterations triggered 

by early-life exposure to a diet deficient in n-3 PUFA at weaning (Madore et al., 2020). However, 

whether the deleterious effect of early-life brain DHA decrease can be reversed by a later-life exposure 

to a diet balanced with n-3 PUFA has been poorly adressed and never adressed in female mice. In this 

work, we aimed to determine whether and how a diet balanced in n-3 PUFA given at weaning can 

correct hippocampal and memory alteration triggered by early-life exposure to a diet poor in n-3 

PUFA, taking into account sex. To do so, female mice were fed either to a n-3 PUFA deficient diet or 

to a n-3 PUFA balanced diet (Joffre et al., 2016) and at weaning, male and female offspring were 

maintained until adulthood under the same diets than their mothers. In a third cohort, male and female 

offspring from the n-3 PUFA deficient diet were exposed to the balanced diet from weaning until 

adulthood. At adulthood, emotional behavior and spatial memory, hippocampal PUFAs and their 

metabolites (oxylipins), hippocampal synaptic plasticity (long-term potentiation, LTP) and spine 

density were measured. Our findings reveal that early-life exposition to a diet deficient in n-3 PUFA 

alters memory and hippocampal synaptic plasticity, but not spine density in adult male and female. 

Importantly, the exposure of n-3 PUFA deficient offspring to a balanced diet at weaning differentially 

reverses spatial memory and PUFA in the hippocampus according to to females based on our results. 

Interestingly, synaptic plasticity were restored in both male and female. Altogether, our results 

pinpoint for the first time that early-life dietary n-3 PUFA deficiency-induced memory, PUFA 

metabolism and synaptic plasticity alterations are more easily rescued by an early life n-3 PUFA 

dietary correction in female than in male mice. 
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MATERIAL AND METHODS 

ANIMALS AND DIETS 

All experiments were performed according to criteria of the European Communities Council Directive 

2010/63/EU for animal experiments and were approved by the national ethical committee for the care 

and use of animals (N°APAFIS 2018061514419181 #15533). 

In this study, male and female CD1 mice were used. Male and female CD1 breeders were purchased 

from Janvier Labs (le Genest-Saint-Isle, France). They were placed on n-3 PUFA balanced (n-3 bal) or 

n-3 PUFA deficient diet (n-3 def) (INRAE Jouy-en-Josas (Mingam et al., 2008), see Table 1 for fatty 

acid composition of the n-3 PUFA balanced and deficient diets) since the first day of mating (Figure 

1). At weaning (21 days post-natal), offspring were separated by sex and housed in group of 6-9 in 

polycarbonate cages in an air-conditioned (22 +/- 1°C) colony room with a 12: 12 light/dark cycle with 

ad libitum access to food and water.  Half of the n-3 def animals were fed with a n-3 bal diet (n-3 rev 

for reverse) while the rest of the animals were maintained under the same diets than their mothers. All 

groups of mice were fed for 8 weeks with their respective diet. In total, 325 offspring were used for 

experiments; n-3 bal: 66 males and 71 females; n-3 def: 43 males and 49 females; n-3 rev 49 males 

and 47 females. The first cohort was used for behavioral and electrophysiological or fatty acids or 

oxylipins or enzyme or arborization measurement and the second cohort was used for oxylipin or 

electrophysiological assessment (Figure 1) and weighed once a week. 

BEHAVIORAL TEST 

Behavioural tests were all performed during the light phase (between 8:00 AM and 11:00 AM) as 

previously described (Delpech et al., 2015; Labrousse et al., 2018; Lafourcade et al., 2011). Mice were 

handled 5 min every day for 2 weeks before the behavioral measurements. Spatial recognition memory 

was evaluated using the Y-maze test (Delpech et al., 2015). The apparatus is a Y-shaped maze with 3 

arms (35cm long and 10cm deep), illuminated at 15 Lux and placed in a room with visual cues. 

Briefly, in a first trial, mice explored two arms for 5 min and after a 1h inter-trial interval (ITI) they 

explored three arms for 5 minutes. Initial and new arms were randomly assigned for each mouse. A 

tracking system was used (SMART system; San Diego Instruments) to analyse the time spent in the 

different arms, data are expressed as second or cm. Anxiety-like behavior was assessed in the Open 

Field test as described elsewhere (Seibenhener and Wooten, 2015). Mice were placed in an open area 

of 40x40 cm and 20cm deep illuminated at 30 Lux for 5 min. The time spent in the peripheral zone 

and the central zone was analyzed using with the SMART system (San Diego Instruments). 
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ELECTROPHYSIOLOGY 

Coronal hippocampal slices (350 µm) were prepared from adult mice. Brain slices were obtained with 

a vibrating blade microtome (VT1000S, Leica Microsystems, Germany) in an ice cold oxygenated 

artificial cerebrospinal fluid (ACSF) containing in (mM): 23 NaHCO3, 87 NaCl, 75 Sucrose, 25 

Glucose, 4 MgCl2, 2.5 KCl, 0.5 CaCl2, 1.25 NaH2PO4. Slices were placed 20 minutes in ACSF at 

32°C, then 40 minutes at room temperature and recordings were started after. ACSF solution for 

storage contained (in mM): 23 NaHCO3, 130 NaCl, 11 Glucose, 2.4 MgCl2, 2.5 KCl, 1.2 CaCl2, 1.2 

NaH2PO4. ACSF solution for recordings contained (in nM): 23 NaHCO3, 130 NaCl, 11 Glucose, 1.2 

MgCl2, 2.5 KCl, 2.4 CaCl2, 1.2 NaH2PO4. Extracellular field excitatory post-synaptic potentials 

(fEPSPs) were evoked by stimulation (150 µs, 0.1 Hz) of the Schaeffer collateral pathway afferents of 

the CA3 area using a bipolar concentric electrode (Phymep, Paris, France and stimulator A365, WPI, 

Sarasota FL, USA). Recordings in the CA1 stratum radiatum with borosilicate glass pipettesof 4 to 8 

MΩ resistance filled with recording ACSF. Recordings were performed at 28°C using a temperature 

control system (TC-344B, Warner Instrument Corporation) and slices were continuously superfused at 

3-4 ml/min with ACSF. Signals were amplified using Multiclamp 700B amplifier (Molecular Devices, 

Sunnyvale, CA, USA) controlled with pClamp 10.3 software via a Digidata 1440A interface 

(Molecular Devices). Baseline was obtained with stable fEPSPs recorded for 10 min at 0.1 Hz with a 

stimulus intensity of 40-50% of the maximum fEPSP. Long Term Potentiation (LTP) was induced 

using the high frequency stimulation (HFS) consisting in 3 stimulations trains at 100 Hz for 1 sec with 

20 sec interval. After HFS protocol, fEPSPs were recorded for 45 min at 0.1 Hz. For each experiment, 

fEPSP amplitudes were measured 10 min before the induction of plasticity and up to 45 min after the 

protocol using Clampfit 10.3. All products for ACSF were provided by Sigma (Saint Quentin 

Fallavier, France).  

FATTY ACID PROFILE 

Briefly, fatty acids from the hippocampus were analysed as previously described (Delpech et al., 2015; 

Labrousse et al., 2012; Madore et al., 2014). Fatty acids composition of the hippocampus is expressed 

as the percentage of total fatty acids.  

OXYLIPINS  

The different metabolites derived from n-3 and n-6 PUFA families were extracted and analysed by 

mass spectrometry (LC-MS/MS) at METATOUL-lipidomic platform (MetaboHUB, INSERM UMR 

1048, I2MC, Toulouse, France) as previously described (Rey et al., 2018).  

DENDRITIC SPINE LABELLING AND COUNTING 

After anaesthesia by isoflurane, brains were removed, washed in phosphate-buffered saline and 

processed for staining of individual neurons following the manufacter’s instructions for the rapid 
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Golgi kit (FD Neurotech, Columbia, MD, USA) (Madore et al., 2020). After 24h hours, the solution 

was renewed and the impregnation continued for 4 days. Tissues were then immersed into a protective 

solution (phosphate buffer with sucrose and ethylene glycol). Brains were frozen and then sliced at 

100 µm with cryostat. Slices containing the dorsal hippocampus were used for morphological analysis. 

Images were acquired by a trained experimenter blind to the conditions using motorized Leica 

DM5000 microscope at a 63X magnification. Images were acquired using a CCD Coolsnap camera 

and Metamorph software (Madore et al., 2014). 

For analysis, we randomly selected pyramidal neurons from the CA1 region of the dorsal 

hippocampus that were fully penetrated by the Golgi coloration and clearly distinguishable from other 

neurons. Neuron reconstruction was performed using the Fiji platform (Schindelin et al., 2012). 

Between 3 and 5 neurons were selected from each animal. Spine density in these neurons was 

determined by counting the number of spines on at least 3 basal and 3 apical dendritic segments of 10 

µm in length. Segments from dendrites situated as far from the cell body as possible, with no overlap 

with other dendrites were randomly selected. Primary dendrites were never used for analysis as their 

thickness hampers detection of spines. Spine density was calculated per 10 µm and averaged across 

the different segments in the same neuron. A dendritic complex index (DCI) was used based on the 

number of dendrites from N order divided by the total number of dendrites. 

NUCLEAR MAGNETIC RESONANCE  

Body composition of animals (fat mass, lean mass, fluids) was measured by nuclear magnetic 

resonance, a non-invasive method assessed on awake animals by pulsed frequency radiation of 6.5 

MHz during 2 minutes (LF minispec, Bruker Corporation). Results are expressed in % of total weight. 

STATISTICAL ANALYSES 

Statistical analyses were performed using GraphPad 7, 9 and Statistica softwares. All parameters were 

analyzed using Kruskall-Wallis one-way ANOVA between independent groups, with an exception for 

Y-maze that was analyzed using two-way repeated measures ANOVA with diet as between-subject 

factors and arm (novel vs. familiar) as the within-subjects factor was performed. All post 

hoc comparisons were made using Bonferroni test, with an exception for Y-maze where specific 

comparisons between novel and familiar arms were assessed by paired Student’s t-tests.. The threshold 

for statistical significance was set at p <  ou = 0.05.  

For electrophysiological recordings, fEPSPs were normalized to 10 min baseline prior to plasticity 

induction. Strenght of synaptic plasticity was tested for each condition using a paired t-test between 

normalized baseline value and normalized fEPSP value at 45 min after plasticity induction (mean of 

the last 5 minutes of recording). To compare plasticity between n-3 PUFA balanced and n-3 PUFA 

deficient animals, we used a Mann-Whitney test. To compare time courses of synaptic plasticity for 
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each diet, a two-way ANOVA with time and diet (n-3 bal vs n-3 def vs n-3 rev) as factors was 

performed and when a significant interaction was reported, ANOVAs were followed by post hoc 

Bonferroni test comparisons. 

The oxylipins pattern was assessed by using the Principal Components Analysis (PCA) for the three 

different diet groups for each sex group. This dimension-reduction technique summarizes data into 

principal components (PC) that maximize the variance of the data considered. These PCs are 

uncorrelated linear combinations of the initial variables which can be interpreted as patterns. PCA 

generates factor loadings that reflect the correlation of each variable with the PC and a PC score for 

each individuals. We selected the number of components using the Cattell criterion.  Multivariate 

analysis was used with correlation matrix and heat map representation performed with GraphPad 

software. For those analyses, a zscore was calculated for each sample, based on the mean of group 

condition results and standard deviation. It is the proportion of the number of standard deviation above 

and below the population represented by raw datas : Z = (x-µ)/σ (with x the data, µ the mean and σ 

:the standard deviation).  

RESULTS 

N-3 PUFA balanced diet given at weaning differentially rescues the deleterious effect of 

n-3 PUFA dietary deficiency on PUFA levels in the male and female hippocampus 

First, we investigated the impact of the different diets under study n-3 bal, n-3 def and n-3 rev on brain 

fatty acid composition in the hippocampus of male and female adult mice (Fig. 2). Statistical analysis 

revealed no significant effect of the diets on the total amount of saturated fatty acid (SFA), 

monounsaturated fatty acid (MUFA) and PUFA (Table 4) with a significant effect of the diets on total 

n-6 and n-3 PUFAs and their ratio (Table 4) in the hippocampus of male mice. In particular, the 

PUFAs belonging to the n-6 PUFA family (18:2, 20:3, 20:4, 22:4 and 22:5) were significantly altered 

by the n-3 def as compared to the n-3 bal diet (Fig. 2.C, Table 4). Importantly, the exposure to the n-3 

PUFA balanced diet at weaning lead to a significant change of the level of these species, except for 

AA (20:4), which is not restored (Fig. 2.C). Concerning the n-3 PUFA family, a significant decrease 

of 20:5, 22:5 and 22:6 species was triggered by the exposure to the n-3 PUFA deficient diet, which 

was reversed by the n-3 PUFA balanced diet given at weaning (Table 4, Fig. 2.D). The results were 

different in the hippocampus of adult female mice with a significant effect of the diets on MUFA and 

PUFA, but not SFA (Table 5). Concerning the total level of n-6 and n-3 PUFA and their ratio, the 

exposure to a n-3 PUFA deficient diet significantly decreased their levels which were restored by the 

exposure to a n-3 PUFA balanced diet since weaning (Fig. 2.E-F). These significant changes were 

also observed for the individual species EPA (22:5), DPA (22:5) and DHA (22:6) (Table 5, Fig. 2).  

Different effect of diets on oxylipin level in male and female hippocampus 
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As PUFA levels were differentially affected by the early-life exposure to the diets according to sex 

and that we previously reported that dietary n-3 PUFA strongly influence brain oxylipins levels (Rey 

et al., 2018), we then measured oxylipin in the hippocampus of male and female mice exposed to the 

diets under study (Fig 3.A, heat map representation). 5 out of 24 measured oxylipins were significantly 

altered by the diets in the male hippocampus (Table 1). In particular, 13-HODE and 9-HODE, derived 

from LA and 8isoPGA2, derived from AA, were significantly decreased in n-3 rev as compared to n-3 

def or n-3 bal (Table 1). On the opposite, 18-HEPE and 14-HDoHE, which are respectively EPA and 

DHA-derived oxylipins, were significantly decreased in the hippocampus of n-3 def as compared to n-

3 bal or n-3 rev (p<0,001). In female, 15 out of 24 oxylipins detected were significantly altered by 

dietary intervention (Table 2). Overall, LA and AA-derived oxylipins were significantly increased in 

the hippocampus of n-3 def as compared to n-3 bal (13-HODE, 9-HODE, 14,15 EET, 8-HETE, 5-

HETE, 5oxoHETE, LXB4), while decreased as compared to n-3rev (13-HODE, 9-HODE, 14,15 EET, 

12,11-EET, 5,6-EET, 5-HETE, 5oxoHETE, 8isoPGA2, 15dPGJ2). On the opposite, EPA and DHA-

derived oxylipins in female hippocampus were significantly decreased in n-3 def as compared to n-3 

bal (18-HEPE, 17HDoHE) and increased in n-3 rev as compared to n-3d ef (18-HEPE, 14-HDoHDE, 

17-HDoHDE). All statistical analysis are presented in Table 2 and 3. Multivariate data analysis of 

oxylipins in male and female hippocampi further revealed the separation of oxylipin pattern according 

to diet (Fig. 3.A-B). A correlation matrix revealed that LA-derivatives (13-HODE and 9-HODE) were 

inversely correlated to EPA- and DHA-derivatives (18-HEPE, 14-HDoHE and 17-HDoHE) and 

positively correlated to most of the AA-derivatives in male hippocampus. In addition, oxylipins 

derived from AA were positively correlated together and DHA and EPA-derived oxylipins were 

negatively correlated to EETs (14,15-EET and 11,12-EET) and positively correlated to prostaglandins 

(PGE2 and PGD2). In the hippocampus of female mice, LA-derived oxylipins were negatively 

correlated to 5,6-EET, 18-HEPE, 14-HDoHE and 17-HDoHE while positively correlated to AA-

derived oxylipins. AA-derived oxylipins were positively correlated together and to 5,6-EET while 

EPA and DHA-derived oxylipins were negatively correlated to LA- and some AA-derived oxylipins 

(14,15-EET, 11,12-EET, 5oxoETE, 8isoPGA2 and 15dPGJ2). To further gain insight in which 

oxylipin pattern was responsible of the differences between groups and in the visualization of their 

individual repartition, we performed PCA (principal component analysis) (Fig. 3.E-F).  PC1 explained 

49,10% of the total variance and reported a positive score for all LA, AA, EPA and DHA metabolites 

except for 11,12-EEt and 14,15EET in male hippocampus. In addition, PC2 explained 20,93% of the 

total variance with a positive score for AA, EPA and DHA metabolites (5,6-EET, 12-HETE, 

6kPGF1a, TXB2, PGE2, PGF2a, PGD2, 18-HEPE, 14-HDoHE and 17-HDoHE) (Fig. 3.E). In female, 

PC1 explained 41,05% of the total variance with a positive score for all LA, AA, EPA and DHA 

metabolites except for 5,6-EET, 18-HEPE and 17-HDoHE. In addition, PC2 explained 25,19% of the 

total variance with a positive score for AA, EPA and DHA metabolites (5,6-EET, 15-HETE, 8-HETE, 

12-HETE, LXA4, 6kPGF1a, TXB2, PGE2, PGF2a, PGD2, 18-HEPE, 14-HDoHE and 17-HDoHE) 
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and a negative score for some AA metabolites (14,15-EET, 11,12-EET, 8,9-EET, -HETE, 8-HETE, 

5oxoETE, 6kPGF1a, 8isoPGA2 and 15dPGJ2) (Fig. 3.F). The study of individual repartition revealed 

a clear separation on n-3 bal and n-3 def male (Fig. 3.E) and female (Fig. 3.F). N-3 reversed males 

animals were not totally fitting n-3 deficient or n-3 balanced groups while n-3 reversed females 

showed a repartition close to the n-3 balanced group.  

N-3 PUFA balanced diet given at weaning differentially rescues the deleterious effect of 

n-3 PUFA dietary deficiency on memory in male and female  

N-3 PUFA dietary deficiency-altered DHA levels in the hippocampus has been reported to alter spatial 

memory (Delpech et al., 2015) in male, but not in female mice. To further get insight into the 

consequences of early-life exposure on memory at adulthood in both sexes and determine whether 

switching to a n-3 PUFA balanced diet at weaning can protect from these deficits, spatial memory was 

measured in adult mice submitted to the 3 diets under study using a Y-maze test with a 1-h ITI 

(Labrousse et al., 2012) (Fig. 4). No significant effect of the diets was revealed on the total time and 

distance travelled in both male and female. In male, a two-way ANOVA analysis revealed a 

significant effect of arm (F(1,72) = 14,5, p<0,001) and diet by arm interaction (F(2,72) = 3,24 p<0,05 

on the time spent in the arms (Fig. 4.A). The post-hoc analysis further revealed that n-3 bal mice spent 

more time exploring the novel arm as compared to the familiar arm (p<0,05) which was not the case 

for n-3 def and n-3 rev male mice. In female, a two-way ANOVA analysis revealed a significant effect 

of arm (F(1,82) = 17,12, p<0,001) and dietxarm interaction (F(2,82) = 3,3, p<0,05) on the time spent 

in the arms (Fig. 4.A). A post hoc analysis further revealed that n-3 bal and n-3 rev female mice spent 

significantly more time in the novel arm as compared to the familiar arm (p<0.01) and this was not the 

case for n-3 def mice. In the open-field test, used to measure anxiety-like behavior, a significant effect 

of the diets were observed on the total distance travelled (F 8.B) and the time in the center (F(2,87) = 

6,3, p<0.01) (Fig. 8.A) in male, but not in female. Post-hoc analysis further revealed that n-3 bal male 

spent significantly more time in the center and travel more distance in the open-field as compared to n-

3def (p<0.001) and n-3 rev (p<0.05) mice.  

N-3 PUFA balanced diet given at weaning rescues the deleterious effect of n-3 PUFA 

dietary deficiency on long term potentiation in both male and female hippocampus 

As early-life exposure to a n-3 PUFA deficient diet alters LTP in the hippocampus of male mice at 

weaning and adulthood (Madore et al., 2014; Thomazeau et al., 2016) which is a hallmark of spatial 

memory (Lafourcade et al., 2011) which is differentially restored in male and female fed with a 

balanced n-3 diet until weaning. We therefore analyzed LTP until 45 minutes after stimulation in the 

hippocampus of male and female mice with the different diets under study using a presynaptic 

stimulation of 3 pairings at 100 Hz (high frequency stimulation protocol HFS) (Fig. 5.A-5.B). Using 

this protocol, LTP was displayed in n-3 bal and n-3 rev male and female, but not in n-3 def.  
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N-3 PUFA deficient diet does not alter dendritic arborization and spine number of 

neurons in the CA1 zone of the hippocampus of male and female.  

We previously found that cornus amnosis (CA1) neurons, which are crucial in the processing of 

hippocampus-dependent memory and LTP (Thomazeau et al., 2016) have altered spine and dendritic 

morphology and number at weaning (Madore et al., 2014), but not adulthood (Larrieu et al., 2014) of 

n-3 def male mice. We therefore explored the effect of the different dietary exposure on neuronal 

morphology in male and female adult hippocampus CA1 using Golgi staining (Fig. 6). No significant 

effect of diets under study were measured on dendritic basal and apical length of neurons in the CA1 

zone of adult male and female mice (Fig. 6A-C).  Consequently, dendritic complex index (DCI) was 

not significantly altered by the diet (Fig. 6.E-F). However, diet significantly alters spine density of 

female (F(2,17)=9,58, p<0,01), but not male CA1 neurons (Fig. 6.G). In particular, spine density was 

higher in CA1 neurons of n-3 rev female as compared to n-3 def (p<0.01) and n-3 bal (p<0.05) mice.  

 

DISCUSSION 

Our results revealed for the first time that a dietary intervention with a n-3 PUFA balanced diet 

starting at weaning reverses the deleterious effect of early-life n-3 PUFA deficient diet on spatial 

memory and hippocampal PUFA profile in female, but not in male. However, the dietary intervention 

was sufficient to improve early-life n-3 PUFA deficient diet-induced LTP alteration in both sex. 

Importantly, we identified specific oxylipin signature in the hippocampus of mice under the 3 diets 

which are specific to sex, opening new insights into mechanistic activity of dietary n-3 PUFA level on 

memory function.  

Exposure to a diet deficient in n-3 PUFA since pregnancy has been previously shown by us and others 

to alter spatial memory, emotional behavior and synaptic plasticity and DHA level in the 

hippocampus, prefrontal cortex and nucleus accumbens of offspring at adulthood (Labrousse et al., 

2018; Lafourcade et al., 2011; Larrieu et al., 2012; Moranis et al., 2012). While most of the previous 

studies have been conducted in males, our current work further revealed that females are overall 

similarly impacted by the exposure to the n-3 deficient diet with decreased hippocampal DHA, altered 

spatial memory and impaired LTP. Previous work reported that female rodents fed with a diet poor in 

n-3 PUFA develop depressive-like behavior and display neurochemical alteration in the hippocampus 

(Morgese et al., 2020) but, to our knowledge this is the first report on the memory and LTP defect 

reported in female. Interestingly, maternal dietary n-3 PUFA deficiency alters fatty acid levels in the 

liver and induces neurogenesis and neurochemical alterations in the hippocampus of females rat at 

weaning (Tang et al., 2018), suggesting that maternal dietary n-3 PUFA deficiency impairs female 

brain development, like we previously reported in male (Madore et al., 2020, 2014). At adulthood, n-3 

and n-6 PUFA level were similar in the hippocampus of both male and female fed with a n-3 PUFA 
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deficient diet with decreased EPA and DHA and increased AA and DPA n-6, as expected (Joffre et al., 

2016). However, a dietary intervention with a n-3 PUFA balanced diet starting at weaning 

differentially restores the level of AA, but not of EPA and DHA, in the hippocampus of male and 

female. Overall, our results suggest that long-life dietary intervention alters differentially LA and ALA 

metabolism and/or brain n-3 and n-6 LC-PUFA accretion in male and female. This is a matter of 

debate as some differences have been previously reported in humans, with DHA level in the PFC of 

patients diagnosed with major depression being significantly reduced in female, but not male 

(McNamara et al., 2007). These differences in DHA level in men and women could be linked to the 

effect of ovarian hormones on the biosynthesis of DHA from its dietary precursor ALA (Childs et al., 

2008; McNamara et al., 2009). Whether hormonal changes were associated to the restoration of PUFA 

in the hippocampus of female, but not male, remains to be studied. However, a recent study reported 

no variation of AA level in the cortex of ovariectomized female mice treated or not with estradiol 

(Herrera et al., 2018).  

We further determined whether the differences in PUFA accretion in the brain were also associated to 

differences in PUFA-derived oxylipins in male and female. First, the oxylipin profile was differently 

altered in the hippocampus of male and female by the diets under study with only 5 species altered in 

male as compared to 15 in female, showing a specific brain oxylipin signature according to sex. 

Interestingly, LA- and EPA- derived oxylipins were altered by diets in the hippocampus of male and 

female, while strong differences were observed for AA-derived oxylipins. As a result, only 8iso-PGA2 

was differed according to dietary intervention in male, while 10 species, including 8iso-PGA2, were 

altered in the hippocampus of female. Importantly, AA increase triggered by the n-3 PUFA deficient 

diet was accompanied by a decrease in 8iso-PGA2. AA and 8iso-PGA2 profile remains identical after 

the dietary switch to a n-3 PUFA balanced diet. PGA2 is a cyclopentenone prostaglandin from PGE2 

(Straus and Glass, 2001), which level were not found to be significantly affected by dietary 

intervention in our study. 8-iso-PGA2 was previously reported to activate neuronal nociceptors and 

pain through its interaction with TRPA1 (transient receptor potential A1) (Materazzi et al., 2008), 

however to our knowledge, its effect in the brain has not been reported. Agonism of TRPA1 activates 

glutamate release by neurons (Sun et al., 2009), however whether 8iso-PGA2 activates glutamate in 

the hippocampus remains to be investigated. Of note, 8-HETE, 12-HETE and LxB4, which are AA-

derived oxylipins were not restored in the hippocampus of female fed with the n-3 PUFA balanced 

diet from weaning. In addition, 18-HEPE and 14-HDoHE, which are EPA- and DHA-derived and 

markers of resolvin E and D respectively (Layé et al., 2018; Serhan et al., 2002), are equally altered by 

the dietary interventions in the hippocampus of male and female. Increased level of these species in 

the brain by dietary intervention high in n-3 PUFA has been previously reported by us and others (Rey 

et al., 2019; Wang et al., 2022). EPA and DHA-derived oxylipins have been reported to be 

neuroprotective towards inflammatory stimuli (Layé et al., 2018; Rey et al., 2019, 2018), including on 
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human neurogenesis in vitro (Borsini et al., 2021). In addition, 18-HEPE activates BDNF synthesis in 

the retina (Suzumura et al., 2020) and was associated to remyelination and resolution to 

neuroinflammation (Rey et al., 2019; Siegert et al., 2017). These compounds have also been reported 

in the human cerebrospinal fluid (Terrando et al., 2021). However, whether 18-HEPE and 14-HDoHE 

mediates LC n-3 PUFA effect in the brain remains to be determined.  Importantly to the question 

addressed in our work, switching male and female n-3 PUFA deficient mice to a diet balanced in 

LA/ALA at weaning until adulthood displays differential effect on memory, but not on LTP according 

to sex. EPA, DHA and AA levels were restored by the balanced n-3 PUFA diet given at weaning in 

female hippocampus, while AA level was not restored in the male hippocampus. The deleterious 

impact of early-life n-3 PUFA deficient diet on working memory at adulthood has been previously 

reported by us and others in male (Lafourcade et al., 2011; Lozada et al., 2017; Madore et al., 2014; 

Thomazeau et al., 2016) but not in female mice. Interestingly, previous work reported that an early 

correction of the brain DHA deficit is critical for preventing cognitive impairments in adult mice fed 

an early-life n-3 PUFA deficient diet, while later-life dietary supplementation restores brain DHA, but 

not memory impairment (Lozada et al., 2017). However, the length of dietary supplementation is also 

critical as longer time of exposure to diets rich in n-3 PUFA can reverse the deleterious effect of n-3 

PUFA dietary deficiency on memory (Gao et al., 2016; Moriguchi and Salem Jr, 2003). Together with 

our results, this suggests that the normalization of brain DHA is not sufficient to improve memory 

function. Indeed, our results suggest that AA restoration and metabolization in the brain is critical for 

memory. This is in accordance with recent work showing that phospholipid metabolite landscape is 

modulated in response to memory acquisition (Wallis et al., 2021) and the role of 

cyclooxygenase(COX)-2, which metabolizes AA into prostanoids, in memory process in physiological 

conditions (López and Ballaz, 2020a). Furthermore, spatial memory impairment observed in early-life 

n-3 PUFA deficient diet mice in Y-maze test was not reproduced when the deficiency starts after 

weaning (Delpech et al., 2015), suggesting that impairment promoted by the n-3 PUFA deficient diet 

is probably triggered in during CNS development (Madore et al., 2020, 2014). Indeed, we previously 

reported that AA and its derivative 12-HETE are critical in mediating altered memory and synaptic 

function at weaning (Madore et al., 2020). Indeed, the role of AA and 12-HETE in early-life memory 

processes have been proposed, but how AA and 12-HETE interferes with memory at adulthood 

remains to be solved. We further report for the first time that hippocampal LTP is altered by n-3 

PUFA deficient in both male and female mice. We and others previously reported this effect in male 

and identified starting at weaning (Cao et al., 2009; Di Miceli et al., 2020; Thomazeau et al., 2016). 

LTP alteration was not associated to changes in dendritic arborization or spine number. Previous work 

reported that n-3 PUFA deficiency-induced LTP impairment in male is mediated by the 

AMPA/NMDA ratio increase in the hippocampus and the decrease in the expression of NMDA 

receptor subunit (Cao et al., 2009; Thomazeau et al., 2016). Importantly, LTP deficits were fully 
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restored in both male and female by the n-3 PUFA balanced diet. However, the mechanisms 

underlying this restoration remain to be determined.  

In conclusion, this study demonstrates that an adequate supply of n-3 PUFA in form of LNA starting 

at weaning in mice is sufficient to support cognitive function and hippocampal synaptic plasticity in 

early-life n-3 PUFA deficient female, but not male mice. Our finding identifies specific and distinct 

oxylipin signature in the hippocampus of male and female and pinpoint that these profile are 

differently affected by dietary intervention with n-3 PUFA. Our results reinforce the idea that a 

particular attention should be given to early-life n-3 PUFA in high-risk populations such as preterm 

infants in the immediate perinatal period and take account of sex. 
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Figure 1. Scheme of the experimental design.  
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Figure 2 Fatty acid profile in the hippocampus of n-3 bal, n-3 def and n-3 rev male and female mice. 

(A-B) Heatmap representation of the PUFA levels for each individual. (C) n-6 PUFA species and total 

n-6 PUFA in male hippocampus. (D) n-3 PUFA species, total n-3 PUFA and n-6/n-3 PUFA ratio in 

male hippocampus. (E) n-6 PUFA species and total n-6 PUFA in female hippocampus. (F)) n-3 PUFA 

species, total n-3 PUFA and n-6/n-3 PUFA ratio in male hippocampus. Results of C-D-E and F are 

expressed in % of total fatty acids. Box and whiskers represent min to max values. * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 3 Multivariate analysis of oxylipins measured in the hippocampus of n-3 bal, n-3 def n-and 3 

rev male and female mice. (A-B) Heat map of all AA-, EPA-, and DHA-derived oxylipins in the 

hippocampus of mice under all diets studied. (C-D) Correlation matrix of the 24 oxylipins measured 

(blue: positive correlation, orange: negative correlation, white: no significant correlation).  (E-F) 

Correlation of variable and individuals from the n-3 bal, n-3 def and n-3 rev oxylipins measured in the 

hippocampus of n3 bal, n-3 def and n-3 rev mice based on the principal component score from PCA. 

The two pattern PC1 and PC2 (Principal Component) represent 70.03% of the variance. The length of 

each arrow is proportional to the weight of the corresponding factor in defining the pattern. Two 

arrows with opposite directions are anti-correlated variables. Circles represent individual mice of the 

n-3 bal, n-3 def and n-3 rev groups.  
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Table 1 Oxylipins measured in the hippocampus of n-3 bal, n-3 def and n-3 rev male mice. Data are 

presented as mean ± SEM (n=5) and are expressed in pg/mg protein. Data were analysed by a One-

Way ANOVA followed, if a significant effect is revealed (p<0.05), by a Bonferroni multiple 

comparison test.  

 

  

Fatty 

acids 

derivatives 

Males 
Statistical effects 

(One- Way ANOVA) 

  
(pg/mg 

protein) 
n-3 Bal (a) n-3 Def (b) n-3 Rev (c) ANOVA 

Multiple 

comparison 

n
-6

 d
e
r
iv

a
ti

v
e
s
 

L
A

 13-HODE 7765.6 ± 2578.7 8005.3 ± 6375.1 3581.8 ± 849.0 p<0.05 b-c p<0.05 

9-HODE 4102.3 ± 1363.0 3405.4 ± 2328.7 1599.3 ± 371.9 p<0.05 b-c p<0.05 

A
A

 

14,15-EET 803.0 ± 640.7 721.5 ± 684.4 1139.5 ± 705.9 ns ns 

11,12-EET 1131.4 ± 1189.3 1132.6 ± 1041.0 1172.1 ± 961.6 ns ns 

8,9-EET 6382.7 ± 1082.4 3447.5 ± 1189.2 4686.0 ± 2326.4 ns ns 

5,6-EET 2483.6 ± 2192.7 1596.3 ± 1128.1 2965.6 ± 767.0 ns ns 

15-HETE 
91845.0 ± 

47238.0 

56101.7 ± 

47142.1 
48643.0 ± 7514.8 ns ns 

8-HETE 4831.4 ± 2712.4 3098.4 ± 1380.9 3633.7 ± 1052.3 ns ns 

12-HETE 
43595.5 ± 

26775.5 

23936.2 ± 

18402.1 
25671.2 ± 8161.8 ns ns 

5-HETE 
48271.9 ± 

25127.4 

39352.5 ± 

29710.7 

30944.0 ± 

16417.8 
ns ns 

LTB4 134.2 ± 38.6 98.7 ± 86.5 95.0 ± 73.8 ns ns 

5oxoETE 
68713.8 ± 

44498.7 

43790.4 ± 

24670.9 

40305.9 ± 

16790.6 
ns ns 

LXB4 1754.8 ± 450.0 1379.1 ± 566.4 1553.4 ± 323.7 ns ns 

LXA4 3090.2 ± 1686.4 2240.2 ± 2097.2 1385.0 ± 274.1 ns ns 

6kPGF1a 2196.9 ± 785.6 1000.8 ± 1055.9 1202.3 ± 375.4 ns ns 

TXB2 7144.9 ± 2787.7 2284.9 ± 1231.1 4371.0 ± 1649.8 ns ns 

8isoPGA2 2647.2 ± 1552.4 1500.4 ± 446.6 1131.4 ± 449.0 p<0.05 a-c p<0.05 

15dPGJ2 122.4 ± 73.0 66.0 ± 63.9 65.8 ± 63.9 ns ns 

PGE2 13314.0 ± 4661.7 5325.7 ± 2667.6 6590.5 ± 1577.3 ns ns 

PGF2a 
46290.2 ± 

30034.7 
21091.2 ± 5186.7 23162.3 ± 3510.6 ns ns 

PGD2 
20961.6 ± 

12533.2 
9000.0 ± 3074.3 12272.4 ± 4094.5 ns ns 

n
-3

 d
e
r
iv

a
ti

v
e
s
 

E
P

A
 

18-HEPE 131.6 ± 64.5 0 ± 0.0 59.4 ± 69.2 p<0.001 
a-b / b-c 

p<0.001 

D
H

A
 14-HDoHE 5073.8 ± 2910.5 1503.6 ± 1337.7 4161.4 ± 746.9 p<0.05 a-b p<0.05 

17-HDoHE 
14837.6 ± 

11321.8 
3653.0 ± 2169.0 9305.8 ± 2597.7 ns ns 
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Table 2 Oxylipins measured in the hippocampus of n-3 bal, n-3 def and n-3 rev female mice. Data are 

presented as mean ± SEM (n=5) and are expressed in pg/mg protein. Data were analysed by a One-

Way ANOVA followed, if a significant effect is revealed (p<0.05), by a Bonferroni multiple 

comparison test. 

  Fatty acids 
derivatives 

Females 
Statistical effects (One 

Way ANOVA) 

  (pg/mg 
protein) 

n-3 Bal (a) n-3 Def (b) n-3 Rev (c) ANOVA 
Multiple 

comparison 

n
-6

 d
e
r
iv

a
ti

v
e
s
 

L
A

 13-HODE 3165.6 ± 1398.7 6362.6 ± 3198.4 3374.3 ± 617,7 p<0.01 a-b / b-c p<0.01 

9-HODE 1751.7 ± 927.8 2490.5 ± 1183.1 1455.7 ± 130.6 p<0.05 b-c p<0.05 

A
A

 

14,15-EET 278.0 ± 98.2 637.9 ± 236.9 437.4 ± 76.6 p<0.001 
a-b p<0.001 / b-c 

/ a-c p<0.05 

11,12-EET 406.7 ± 194.7 1000.0 ± 741.8 480.0 ± 130.6 p<0.01 
a-b p<0.01 / b-c 

p<0.05 

8,9-EET 2511.8 ± 558.5 2639.8 ± 699.3 2576.3 ± 675.1 ns ns 

5,6-EET 1064.4 ± 244.8 1145.4 ± 210.7 1786.4 ± 497.7 p<0.001 a-c / b-c p<0.001 

15-HETE 
34452.4 ± 

17629.4 
43856.3 ± 21722.9 39954.5 ± 10059.2 ns ns 

8-HETE 1552..6 ± 430..8 2630..0 ± 546..7 2758.1 ± 422.7 p<0.001 a-b / a-c p<0.001 

12-HETE 14503.4 ± 6033.9 16287.9 ± 10125.2 24890.9 ± 12662.1 p<0.05 a-c p<0.05 

5-HETE 16646.5 ± 5641.3 30880.2 ± 11024.4 21591.3 ± 3341.3 p<0.001 
a-b p<0.001 / b-c 

p<0.05 

LTB4 58.5 ± 10.6 84.6 ± 45.0 65.4 ± 42.6 ns ns 

5oxoETE 26020.2 ± 4205.6 37283.2 ± 9742.2 27679.1 ± 5902.8 p<0.01 
a-b p<0.01 / b-c 

p<0.01 

LXB4 818.2 ± 223.0 1307.6 ± 617.4 1139.6 ± 333.3 p<0.05 a-b p<0.05 

LXA4 1056.1 ± 734.1 1602.1 ± 981.2 1162.0 ± 373.9 ns ns 

6kPGF1a 863.9 ± 488.3 1238.0 ± 1178.2 1370.5 ± 353.4 ns ns 

TXB2 2746.8 ± 960.8 2723.8 ± 796.4 3168.4 ± 1442.0 ns ns 

8isoPGA2 1091.7 ± 960.8 1531.5 ± 641.4 962.2 ± 197.3 p<0.05 b-c p<0.05 

15dPGJ2 70.0 ± 23.6 99.3 ± 28.3 51.0 ± 29.1 p<0.05 b-c p<0.01 

PGE2 5093.2 ± 2022.8 5436.9 ± 3780.3 5555.1 ± 2212.9 ns ns 

PGF2a 19092.3 ± 8880.6 20526.4 ± 10873.6 18103.7 ± 2931.7 ns ns 

PGD2 7932.3 ±3181.1 8801. ± 5172.8 10120.0 ± 3327.2 ns ns 

n
-3

 d
e
r
iv

a
ti

v
e
s
 

E
P

A
 

18-HEPE 48.9 ± 69.2 0 ± 0.0 91.1 ± 27.9 p<0.001 
a-b p<0.05 / b-c 

p<0.001 

D
H

A
 14-HDoHE 2737.1 ± 879.0 1507.2 ± 736.5 3657.0 ± 972.3 p<0.05 b-c p<0.05 

17-HDoHE 6386.7 ± 2807.0 3248.3 ± 1240.7 7742.6 ± 2466.9 p<0.001 
a-b p<0.01 / b-c 

p<0.001 
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Figure 4 Spatial memory of n-3 bal, n-3 def and n-3 rev male and female mice. (A) Time spent (in 

sec) exploring the familiar and the new arm of the Y-maze by n-3 bal, n-3 def and n-3 rev male and 

female mice (n=[20-33]). Paired t-test * p<0.05, **p<0.01, *** p<0.001. (B) Distance travelled (in 

cm) in the arms of the Y-maze by n-3 bal, n-3 def and n-3 rev male and female mice (n=[20-33]). 

Paired t-test. 
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Figure 5 Field recordings in the hippocampus of n-3 bal, n-3 def and n-3 rev male and female mice. 

(A) Field excitatory post synaptic potential (fEPSP) amplitudes were measured after high frequency 

stimulation (HFS) protocol of 3x100 Hz. (B) Pre and post (Last 5 minutes of fEPSP amplitude 

recordings) comparison. Paired t-test ** p<0.01 *** p<0.001.      
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Figure 6 Basal and apical dendrite length of hippocampal CA1 pyramidal neurons from n-3 bal, n-3 

def and n-3 rev male and female mice. (A) Basal length of hippocampal CA1 pyramidal neurons. (B) 

Representative images of basal part of dendrites (C) Apical length of hippocampal CA1 pyramidal 

neurons. (D) Representative images of apical part of dendrites. (A-C) results are expressed as the 

mean length (nm). (E) and (F) Dendritic complexity index in apical (E) and basal (F) hippocampal 

CA1 pyramidal neurons. (G) Dendritic spine density over 10µm (n=5) of hippocampal CA1 pyramidal 

neurons. (H) Representative image of spines of hippocampal CA1 pyramidal neurons from n-3 bal, n-

3 def and n-3 rev male and female mice. Datas are represented by violin plot. One way ANOVA 

followed by Bonferroni test * p<0.05, ** p<0.01, *** p<0.001. 
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SUPPLEMENTARY DATA 

 

Table 3. Fatty acid composition of the diets used for the experiments (in % weight of total fatty acids). 

FA : fatty acids; LA : linoleic acid; AA : arachidonic acid; ALA : alpha-linolenic acid; DHA : 

docosahexaenoic acid; EPA : eicosapentaenoic acid; DPA : docosapentaenoic acid; ND : not detected. 

 n-3 PUFA balanced diet n-3 PUFA deficient diet 

16:0 22.6 6.2 

18:0 3.3 4.4 

Others saturated FA 1.8 1.6 

Total saturated FA 27.7 12.2 

16:1 n-7 0.2 0.1 

18:1 n-9 57.9 26.0 

18:1 n-7 1.5 0.9 

Other monosaturated FA 0.4 0.2 

Total monosaturated FA 60.0 27.2 

18:2 n-6 (LA) 10.6 60.5 

20:4 n-6 (AA) ND ND 

Total n-6 PUFA 10.7 60.5 

18:3 n-3 (ALA) 1.6 0.1 

18:4 n-3 ND ND 

20:5 n-3  ND ND 

22:5 n-3 ND ND 

22:6 n-3 (DHA) ND ND 

Total n-3 PUFA 1.6 0.1 

Total PUFA 12.3 60.6 

Ratio n-6 / n-3 6.7 >500 
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Figure 7 Weight of n-3 bal, n-3 def and n-3 rev male and female mice. (A-B) Mice weight of n-3 bal 

and n-3 def male and female mice at weaning (expressed in g). Box and Whiskers (5-95 percentile). 

One way ANOVA males F(2,158) = 10.24; p<0.001 and females F(2,153) = 7.793 followed by 

Bonferroni multiple comparison test * p<0.05, ** p<0.01, *** p<0.001. (C-D) Weight of male and 

female mice during the 8 weeks exposure of diets after weaning (expressed in g). Two-Way ANOVA 

male Diet effect F(2, 915) =  92.08 p<0.001, Time effect F(8,915) = 19.15 p<0.001 and female Diet 

effect F(2,876) = 59.86 p<0.001, Time effect F(8,876) = 10.80 p<0.001. (E-F) Body fat mass 

proportion (in % of total body mass) in male and female. One way ANOVA male F(2,29) = 2.345 

p=0.12 and female F(2,22) = 6.061 p<0.01 followed by Tukey’s multiple comparison test * p<0.05.  
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Table 4. Hippocampal fatty acid composition of n-3 bal, n-3 def and n-3 rev male mice (expressed as 

% of total fatty acids, except n-6/n-3 ratio). Values are expressed as means ± SEM. AA : arachidonic 

acids; DHA : docosahexaenoic acid; DPA : docosapentaenoic acid; DMA : dimethylacetal; LA : 

linoleic acid; MUFA : monosaturated fatty acids; PUFA : polyunsaturated fatty acids; SFA : saturated 

fatty acids.   

Fatty acids Males Statistical effects (One Way ANOVA) 

(% of total fatty 

acids) 
n-3 Bal (a) n-3 Def (b) n-3 Rev (c) ANOVA 

Bonferroni 

Multiple comparison 

14:0 0.13 ± 0.02 0.11 ± 0.01 0.11 ± 0.01 ns ns 

15:0 0.08 ± 0.03 0.07 ± 0.01 0.07 ± 0.03 ns ns 

16:0 24.98 ± 0.79 24.92 ± 0.95 23.11 ± 0.64 p<0.01 a-c p<0.01 / b-c p<0.05 

17:0 0.16 ± 0.01 0.17 ± 0.01 0.14 ± 0.01 p<0.01 a-c p<0.05 / b-c p<0.01 

18:0 22.53 ± 0.34 22.21 ± 0.24 21.95 ± 0.34 p<0.05 a-c p<0.05 

20:0 0.20 ± 0.02 0.27 ± 0.03 0.31 ± 0.03 ns ns 

22:0 0.39 ± 0.04 0.27 ± 0.04 0.42 ± 0.09 p<0.01 a-b p<0.05 / b-c p<0.01 

24:0 0.53 ± 0.07 0.29 ± 0.06 0.52 ± 0.0- p<0.001 a-b p / b-c p<0.001 

Total SFA 49.09 ± 1.12 48.30 ± 1.05 46.65 ± 0.85 p<0.01 a-c p<0.01 

16:1n-9 0.27 ± 0.05 0.21 ± 0.03 0.25 ± 0.03 p<0.05 a-b p<0.05 

16:1n-7 0.57 ± 0.09 0.49 ± 0.04 0.50 ± 0.06 ns ns 

18:1n-9 16.72 ± 0.49 14.98 ± 0.60 15.55 ± 0.29 p<0.001 a-b p<0.001 / a-c p<0.01 

18:1n-7 3.72 ± 0.10 3.90 ± 0.18 3.43 ± 0.08 p<0.001 a-c p<0.01 / b-c p<0.001 

20:1n-9 1.25 ± 0.06 1.13 ± 0.12 1.17 ± 0.13 ns ns 

20:1n-7 0.27 ± 0.02 0.28 ± 0.03 0.26 ± 0.04 ns ns 

22:1n-9 0.21 ± 0.03 0.19 ± 0.03 0.23 ± 0.02 p<0.05 b-c p<0.05 

24:1n-9 0.53 ± 0.10 0.41 ± 0.08 0.48 ± 0.09 ns ns 

Total MUFA 23.93 ± 0.80 21.80 ± 0.94 22.20 ± 0.49 p<0.01 a-b p<0.01 / a-c p<0.05 

18:2n-6 (LA) 0.25 ± 0.04 0.45 ± 0.05 0.27 ± 0.05 p<0.001 a-b / b-c p<0.001 

20:3n-6 0.43 ± 0.05 0.24 ± 0.03 0.33 ± 0.03 p<0.001 a-b p<0.001  / b-c / a-c p<0.01 

20:4n-6 (AA) 7.35 ± 0.47 8.80 ± 0.45 8.67 ± 0.34 p<0.001 a-b / a-c p<0.001 

22:4n-6 1.81 ± 0.14 2.96 ± 0.12 2.24 ± 0.11 p<0.001 a-b / b-c / a-c  p<0.001 

22:5n-6 (n-6 

DPA) 
0.48 ± 0.07 6.95 ± 0.87 0.85 ± 0.16 p<0.001 a-b / b-c p<0.001 

Total n-6 10.32 ± 0.60 19.41 ± 1.23 12.35 ± 0.52 p<0.001 a-b / a-c p<0.001 / b-c p<0.01 

20:5n-3 (EPA) 0.17 ± 0.01 0.08 ± 0.00 0.17 ± 0.02 p<0.001 a-b / b-c p<0.001 

22:5n-3 (n-3 

DPA) 
0.07 ± 0.00 0.04 ± 0.01 0.08 ± 0.01 p<0.001 a-b / b-c p<0.001 

22:6n-3 (DHA) 7.32 ± 0.85 2.32 ± 0.26 9.05 ± 0.74 p<0.001 a-b / b-c p<0.001 / a-c p<0.01 

Total n-3 7.56 ± 0.86 2.43 ± 0.26 9.30 ± 0.74 p<0.001 a-b / b-c p<0.001 / a-c p<0.01 

20:3n-9 0.21 ± 0.01 0.07 ± 0.01 0.21 ± 0.03 p<0.001 a-b / b-c p<0.001 

Total PUFA 18.09 ± 1.44 21.91 ± 1.43 21.87 ± 1.15 ns ns 

DMA 16:0 2.03 ± 0.05 1.99 ± 0.02 2.12 ± 0.08 p<0.01 a-c p<0.05 / b-c p<0.01 

DMA 18:0 3.91 ± 0.20 3.49 ± 0.09 4.12 ± 0.14 p<0.001 a-b p<0.05 / b-c p<0.001 

DMA 18:1n-9 1.33 ± 0.03 1.08 ± 0.05 1.39 ± 0.10 p<0.001 a-b / b-c p<0.001 

DMA 18:1n-7 1.62 ± 0.07 1.43 ± 0.12 1.65 ± 0.07 p<0.01 a-b p<0.05 / b-c p<0.01 

Total DMA 8.89 ± 0.22 7.99 ± 0.25 9.28 ± 0.27 p<0.001 a-b / b-c p<0.001 

n-6/n-3 ratio 1.37 ± 0.09 8.01 ± 0.60 1.33 ± 0.09 p<0.001 a-b / b-c p<0.001 
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Table 5. Hippocampal fatty acid composition of n-3 bal, n-3 def and n-3 rev female mice (expressed 

as % of total fatty acids, except n-6/n-3 ratio). Values are expressed as means ± SEM. AA : 

arachidonic acids; DHA : docosahexaenoic acid; DPA : docosapentaenoic acid; DMA : 

dimethylacetal; LA : linoleic acid; MUFA : monosaturated fatty acids; PUFA : polyunsaturated fatty 

acids; SFA : saturated fatty acids.   

Fatty acids Females Statistical effects (One Way ANOVA) 

(% of total fatty 

acids) 
n-3 Bal (a) n-3 Def (b) n-3 Rev (c) ANOVA 

Bonferroni 

Multiple comparison 

14:0 0.12 ± 0.01 0.11 ± 0.01 0.12 ± 0.01 ns ns 

15:0 0.06 ± 0.01 0.06 ± 0.01 0.08 ± 0.01 ns ns 

16:0 24.64 ± 0.82 24.21 ± 0.66 24.92 ± 0.93 ns ns 

17:0 0.17 ± 0.01 0.16 ± 0.01 0.17 ± 0.02 ns ns 

18:0 22.36 ± 0.45 22.25 ± 0.28 22.74 ± 0.60 ns ns 

20:0 0.27 ± 0.03 0.26 ± 0.03 0.30 ± 0.04 ns ns 

22:0 0.32 ± 0.07 0.28 ± 0.02 0.37 ± 0.08 ns ns 

24:0 0.41 ± 0.11 0.29 ± 0.03 0.45 ± 0.14 ns ns 

Total SFA 48.35 ± 1.38 47.62 ± 0.73 49.14 ± 1.74 ns ns 

16:1n-9 0.23 ± 0.01 0.18 ± 0.03 0.23 ± 0.03 p<0.05 a-b / b-c p<0.05 

16:1n-7 0.49 ± 0.04 0.48 ± 0.06 0.48 ± 0.04 ns ns 

18:1n-9 16.67 ± 0.62 14.93 ± 0.76 16.42 ± 0.93 p<0.01 a-b / b-c p<0.05 

18:1n-7 3.74 ± 0.24 3.84 ± 0.14 3.66 ± 0.06 ns ns 

20:1n-9 1.36 ± 0.12 1.17 ± 0.17 1.28 ± 0.19 ns ns 

20:1n-7 0.29 ± 0.04 0.28 ± 0.05 0.28 ± 0.02 ns ns 

22:1n-9 0.20 ± 0.02 0.18 ± 0.03 0.21 ± 0.03 ns ns 

24:1n-9 0.50 ± 0.08 0.44 ± 0.07 0.47 ± 0.09 ns ns 

Total MUFA 23.78 ± 1.01 21.71 ± 1.08 23.38 ± 1.25 p<0.05 a-b p<0.05 

18:2n-6 (LA) 0.24 ± 0.02 0.36 ± 0.03 0.28 ± 0.03 p<0.001 a-b / b-c p<0.001 

20:3n-6 0.39 ± 0.11 0.21 ± 0.02 0.30 ± 0.03 p<0.01 a-b p<0.01 

20:4n-6 (AA) 7.65 ± 0.75 9.01 ± 0.44 7.65 ± 0.90 p<0.05 a-b / b-c p<0.05 

22:4n-6 1.98 ± 0.14 2.89 ± 0.18 2.00 ± 0.23 p<0.001 a-b / b-c p<0.001 

22:5n-6 (n-6 DPA) 0.36 ± 0.02 5.85 ± 1.60 0.60 ± 0.15 p<0.001 a-b / b-c p<0.001 

Total n-6 10.62 ± 0.97 18.32 ± 2.17 10.83 ± 1.25 p<0.001 a-b / b-c p<0.001 

20:5n-3 (EPA) 0.17 ± 0.01 0.09 ± 0.02 0.13 ± 0.02 p<0.001 
a-b p<0.001 / b-c / a-c 

p<0.01 

22:5n-3 (n-3 DPA) 0.09 ± 0.02 0.03 ± 0.01 0.08 ± 0.02 p<0.001 a-b p<0.001 / b-c p<0.01 

22:6n-3 (DHA) 8.11 ± 1.44 4.00 ± 0.77 7.69 ± 1.56 p<0.001 
a-b / b-c p<0.001 / a-c 

p<0.05 

Total n-3 8.36 ± 1.45 4.12 ± 0.77 7.90 ± 1.57 p<0.001 a-b p<0.001 / b-c p<0.01 

20:3n-9 0.22 ± 0.02 0.08 ± 0.04 0.18 ± 0.04 p<0.001 a-b p<0.001 / b-c p<0.01 

Total PUFA 19.21 ± 2.43 22.52 ± 1.43 18.91 ± 2.83 p<0.05 b-c p<0.05 

DMA 16:0 1.98 ± 0.15 1.99 ± 0.09 1.99 ± 0.13 ns ns 

DMA 18:0 3.84 ± 0.16 3.58 ± 0.12 3.81 ± 0.13 p<0.05 a-b p<0.05 

DMA 18:1n-9 1.28 ± 0.09 1.11 ± 0.06 1.23 ± 0.08 p<0.05 a-b p<0.05 

DMA 18:1n-7 1.57 ± 0.09 1.48 ± 0.11 1.53 ± 0.07 ns ns 

Total DMA 8.68 ± 0.45 8.17 ± 0.21 8.56 ± 0.28 ns ns 

n-6/n-3 ratio 1.29 ± 0.11 4.61 ± 1.10 1.39 ± 0.14 p<0.001 a-b / b-c p<0.001 

 



98 
 

✱✱

✱

n-3 bal n-3 def n-3 rev
0

50

100

150

200

n-3 bal

n-3 def

n-3 rev

n-3 bal n-3 def n-3 rev
0

5000

10000

15000

20000

✱✱

✱

 

Figure 8 Emotional behavior of n-3bal, n-3 def and n-3 rev male and female mice. (A) Time spent in 

the center area (in sec) of the open-field by n-3 bal, n-3 def and n-3 rev male and female mice (n=[23-

38]). Box and whiskers. One-way ANOVA males F (2,87) = 6.219 p<0.01 followed by Bonferroni 

multiple comparison * p<0.05, ** p<0.01 and females F (2,87) = 1.507 p=0.23. (B) Distance travelled 

(in cm) in the open field by n-3 bal, n-3 def and n-3 rev male and female mice (n=[23-38]). One way 

ANOVA males F (2,87) = 6.5 p<0.01 followed by a Bonferroni multiple comparison test * p<0.05, 

**p<0.01 and females F(2,87) = 0.15 p=0.9.  
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Abstract: n-3 and n-6 polyunsaturated fatty acids (PUFAs) are essential fatty acids that are provided

by dietary intake. Growing evidence suggests that n-3 and n-6 PUFAs are paramount for brain

functions. They constitute crucial elements of cellular membranes, especially in the brain. They are

the precursors of several metabolites with different effects on inflammation and neuron outgrowth.

Overall, long-chain PUFAs accumulate in the offspring brain during the embryonic and post-natal

periods. In this review, we discuss how they accumulate in the developing brain, considering

the maternal dietary supply, the polymorphisms of genes involved in their metabolism, and the

differences linked to gender. We also report the mechanisms linking their bioavailability in the

developing brain, their transfer from the mother to the embryo through the placenta, and their role

in brain development. In addition, data on the potential role of altered bioavailability of long-chain

n-3 PUFAs in the etiologies of neurodevelopmental diseases, such as autism, attention deficit and

hyperactivity disorder, and schizophrenia, are reviewed.

Keywords: n-3 PUFAs; n-6 PUFAs; neurodevelopment; neuroinflammation; ASD; ADHD; schizophre-

nia; DHA; EPA; FADS; ELOVL; polymorphism; microglia; sex differences; placenta

1. Introduction

Lipids are critical biochemical components of the brain and are essential for proper
brain functions. The lipid composition of the brain is unique and exceedingly diverse.
Aberrant brain lipid composition, metabolism, and signaling are associated with neurode-
velopmental, neuropsychiatric, and neurodegenerative diseases [1]. Polyunsaturated fatty
acids (PUFAs) from the n-6 and n-3 families are lipids that rely on dietary supply and
are considered crucial for brain development [1–3]. The PUFAs found in nuts, seeds, and
certain vegetables, such as alpha-linolenic acid (ALA, n-3) and linoleic acid (LA, n-6), are
essential to humans, and mammals in general, because they cannot synthesize them [4,5].
These PUFAs depend on nutritional intake, with ALA and LA found in very distinct
sources. Indeed, ALA is found in flaxseed (linseed), English walnut, hemp seed, and chia,
while LA is found in soybean oil, safflower oil, and corn oil. Once consumed, both ALA and
LA are metabolized into long-chain (LC) PUFAs; ALA to eicosapentaenoic (EPA, n-3) and
docosahexaenoic acid (DHA, n-3), and LA to arachidonic acid (ARA, n-6) [1]. Nutritional
sources of EPA and DHA are found in fat fishes, seafood, and marine microalgae or animal
products fed with ALA and/or DHA (such as eggs, fish, and livestock).

DHA and ARA are particularly aggregated in the brain during the developmental
period, while the accretion of EPA in the brain is negligible [6,7], which is discussed below.
Importantly, PUFAs from the mother represent the only source of LC n-3 PUFAs for the
fetus [8]. According to international agencies such as the National Health Security Agency
(ANSES), the European Scientific Committee on Food (ESCF), and the International Society
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for the Study of Fatty Acids and Lipids (ISSFAL), the recommendations for LC n-3 PUFA
intake for optimal development is around 500 mg/day of EPA and DHA [9]. Based on
clinical studies, the dose for EPA + DHA supplementation generally recommended to
pregnant women can range from 200 to 1000 mg/day [10]. Of note, health organizations
recommend increased consumption of LC n-3 PUFAs-rich marine products. Nevertheless,
there is no consensus on the exact dose of EPA and DHA required during gestation and
lactation for optimal brain development. In addition, the origin, safety, and sustainable
supply of the marine sources have raised concerns. Alternative sustainable sources, such as
microalgae-based LC n-3 PUFAs, are investigated [11]. Overall, there is a need for a better
understanding of how EPA and DHA contribute to brain development to define specific
recommendations for the fetal and post-natal brain. Conversion of LA and ALA to LC
PUFAs, respectively ARA-EPA and DHA, is mediated by successive steps of desaturation
and elongation. Importantly, both LA and ALA compete for the same enzymes in their
biosynthesis (Figure 1). The enzymes involved in desaturation and elongation are rate-
limiting enzymes. Delta-5 desaturase (D5D) and delta-6 desaturase (D6D) are respectively
encoded by fatty acid desaturase 1 (fads1) and fatty acid desaturase 2 (fads2). Elongase 2 (Elovl2)
and elongase 5 (Elovl5) are respectively encoded by elovl2 and elovl5 [12]. The last step
for DHA synthesis involves translocation of 24:6 n-3 from the endoplasmic reticulum to
peroxisomes, where two carbons are removed to form LC n-3 PUFAs [13]. Of note, Elovl4,
an enzyme that mediates elongation of LC PUFAs and saturated fatty acids (SFAs) to form
very LC PUFAs and very LC SFAs (28 to 38 carbon chain length), has been detected in the
brain [14,15]. EPA is preferred as a substrate for elongation to very LC PUFAs over ARA
and DHA [16]. However, the main Elovl4-derived products are very LC SFAs, with very
LC PUFAs being only present in traces in the brain [17]. More studies are needed for the
link between Elovl4 and very LC PUFAs in the brain. Desaturases have a higher affinity
for n-3 PUFAs; however, due to the general higher consumption of LA, desaturation of n-6
PUFAs is greater. Importantly, genetic variations in fads and elovl genes affect the status of
LC PUFAs independently of dietary effects [18]. Indeed, more attention is now given to
polymorphisms in these genes, especially during brain development [19]. Single Nucleotide
Polymorphisms (SNPs) within these genes can be associated with variations of LC PUFAs
in the plasma (Figure 1), as demonstrated before [20]. SNPs in fads have been shown to
be associated with various health outcomes (including markers of metabolic syndrome)
and the plasma lipid profile in children, as well as neurodevelopmental outcomes in
breastfed children [21]. The authors also found that breastmilk PUFAs content was inversely
correlated to the production of inflammatory factors such as cytokine in infants [21]. Of note,
low dietary intake of LC n-3 PUFAs leads to additional EPA and DHA deficiency in subjects
with fads and elovl gene polymorphisms. As an example, some recent data pinpoint that
low DHA status in vegetarian women may adversely affect the development of their
children [22]. On the contrary, it is not clear whether consumption of diets rich in LA could
be detrimental. Indeed, a clinical study conducted in 2001 on mothers supplemented with
cod liver oil (enriched in LC n-3 PUFAs) or corn oil (enriched in LC n-6 PUFAs) showed
no significant differences regarding pregnancy outcomes and cognitive development or
growth of children [23]. Until recently, the capacity of metabolization of PUFA precursors
into LC PUFAs was believed to be uniform in individuals and populations. The discovery
that European and African populations carry different forms of fads alleles may partially
explain the differences between blood levels of LC PUFAs in these populations (reviewed
in [24]). The geographical differences in fads alleles are probably linked to specific selection
in the European and African populations due to different food habits [25]. This knowledge,
in combination with dietary evaluation, may help to refine dietary recommendation target
more precisely population for personalized dietary supplementation in pregnant/lactating
women and children at risk of altered level of LC PUFAs.
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Figure 1. Single nucleotide polymorphisms (SNPs) within the metabolic pathways of n-3 and n-6 PUFAs lead to altered
circulating levels of PUFAs. Desaturase enzymes (delta-5 desaturase (D5D) and delta-6 desaturase (D6D)) encoded by fatty
acid desaturase genes 1 and 2 (fads1 and fads2 respectively), as well as elongase enzymes (elongase 2 (Elovl2) and elongase
5 (Elovl5)) encoded by elovl2 and elovl5 genes (respectively), are involved in desaturation and elongation of PUFAs from
the n-6 (cyan) and n-3 (orange) families. Polymorphisms in those genes (SNPs) are associated with variations of plasma
(grey) levels of LC PUFAs (represented by circles in the blood circulation). Bold letters represent higher amounts of LC
PUFAs in the blood. fads: fatty acid desaturase; elovl: elongase; EPA: eicosapentaenoic acid; ARA: arachidonic acid; DHA:
docosahexaenoic acid; ALA: α-linolenic acid; LA: linoleic acid; DPA: docosapentaenoic acid; D5D: delta-5 desaturase; D6D:
delta-6 desaturase; Elovl5: elongase 5; Elovl6: elongase 6.

In addition to their crucial role in the structure and function of cell membranes, n-3 and
n-6 PUFAs are substrates for the production of several signaling molecules involved in the
physiological function of the cells, especially in the brain [1,7]. Indeed, EPA, DHA, and ARA
are hydrolyzed by the specific phospholipase A2 (PLA2) and can be further metabolized
by cyclooxygenases (COXs), lipooxygenases (LOXs), and the cytochrome P450 system into
eicosanoids (prostaglandins, leukotrienes, and hydroxyeicosatetraenoic acids from ARA) or
docosanoids (resolvins, protectins, maresins, and neuroprotectin D1 from EPA and DHA),
which are named oxylipins. n-3 and n-6 PUFAs-derived oxylipins are crucial to homeostatic
functions but often have opposite activities, with ARA-derived eicosanoids being pro-
inflammatory and DHA/EPA-derived being anti-inflammatory and pro-resolutive [26–29].
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Their role in brain inflammation has been reviewed recently [7]; however, data on the
developing brain are rather scarce and are discussed in the present review.

The massive changes in dietary habits from a balanced n-3/n-6 PUFAs ratio to excess
n-6 PUFAs in Western societies across the twentieth century raises the question of its impact
on brain development and its contribution to neurodevelopmental disorders and later life
brain health [2]. Concerning n-3 PUFAs and infant brain development and mental health,
the understanding of gene/nutrient interactions may be particularly important for the
design of specific nutritional strategies, so-called precision nutrition [24,30].

In this review, we will discuss how maternal and child nutrition and polymorphism of
PUFA metabolism genes influence their aggregation and activity in the developing brain,
considering the placenta transfer to the in utero developing brain. Specific attention was
given to gender. Then, we will discuss the potential role of these PUFAs in neurodevel-
opmental disorders, focusing on autism spectrum disorders (ASD), attention deficit and
hyperactivity disorder (ADHD), and schizophrenia.

2. PUFAs and Brain Development

2.1. Accretion of PUFAs in the Developing Brain

Brain cell membranes are particularly rich in lipids (50–70%) [31], with LC PUFAs DHA
and ARA being the highest species detectable, even if other fatty acids are also detected
(such as monounsaturated and saturated fatty acids). As a result, the human prefrontal
cortex contains around 30% of PUFAs, with 14% of DHA and 9% of ARA [32]. In rodents,
the fatty acid composition of the brain is similar to humans; 12% of DHA and 10% of
ARA [33]. Fatty acids are esterified in several type of phospholipids: phosphatidylcholine
(PC, 42–44%), phosphatidylethanolamine (PE, 36–40%) phosphatidylserine (PS, 11–13%),
and phosphatidylinositol (PI, 2–3%) [31]. DHA is mostly esterified in PE and PS, whereas
ARA is esterified in PC and PI [1,34,35]. Striking differences can be found between the white
and the grey matter, with DHA and ARA levels being lower in the white matter compared
to the grey matter [36]. These differences could be due to the accumulation of DHA in
synaptosomes and ARA in vascular cell membranes of the brain, which is suggested to
serve as a depot for ARA [36,37]. Besides, the lipidic composition of the myelin sheath could
also explain these differences since cholesterol is abundant in myelinated axons, while the
grey matter is highly enriched in PUFAs [38,39]. High levels of DHA in synaptosomes are
consistent with previous data, demonstrating that DHA promotes neurite outgrowth and
synaptogenesis [40,41], which is discussed below.

Brain accumulation of both n-3 and n-6 PUFAs starts during gestation; a process often
referred to as “accretion”. As previously noted, the pre and post-natal increase in DHA
depends on maternal and infant DHA intake [42,43]. DHA accumulation in the brain is
massive, with a nearly 30-fold increase in the first two years of life [44]. In humans, DHA
accretion begins during the third trimester of pregnancy [45], while accretion during the
first or second trimester is low [46]. In the third trimester, accretion of DHA and ARA
is substantial, while accretion of the precursors LA and ALA is minimal [45] and EPA
remains poorly aggregated. In humans, exponential accretion of LC n-3 and n-6 PUFAs
was observed between gestational weeks 26 and 43, while post-natal LC PUFAs accretion
is rather steady [47]. In humans, DHA accretion reaches 40 mg/day in the fetus during the
final four weeks of gestation [48]. The high DHA demand for the fetal brain is sustained by
the mother, thanks to the increased DHA synthesis from ALA and mobilization of maternal
DHA stores from adipose tissue [49,50]. For comparison, in rodents, DHA accumulates in
the brain during the first three weeks of neonatal life with a 10-fold increase [51].

There is little data on the rate of accretion of LC PUFAs in different brain cell types (neu-
rons, astrocytes, microglia, and oligodendrocytes) during brain development. This knowl-
edge would be of high interest as neurons and glial cells do not proliferate or mature at the
same development stage. In addition, the role of DHA/ARA in the specificity of develop-
ment is still unknown. As previously mentioned, DHA accumulates in synaptosomes and
regulates the functions of synaptic proteins [40,52,53]. DHA is also found in astrocytes [54],
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microglia [55], and oligodendrocyte membranes [56,57]. Interestingly, recent data show
that DHA in the membrane of glial cells regulates their activity, the formation of syncytium
in astrocytes, neuroinflammation in microglia [7], or myelin formation in oligodendro-
cytes [58]. Of note, EPA is found in microglia [55,59], suggesting that these cells could play
an important role in mediating the neuroprotective effect of EPA dietary supplementation
in mood disorders [60]. However, the precise role of DHA, EPA, and ARA accretion in these
cells during development and the impact of altered accretion on glial cell development
remains to be investigated for both term and preterm neonates. Indeed, children born
preterm present major alterations of DHA and ARA accretion, as they normally accumulate
during the third trimester of gestation, thus exposing preterm neonates to a deficit in LC
n-3 PUFAs [61]. Recent data revealed a detrimental role of ARA in the microglia phagocytic
activity in the spine, a crucial mechanism of developmental neuronal network wiring [59].
More studies are needed to better understand the type of PUFAs and the dynamic of PUFAs
accretion in the different glial cells during development.

Overall, the massive increase in DHA and ARA in the third trimester of the developing
brain coincides with the growth spurt characterized by an intensive neuron outgrowth and
synaptic wiring [44]. Acquisition of new knowledge is promising for a better understanding
of the importance of the optimal nutritional amount of n-3 PUFAs during gestation and
lactation and young infants in both humans and rodents.

2.2. Needs of LC PUFAs to the Pre and Post-Natal Developing Brain: Transport and Dietary
Maternal Supply

2.2.1. Pre-Natal Maternal Supply of LC PUFAs to the Developing Brain via the Placenta
and the Blood-Brain Barrier

As previously reported, important concentrations of LC PUFAs, particularly ARA
and DHA, are accumulated in the brain during early life to support the growth and
development of the brain [62]. Numerous studies have demonstrated the importance
of LC n-3 and n-6 PUFAs intake by the mother for adequate intake in the fetus and
new-born. This contribution is made by maternal dietary intake, which is transferred
through the placenta during gestation [63], then by milk during lactation [64]. Particular
attention has been paid in the last years to DHA dietary intake in pregnant women to
promote optimal brain development of the fetus [65], as the fetus is not able to produce its
own DHA and is therefore dependent on maternal supply [66]. According to the World
Health Organization, pregnant women should consume at least 200 mg/day of DHA. This
amount of DHA intake is poorly met in the general population [67], raising the question of
supplementation in DHA of pregnant women, especially the ones at risk for premature
birth [68]. An omega-3 Index of 8–10% (DHA plus EPA levels in erythrocytes) is a target
range to avoid risks and complications during pregnancy and lactation, such as premature
birth [69]. Two major randomized controlled trials conducted in Australia and the United
States, respectively DHA to Optimize Mother Infant Outcome (DOMInO) and Kansas
DHA Outcomes Study (KUDOS), revealed that supplementation of mothers with 800
and 600 mg of DHA/day significantly reduced the number of preterm births [70] with a
poor effect on the neurodevelopment of children [71]. However, a large multicentric trial
(ORIP) aiming at studying the effect of prenatal LC n-3 PUFAs supplementation (800 mg of
DHA + 100 mg of EPA) on the incidence of preterm birth [72] did not observe a beneficial
effect on length of pregnancy [73]. Maternal plasma level of EPA + DHA below 2% in
the first trimester of gestation could be a standard evaluation to perform dietary LC n-3
PUFA supplementation [74]. This reinforces the need for monitoring LC PUFAs during
pregnancy to design appropriate dietary supplementation and prevent the adverse effects
of insufficient supply of these fatty acids to the developing brain.

Maternal lipids are transferred to the fetus across the placenta via free or specific
transport of unesterified fatty acids [75]. Indeed, during the third trimester of gestation,
PUFAs are transferred from mother to fetus via the placenta, thanks to fatty acid translo-
case (FAT/CD36) and fatty acid transport protein (FATP), both present at the placental
membrane [76]. These transporters are located on both microvillus and basal membranes
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(maternal and fetal sides, respectively) of human placental cells and can transport free fatty
acids in both directions. The placental membrane fatty acid-binding protein (p-FABPpm) is
only located on the microvillus membrane and can transport ARA and DHA from maternal
plasma to the fetus. The presence of p-FABPpm exclusively on the maternal side may favor
the unidirectional flow of LC PUFAs from the mother to the fetus. [76–78]. The cytosolic
form of FABP is also detected in both primary human trophoblasts and human placental
choriocarcinoma (BeWo) cells, two models of in vitro embryonic culture [76,79,80], as well
as in murine placenta [81–83].

Regarding DHA, which is crucial for optimal brain development, free DHA is trans-
ferred from the mother to the offspring via the placenta [84–87]. Several plasma pools
are a major source for free DHA [88]. Indeed, plasma DHA is esterified in several lipids,
phospholipids (PL), lysophospholipids, cholesteryl-esters, and triacyl-glycerol (TG). Hy-
drolysation of chylomicrons rich in TG by lipoprotein lipases (LPL) is an important source
of free DHA found in the blood. During gestation, a free DHA maternal pool is a crucial
source for placental and fetal DHA uptake and accretion [50,89].

The blood-brain barrier (BBB) limits the entry of blood cells, neurotoxic plasma
molecules, pathogens and regulates the delivery of metabolites and essential nutrients to
the brain, including LC PUFAs. Several transport systems regulating nutrients entry are ex-
pressed by endothelial cells of the BBB, such as glucose, specific amino-acids, vitamins, fatty
acids, and DHA transporters [90]. Free DHA and lysophosphatidylcholine (LPC)-DHA
are the primary sources of brain DHA [88]. The brain uptake of these forms of DHA relies
on several mechanisms, including free passage and specific transporters on the BBB [1].
Recently, the major facilitator superfamily domain-containing protein 2a (Mfsd2a), which
is located at the BBB, has been identified as a transporter of LPC-DHA, especially during
the post-natal period with an impact on neuronal arborization [91,92]. This transporter is
key to the brain amount of DHA [92] and the maintenance of the BBB while also inhibiting
the transport of toxic molecules [93,94]. During development, pericytes are necessary to
Mfsd2a expression and BBB formation [90]. Indeed, Mfsd2a confers to the endothelial cell
of the BBB a specific lipid composition that is crucial to its permeability [94]. In addition,
LPC-DHA, through Mfsd2a, represses de novo lipogenesis, with a profound effect on brain
cell membrane composition in phospholipids during development [92]. Mfsd2a has also
been identified in the human placenta, allowing the transport of LPC-DHA from mother to
the fetus [95,96]. Very interestingly, deletion or total mutations of mfsd2a are responsible
in humans of microencephaly and hypomyelination, further reinforcing its importance
in brain shaping during development, possibly through DHA brain supply [58,97,98].
Of note, a recent study reports that Zika infection during pregnancy, a flavivirus that
triggers fetal brain defect, including hydrocephalus, and alters Mfsd2a and DHA levels in
the developing brain [99]. In mice, the genetic deletion of mfsd2a reduces DHA brain level
and induces microcephaly [91,92]. Thanks to this KO in mice, the authors demonstrated
that the expression of Mfsd2a is regulated by sterol regulatory element-binding proteins
(Srebps) [92]. Srebp, a transcription factor, exists in three isoforms: Srebp-1a and -1c, both
regulating genes required for lipogenesis, and Srebp-2, regulating genes in the metabolism
of cholesterol with the two isoforms -1c and -2 being predominant in the brain [100]. A high
level of EPA/DHA in the diet in mice induces a decrease in the expression of Srebp-1 in the
brain [101]. Srebp-1 expression is significantly reduced in the dysbindin-1 KO mouse model
of schizophrenia and post-mortem brain tissue from patients with schizophrenia [102].
Recently, a team showed in mice that KO of Srebp-1c induced an alteration of GABAergic
transmission, leading to symptoms similar to schizophrenia: hyperactivity, depression-like
symptoms, and social deficits [103]. All these results show that SREBP-1 could play a role
in synaptic plasticity and transmission via the regulatory loop with n-3 PUFAs.

2.2.2. Post-Natal Maternal Supply of LC PUFAs to the Developing Brain via Breastmilk or
Infant Formula

As already mentioned, endogenous synthesis of LC PUFAs from their precursors (LA
and ALA) is limited during infancy [104]. Consequently, post-natal brain uptake of LC
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PUFAs relies on maternal milk or formulas [44]. In the maternal circulation, concentrations
of LC n-3 and n-6 PUFAs (mostly DHA and ARA) are lower than in the new-born, while
concentrations of precursors (ALA and LA) are higher in the maternal circulation [105].
Interestingly, post-mortem studies report that breastfed infants have greater amounts of DHA
in the cerebral cortex than formula-fed infants without ARA or DHA supplementation [106].
Breastfed infants also present higher post-mortem DHA levels in both erythrocytes and the
cortex but not in the retina [42]. Here we will focus on post-natal LC PUFAs supply via
maternal breastmilk or formulas.

According to the World Health Organization, only 41% of infants under the age
of six months are breastfed. Breastfeeding is the most adequate source of nutrients for
infants and provides protection against child infections, increases intelligence, and protects
against overweight and diabetes due to the presence of antibodies and lipids in maternal
milk [107]. Depending on the age of the new-born, three different phases of milk production
are distinguished, with three different milk compositions. First, the breast produces the
colostrum, beginning on the third trimester of pregnancy until few days after birth. These
fluids allow physiological adaptation of the new-born to extra uterine life. After transitional
milk (until two weeks after delivery), the breast produces mature milk, which provides
high amounts of lipids to the new-born [108]. During the first year of life, breast-milk LC
PUFAs concentrations remain rather stable. ARA content is equivalent to 1% of milk total
lipids in the colostrum and 0.5% within mature milk, which accounts for 14–15 mg/dL.
In parallel, DHA content is equivalent to 0.5% in the colostrum and 0.25% in mature milk,
accounting for 7–8 mg/dL [109]. The fatty acid patterns within maternal milk are greatly
influenced by maternal lipid intake [110,111]. In fact, lactating mothers with dietary fish
oil supplementation (rich in EPA and DHA) displayed increased levels of n-3 PUFAs in
breastmilk [112,113]. Levels of DHA and EPA increase in breast milk within two to four
days after initiation of supplementation with 10 mL per day of cod liver oil, while no
change in the levels of ARA has been observed [111]. Helland et al. also reported that
supplementation with cod liver oil increases DHA levels in a dose-response manner [111].
Therefore, nutritional strategies aiming at increasing DHA levels can be effective for
replenishing DHA levels in women facing several pregnancies since DHA levels can drop
over subsequent pregnancies [114]. Infants need high amounts of DHA for physiological
development [115]. The breastmilk content in LC PUFAs is not regulated by the mammary
gland but reflects the concentrations of LC PUFAs in maternal plasma that, in turn, are
dependent on maternal diet and maternal activities of the desaturases and elongases
involved in converting dietary LA and ALA to LC PUFAs [116].

FA from food sources in lactating mothers can be used in three ways: stored in adipose
tissues, transferred to the mammary gland for incorporation into milk, or used for energy.
However, a study showed that there is no effect of exercise on breastmilk content in LC
PUFAs [117]. Different factors can influence the content of LC PUFAs of human breastmilk,
such as maternal food intake, gestational age, or smoking. Infants of smoking mothers
are present with fewer markers of LC PUFAs synthesis [118]. Concentrations of DHA and
ARA in breastmilk presented variations depending on geographical locations, as reviewed
earlier [104]. Breastmilk DHA content is linked to dietary intake [119]. Optimum breastmilk
DHA concentrations were observed in artic Canada, Japan, the Dominican Republic, the
Philippines, and the Congo (between 1.4% and 0.6%), which mainly contain coastal or
insular populations, usually with high marine food intake [104]. Lower breastmilk DHA
concentrations were observed in Pakistan, rural South Africa, Canada, the Netherlands, and
France (between 0.06% and 0.14%), especially in inland regions or in developed countries,
where low marine food consumption is observed [104]. A recent review reports that ARA
is detected in animal and human milk, with its content being linked to maternal ARA
dietary intake [120]. Interestingly, several recent works report the presence of free and
esterified ARA, EPA, and DHA-derived oxylipins in human milk [121–123]. Of note, the
most abundant forms of oxylipins are the ones derived from LA [122], which have been
recently reported to be key to brain development in rats [124]. However, whether milk
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oxylipins play a role as signaling molecules for infant brain development has not been fully
investigated.

PUFAs supply to premature infants is a burning question, as these fatty acids are mas-
sively incorporated in the developing brain in the last trimester of pregnancy. According
to the World Health Organization, around 15 million premature births (before 37 weeks
of gestation) occur every year. Prematurity is the main cause of death in children under
the age of five [125]. Preterm infants have to face many neurodevelopmental disabilities,
including learning, visual and hearing problems [126]. Current treatments consist of mag-
nesium sulfate administration [127], caffeine for treatment of apnoea, and high doses of
DHA [128]. To avoid complications in premature infants, different nutritional supports are
used, such as enteral or parenteral nutrition, human breast milk, and formula milk [129].
Enteral nutrition is limited in preterm birth because of the immature gastrointestinal mo-
tor activity and risks of necrotizing enterocolitis [130]. Premature infants should be fed
with human milk, while parenteral nutrition is recommended if per os nutrition cannot be
achieved to supply adequate amounts of proteins. However, the best alternative to human
milk remains preterm formula [131]. In 2008, a study conducted on very preterm infants
with human milk supplementation using DHA and ARA brought interesting outcomes
regarding improved recognition memory at six months of age [132]. However, the effect
on visual, intellectual development, or growth of preterm infants with the addition of LC
PUFAs to formula remains unclear [133,134]. Another study showed that supplementation
with a 50:50 mixture of DHA:ARA had no negative effect on weight gain or growth [132].
A randomized control trial conducted in 2013 by Gould et al. underlined that preterm
infants fed high-dose DHA did not display increased mental development index [135]. This
can be explained by the fact that supplementation was conducted on fully- or partially-fed
formula infants with fatty acids doses equivalent to the content found in human milk [136].
Assessments of attention had also been conducted by the team of Gould et al. on children
from the n-3 Fatty Acids for Improvement in Respiratory Outcomes (N3RO) trial. The
authors hypothesized that supplementation in DHA could favor the restoration of normal
brain development [137]. Most of the studies carried out do not allow for a clear conclusion
on the effect of LC PUFAs supplementation on cognitive development of preterm birth
children [132,134,138,139], as also reported in a meta-analysis [140]. A recent review also
reports mixed effects of LC PUFAs on cognition in preterm children [141]. A randomized
controlled trial conducted on term infants in 2000 revealed that supplementation of formula
milk with DHA and AA at an early stage of life improved the Mental Development Index
of the Bayley Scales at 18 months of age [142]. Nonetheless, it is important to underline
that neurodevelopmental assessment should be performed with neuropsychological tests
and procedures adapted to the age of children.

To conclude, maternal dietary supply is crucial for the pre- and post-natal developing
brain as the fetus and newborn are not able to produce LC PUFAs. The pre-natal maternal
supply is accessed via the placenta and the BBB, thanks to specific transporters. The post-
natal supply of LC PUFAs with breastmilk and formulas allows the transfer of nutrients
to the developing brain. In the specific case of premature birth, formulas remain the best
alternatives to human milk, even though long-term beneficial effects are still unclear.

3. Endogenous Production of PUFAs in the Developing Brain

3.1. Expression of Key Enzymes in the Developing Brain

As previously mentioned, maternal PUFAs supply to the infant brain occurs during
gestation and lactation, but the developing brain seems to be able to form LC n-6 and
n-3 PUFAs from their respective precursors. For a long time, it was assumed that the
liver was the main location of elongation and saturation to form LC PUFAs, eventually
released in the developing brain, as shown by in vivo studies in rats [51,143]. In order to
bypass the metabolism of the liver, intra-cranial administration of labeled LA and ALA
has been performed in the post-natal rat (11 and 13 days post-partum). These results show
that the post-natal developing brain is capable of forming LC PUFAs, ARA, and DHA,
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respectively [144,145]. Similarly, Sanders et al. have shown that the brains of 21-day-old
fetal rats were also capable of forming LC PUFAs, in particular by the presence of D6D,
which converts LA and ALA [146,147]. At the end of the 1990s, the human fads1 [148]
and the mammalian fads2 [148,149] were cloned and characterized, while the fads1 gene
(coding for D5D enzyme) has been shown to be strongly expressed in the human fetal
brain [150]. In addition, several members of the Elovl family (Elovl 1, 3, 4, 5, and 6) have
been reported to be expressed in the brain, with strong differences between species. As an
example, the expression of Elovl2 and Elovl7 is very low in the mammalian brain, while
Elovl2 is expressed in non-mammal species (such as fish). Elovl4, which catalyses the
synthesis of very LC PUFAs, is expressed in the brain of fish and mammals. Several
SNPs in the fads1-fads2 gene cluster (rs174537, rs174761, and rs383458) are associated with
variations in desaturase activity, leading to different LC PUFAs levels, as summarised
in Table 1. An increase in EPA and DHA dietary intake is responsible for an increase
in D5D and a decrease in D6D activities [151]. In one study, the authors showed that
the presence of the rs174537 genotype resulted in dietary EPA and DHA modulation of
D5D activity [151]. Besides, a 2011 meta-analysis on genetic loci associated with plasma
phospholipids showed that SNPs in Fads1/2 are responsible for an increase in ALA levels
and a decrease in EPA levels, while SNPs on Elovl2 are more likely to induce an increase in
EPA (as well as docosapentaenoic acid, DPA) and a decrease in DHA plasma levels [152].
Mutations in either elovl4 or elovl5 cause neurological diseases in humans [153], as explained
below. During early embryogenesis in the zebrafish, Monroig et al. were able to detect
expression of the desaturase and elongation genes, using qRT-PCR and whole-mount in
situ hybridization, respectively showing temporal- and spatially-restricted expression [154].
They showed that the three transcripts fads, elovl2, and elovl5 were highly expressed in
the head area from the beginning of embryogenesis, which was also confirmed in another
study [155]. Early detection of these genes in the brain during embryonic development may
suggest that in situ production of LC PUFAs could be achieved; however, the contribution
of these genes as compared to the maternal PUFA supply have been poorly studied during
brain development.

Table 1. Major SNPs involved in variations of LC PUFAs levels. fads: fatty acid desaturase; elovl: elongase; LC n-3 PUFA:
n-3 long chain polyunsaturated fatty acid; EPA: eicosapentaenoic acid; ARA: arachidonic acid; DHA: docosahexaenoic acid;
ALA: α-linolenic acid; LA: linoleic acid; DPA: docosapentaenoic acid; D5D: delta-5 desaturase; D6D: delta-6 desaturase.

Study
(Year)

Ref. SNPs Impact on LC PUFAs Levels Child Development

Morales
(2011)

[18]

Mother:
fads

elovl5
Children:

fads
elovl5

Higher colostrum levels of LC n-3
PUFA.

Improved cognition at 14
months.

Modification of cognition
by breastfeeding.

de Groot et al.
(2019)

[19]

fads1-fads2
(rs174537, rs175461, rs3834458)

elovl2
(rs953413)

Decreased levels of EPA and ARA.
Reduced DHA levels.

Tanaka et al.
(2009)

[20]

fads
(rs174537)

elovl2
(rs953413)

Higher ALA, LA and lower ARA,
EPA, DPA and DHA levels.

Lower DHA and higher DPA and
ARA levels.

Al-Hilal et al.
(2013)

[151]
fads1-fads2
(rs174537)

Interaction of rs174537 genotype
with dietary EPA + DHA

supplementation influence D5D
and D6D activity.

Lemaitre et al.
(2011)

[152]
fads1-fads2

Increase in ALA levels.
Decrease in EPA levels.

elovl2
Increase in EPA/DPA levels.

Decrease in DHA levels.
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3.2. Gender Differences in Brain PUFAs Accretion and Effect of PUFAs on Sex Determination

In humans, it is known that the brain develops differently depending on gender.
In a large human cohort, significant gender differences were observed regarding cortical
thickness, fiber organization, and total brain volume [156]. These anatomical differences
could explain that gender may play a significant role in neurodevelopmental disorders, as
observed with autism [157] and attention deficit and hyperactivity disorder [158]. Besides,
gender differences are also observed in patients with schizophrenia [159]. However, these
differences are sometimes attributed to methodological issues [160,161].

To our knowledge, there are very few studies on differential brain accretion of PUFAs
during development according to gender. In addition, previous studies did not focus on
whether the dietary status of PUFAs differentially influences brain accretion according
to gender. Nevertheless, some studies reported that PUFAs accretion is different in men
vs. women. Indeed, in humans, DHA status in serum is reported to be higher in adult
women than men. These differences have been associated with a better conversion of ALA
to LC n-3 PUFAs in women as compared to men [162,163]. Such metabolic capacity could
facilitate maternal supply to their offspring. On the other hand, the proportion of DPA n-3
to EPA is lower in serum of women [162,164]. Studies in rats have shown that D5D and D6D
enzymes at both the transcriptional and protein levels are more expressed in the liver of
females than males, in contrast to the brain, where similar expressions were found in both
genders [165,166]. Different studies suggested that higher serum DHA levels in women
than men may be due to the presence of estrogens that positively regulate DHA synthesis
from ALA [166,167]. Indeed, it has been shown that taking hormonal contraception induces
a significant increase in the level of DHA in women [168]. A recent study in rats has shown
that a diet containing low amounts of LA with an estrogen supply induced an increase in
the hepatic expression of D6D, Elovl2, and Elovl5, thus inducing an increase in plasma
levels of DHA [169]. An in vivo study in rats showed that dietary ALA intake induced a
greater proportion of DHA in erythrocytes but lower in the pre-frontal cortex in females
compared to males [170]. In this study, the authors showed that ovariectomy, together
with a diet rich in ALA, induced a decrease in the amount of DHA in erythrocytes, as
well as in the hippocampus, compared to control females fed with a diet rich in ALA.
Similarly, another study in rats also showed that ovariectomy-induced an increase on
hepatic fads1 and fads2 transcripts, but not in the brain, and a decrease in DHA levels in the
brain [171]. A study on deficiency or supplementation in n-3 PUFA during the perinatal
period and for 16 weeks after weaning in mice, shows that the changes in cerebellar FA
were more pronounced in offspring females, with diet having a significant effect [172], due
to the presence of estrogen (for a review, see [173]). All these results suggest that ovarian
hormones up-regulate DHA content in erythrocytes and brain regions. However, a recent
study examining the interaction effects between diet, sex, brain regions, and phospholipid
pools in mice demonstrated that DHA concentration was gender independent, while ARA
concentration was partially dependent on sex [174].

Gender may influence the preventive effects of n-3 PUFA supplemented diets on neu-
rodevelopmental disorders in animal models. In fact, supplementation with n-3 PUFAs in
pregnant spontaneously hypertensive rat dams (SHR) induced a reduction in hyperactivity
and impulsivity in the male offspring, but with no effect, or even opposite effects, in the
female offspring [175]. A recent study conducted in a two-hit model in mice showed the
sex-specific preventive effects of LC n-3 PUFAs [176].

All these studies show that there is a sex effect on the endogenous formation of LC
PUFAs. However, further studies are needed to understand the effect of gender, and
therefore hormones, on the accretion of PUFAs in the brain.

Trivers and Willard were the first to state that reproductive conditions could affect
the sex ratio in the offspring [177]. Numerous in vivo studies have shown an impact of
the maternal diet during pregnancy on the offspring sex ratio. Indeed, a low-fat diet
(reduced amounts of essential fatty acids, EFA) during pregnancy induces a reduction in
the number of males in the litter of mice without changing the total number of females [178].
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In opossums, diets rich in LC n-3 PUFAs during gestation induced a greater proportion of
males than females in litters [179], whereas a diet rich in n-6 LC PUFAs during gestation
induced a greater proportion of females than males, both in mice [180] and rats [181].
Diets rich in n-6 LC PUFAs induced an increase in the production of pro-inflammatory
derivatives, in particular prostaglandins, such as PGE2, PGF2α and its metabolite 13,14-
dihydro-15-keto PGF2α (PGFM) [182]. This in utero inflammation affects the ovarian cycle,
hormone production, and sperm fertilizing ability [183]. Besides, in utero inflammation also
affects vaginal pH, inducing more favorable conditions for fertilization with X sperm rather
than Y [184], as well as the loss of male embryos [181,182]. Surprisingly, it has been shown
that a diet rich in LC n-6 PUFAs induces a higher proportion of males, both in sheep [185]
and cows [186]. Various studies carried out in cows have shown that supplementation
with n-6 LC PUFAs induced a reduction in the level of progesterone and a delay in oocyte
maturation by an increase in the number of dominant follicles [187,188]. In cattle, it has
been shown in vitro that the oocytes that mature later are preferentially fertilized by Y
than X sperm [189] and that n-6 LC PUFAs supplementation during oocyte maturation
and fertilization induced a greater number of male embryos [186]. Additional studies are
necessary in order to understand these differences in results, as well as to decipher the
different mechanisms that exert PUFAs on hormonal secretions and fertilization. Therefore,
it appears that females have higher n-3 PUFAs in the serum, especially DHA, than males,
due to the presence of estrogen, which positively regulates its synthesis [167].

4. Mechanisms of Action of PUFAs on Neurodevelopment

4.1. Role of PUFAs in Synaptogenesis and Neuronal Development

As previously mentioned, DHA increases during perinatal development, while the
ARA/DHA ratio decreases, which is linked with active periods of synaptogenesis and
the establishment of structural connectivity [190,191]. The mechanisms through which
LC PUFAs contribute to brain development are still poorly understood. Indeed, several
developmental processes have been reported to be regulated by PUFAs from cell migration
to proliferation, differentiation, neurogenesis, and myelinisation to synaptogenesis, which
are the most well-described and will be the main focus of the mechanisms described in this
section.

Briefly, both DHA and ARA have been reported to influence neural stem cells (NSC)
proliferation and differentiation, and neurogenesis. Early-life n-3 PUFAs dietary defi-
ciency induces a delay in migration of neuronal cells in the embryonic brain [192] as well
as in new-borns and during post-natal life [193]. Recent data pinpoint that n-3 PUFA
deficiency-induced neurodevelopmental defects are linked to an early gliogenic fate shift
in NSCs, with ARA and DHA derivatives being key [194]. Indeed, neurogenic transition
of NSCs involves the DHA metabolite epoxydocosaexapentaenoic acids (EpDPE), while
the gliogenic transition of NSCs is driven by the ARA metabolite epoxyeicosatrienoic acid
(EET) [194]. In line with these results, other ARA metabolites such as PGE2 have been
reported to increase the proliferation of NSCs and to promote their differentiation into
neuronal-lineage cells [195]. DHA facilitates the differentiation of astrocytes in vitro [196]
through its binding to GPR120 and β2-AR [197]. Of note, dietary supply in LA promotes
ARA-derived endocannabinoids which, in turn, promotes astrogliogenesis from NSCs,
reinforcing the idea that ARA metabolites contribute to gliogenesis [198]. Further studies
on the exact role of LC PUFAS and their metabolites on NSCs fate (neurogenesis or glio-
genesis) should be performed to confirm the importance of LC n-3 and n-6 PUFA dietary
supply during brain development.

Regarding the role of LC PUFAs on synaptogenesis, a few lipid metabolism enzymes
have been identified at synaptic terminals, where they can locally modulate synaptic trans-
mission [199–201]. Mature synapses, formed during brain growth, require high amounts
of ARA and DHA incorporated into the expanding membrane surface [202]. During
perinatal rodent brain development, DHA modulates membrane signaling and synaptoge-
nesis [203] by accumulating in the neuronal growth cone [204,205] and mature synaptic
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membranes [56,206]. An in vivo model of Xenopus laevis embryos from adult female frogs
fed with adequate or n-3 PUFA deficient diets and then switched to a fish-oil supplemented
diet showed that maternal n-3 PUFA intake impacts the branching and the synaptic connec-
tivity of neurons in the developing brain. This model also revealed that these changes are
correlated with a decrease in brain-derived neurotrophic factor (BDNF) in the brain [207].
Moreover, PUFAs-depleted drosophila presented impairments of synaptic transmission at
synapses from the visual system [208]. Several in vitro studies have reported that DHA
promoted synapse formation [40,209–211]. This effect could be direct, through DHA effect
on specific receptors such as retinoid X receptor (RXR) [212] or indirect through specific
metabolites such as oxylipins or N-docosahexaenoylethanolamine (DHEA), which have
been reported to regulate NSCs differentiation (see below), neurite outgrowth, synaptogen-
esis and neuroinflammation [7,213,214]. Indeed, an ex vivo study on embryonic neurons
from E18 mouse hippocampus’ showed that DHEA, a DHA-derived endocannabinoid-like
metabolite, was crucial to neuronal development, promotes neurites and synaptogene-
sis [213]. Synapses enhancement and formation induced by DHA could also be linked to
its esterified form via its effect on physical membrane properties [215–218]. As a result,
in vivo DHA supplementation specifically promotes neurite growth, synaptogenesis, and
raises the levels of pre- and post-synaptic proteins involved in synaptic transmission and
long-term potentiation (LTP) [40].

Overall, the mechanistic data brought by animal studies further support the need
for LC PUFA for optimal brain development. Concerning post-natal periods, breast milk
remains the gold standard, as it provides both ARA and DHA [120]. Concerning infant
formulae, the amount of ARA and DHA to be added is still a matter of debate, as recently
reviewed [219]. The recent European recommendation does not pinpoint the need for the
addition of ARA in infant formulae while adding DHA is mandatory (reviewed in [219]).
The lack of recommendation on ARA in formulae has been pinpointed by several experts
as being a potential risk for improper brain development [220–222], as a diet poor in ARA
causes its decreased bioavailability for the brain [223]. Further studies are therefore needed
to better understand the mechanisms underlying ARA and DHA association on brain
developmental processes [224].

4.2. Role of PUFAs in the Regulation of Microglia and Neuroinflammation during Brain Development

More recently, specific attention has been given to the role of LC PUFAs on microglia
activity and neuroinflammation during brain development [55]. Microglia, the resident
macrophage-like brain cells which represent 5% to 15% of the brain cells, are well known
to be crucial in neuroinflammatory processes in response to injury or lesions, including
through interactions with brain infiltrating immune cells [225–227]. n-6 and n-3 PUFAs
regulate neuroinflammation either directly or through their metabolites such as oxylipins or
endocannabinoids (for a recent review, see [7]), including during brain development [228].
Of note, SNPs of genes involved in PUFAs metabolism have been reported to influence
inflammation and potentially neuroinflammation. Indeed, children of mothers with minor
alleles of fads rs174556 have been found to have higher ex vivo-stimulated production of
IL-10, IL-17, and IL-5 from peripheral blood mononuclear cells [21].

Although microglia are known to contribute to neuroinflammation, accumulating
evidence has pinpointed their role in brain wiring during development [229]. Microglia
are the first glial cells appearing in the embryonic brain. The developmental origins of
microglia have been the subject of intense debate [230]. A mesodermal or monocytic origin
of microglia has been first hypothesized until fate-mapping studies showed that microglia
derived from erythro-myeloid progenitors from the yolk sac around embryonic day (ED)
7.5 [231]. This primitive hematopoiesis gives rise to pre-macrophages that colonize the
whole brain from ED 9.5 and differentiate into microglia from ED 10.5 [232]. Microglia
develop according to temporal stages: early, pre, and adult, with the final step being
reached during the second post-natal week in mice [233]. Such an early-life origin of
microglia confers to these cells a specific life-long history, with gender and perinatal events
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potentially influencing their feature later in life [229]. During development, microglia
regulate many processes, including the phagocytosis of alive neuronal elements (including
synapses), dying and dead cells, and support myelinization, neurogenesis, and axon
fasciculation [234,235]. Importantly, inflammatory events during pregnancy or early-life
influence the microglial developmental trajectory, which may have adverse effects on
brain wiring, increasing the risk for neurodevelopmental disorders [236–239]. Indeed, the
mechanisms underlying normal and abnormal microglia-mediated synaptic pruning and
brain wiring are the subject of intense research [236].

Overall, microglia functioning is largely driven by their microenvironment, with neu-
rons and other glial cells constantly sending signals to which microglia respond. The role
of dietary PUFAs in the regulation of microglia developmental features has been poorly
addressed, but recent data pinpointed that these cells are influenced by dietary PUFAs.
Recently, we reported that maternal n-3 PUFA intake influences the offspring microglial
lipid composition (Figure 2) and the oxylipin signature [55,59]. Importantly, at weaning,
microglia display a unique fatty acid profile, with an enrichment of EPA, suggesting that
these cells could be a source of EPA-derived oxylipins with anti-inflammatory activities [59].
Indeed, resolvin D1 (RvD1) and resolvin E1 (RvE1), which are pro-resolutive oxylipins
derived from DHA and EPA, respectively, reduced pro-inflammatory cytokine expression
triggered in microglia by LPS in vitro [240]. On the other hand, maternal dietary n-3 PUFA
deficiency polarizes microglia toward a phagocytic phenotype, which leads to altered brain
wiring and memory impairment in the offspring at weaning [59,241]. In line with the impor-
tance of n-3 PUFAs in the regulation of microglia-dependant neuroinflammation [55,241–
245], a low dietary level of maternal n-3 PUFAs not only promotes a pro-inflammatory
microglial profile [241] but also exacerbates inflammatory response in pregnant dams
and the embryos after a prenatal LPS treatment [243]. This exaggerated embryonic brain
inflammatory response contributes to later-life cognitive, emotional, and neurobiological
impairments [243,246]. The mechanisms underlying the deleterious effect of both prenatal
dietary n-3 PUFA deficiency and inflammatory stimulus on later-life behavior have started
to be understood; for example, the exacerbated production of inflammatory factors in
the embryonic brain could disturb brain wiring [247], the microglia phagocytic activity
of spines, leading to excessive pruning [248] and/or microbiota disturbance [246], which
has been reported to be involved in neurodevelopmental disorders [249,250]. In particular,
we recently found that 12-HETE, which is overexpressed in n-3 PUFA deficient microglia,
contributes to dendritic spines decrease and memory impairment at weaning [59]. Ad-
ditional work needs to be conducted to decipher the exact mechanisms underlying n-3
PUFA deficiency and developmental microglia function and whether later-life dietary
intervention with n-3 PUFAs can restore the impairment associated with this early-life
deleterious developmental effect [251].

To conclude, co-occurring n-3 PUFA deficiency and maternal inflammation can po-
tentiate each other and induce synergistic effects on brain development and a higher risk
of developing neurodevelopmental disorders (Figure 2). As a result, women in the age
of procreating with low n-3 PUFA bioavailability (linked to diet and/or genetic) could be
at risk of higher sensitivity to early-life adverse inflammatory events. Indeed, there is a
need to pay attention to n-3 PUFAs bioavailability during pregnancy to limit the risk of
impaired brain development and neurodevelopmental disorders.
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Figure 2. Hypothetical summary of events leading to neurodevelopmental disorders. Aberrant neurodevelopment can lead
to neurodevelopmental disorders following inadequate levels of LC n-3 PUFAs.

5. Role of PUFAs in Neurodevelopmental Diseases

Neurodevelopmental disorders, which affect more than 3% of children worldwide,
are characterized by altered or disrupted developmental steps leading to the incapacity to
reach cognitive, emotional, communicative, and motor abilities, together with poor adap-
tation skills (recently reviewed in [252]). Among neurodevelopmental disorders, autism
spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), and intellectual
disability are common, with potential shared neuropathological mechanisms. The factors
contributing to neurodevelopmental disorders can be genetic and/or environmental. As an
example, clinical and pre-clinical studies show that genetic alterations of genes coding for
proteins involved in pre- and post-synapse functions have been found to be implicated in
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neurodevelopmental disorders. Schizophrenia, despite not being classified as a neurode-
velopmental disorder, is a neuropsychiatric disease with an etiology route of inadequate
brain development, with long-lasting consequences. Altogether, these diseases refer to the
theory of DOHAD (Developmental Origin of Health and Disease; [253]), with early-life
nutritional imbalance playing a key role [254].

Both genetic alteration and inadequate nutrition (amongst others), the latter leading to
insufficiency of LC n-3 PUFAs bioavailability, have been reported to be risk factors for neu-
rodevelopmental diseases [228] and schizophrenia [255]. Besides, abnormal features of the
placenta (physiological, morphological, and histological abnormalities) have been hypothe-
sized as risk factors for subsequent abnormal neurodevelopment [256,257]. In this section,
the potential role of LC PUFAs in neurodevelopmental diseases is discussed, especially the
role of the n-3 family. In particular, we focus on the link between perinatal low LC n-3 PU-
FAs and the risk of compromised brain development and whether dietary supplementation
with LC PUFAs could protect and/or correct neurodevelopmental abnormalities.

5.1. Early-Life n-3 PUFAs and Cognition in Infants

In humans, several studies have reported a link between n-3 PUFAs and cognitive
capacities. Explanations have been focused on the balance (ratio) between DHA and ARA,
as emphasized before [258–260]. Indeed, an association between low levels of DHA and
poorer reading abilities and working memory performance was observed in children [261].
Besides, a negative relationship was found between EPA-DHA consumption and overall
cognitive function and psychomotor speed in subjects aged 45–70 years old [262]. Moreover,
beneficial effects of maternal n-3 PUFA supplementation on child growth and development
have been reported [263], suggesting a positive effect on cognitive performance in later life.
Due to the observed positive association between n-3 PUFA serum levels and cognitive
abilities in infants [261,264], there have been various attempts to enhance cognition through
LC n-3 PUFAs supplementation in healthy children and adolescents [71,265–268] as well as
in youths from clinical populations, such as patients with autism spectrum disorder (ASD)
or attention deficits and hyperactivity disorder (ADHD) [269,270], which will be discussed
below.

Different studies have shown that n-3 PUFAs dietary supplementation of the mother
or the infant could have beneficial effects on development and cognition in children.
In fact, the intelligent quotient (IQ) can be improved at four years of age after LC n-3
PUFA supplementation (1183 mg of DHA and 803 mg of EPA per day) in the mother
during pregnancy and lactation [271]. Supplementation of infant formula with DHA
(0.36%) and ARA (0.72%) from an early age (four to six months) leads to improved visual
function at 12 months [272]. Using the same paradigm, another study found improved
visual acuity at six weeks of age [273]. Other studies have also shown that there is a
positive correlation between formula rich in ALA and neurodevelopment at one year of
age in infants born at full term of pregnancy [274]. It has also been shown that dietary
LC PUFAs supplementation (using both DHA and ARA) can improve visual acuity and
cognitive development [275]. However, the duration of breastfeeding, without dietary
supplementation and the performance score of infants are weakly associated [276]. These
studies strongly suggest that supplementation with both DHA and ARA during early life
can provide beneficial effects on cognition in infants. However, future studies will need to
decipher whether these effects are provided by either n-3 or n-6 LC PUFAs, or the synergy
of both.

In parallel, several animal studies have examined the impact of LC PUFAs on cogni-
tion. In a model of transgenic mice producing high levels of LC n-3 PUFAs in their milk
under dietary n-3 PUFAs deficiency (beta-casein n-3 desaturase transgenic mouse model),
pups raised under these conditions had increased brain levels of DHA and faster visual
development compared to pups raised by wild type mice [277]. In a review published
in 2006, Fedorova and Salem provided an overview of the different animal models used
to investigate the cognitive and behavioral effects of LC n-3 PUFAs [278]. Most of these
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models use LC n-3 PUFAs dietary deficiency; however, it is important to note that this
deficiency is far more severe than what can be found in human populations [136]. In mice,
n-3 PUFAs deficient diets during pregnancy and lactation induce spatial memory deficits
and behavioral impairment in the adult offspring [243,244,279,280].

5.2. Autism Spectrum Disorders (ASD)

Autism Spectrum Disorders (ASD) are neurodevelopmental diseases more frequently
diagnosed in males [281]. ASD is characterized by an early-childhood onset (first years
of life) with a long-term course and variation in developmental trajectory, a remarkable
clinical and biological variability, and a dramatically increased prevalence (0.05% in 1966
and close to 2% in 2019), with a wide symptomatology range in patients [282]. Patients
with ASD display a core of symptoms such as impairment in social-communicative skills
and restricted/repetitive behaviors/interests, often associated with other symptoms such
as intellectual disabilities, impaired language skills, and different medical conditions such
as gastrointestinal symptoms.

The substantial heterogeneity which underlies the neurobiology of ASD further sup-
ports that the etiology and pathophysiology of these disorders cannot be restricted to
a single genetic cause [283]. Indeed, genetic alterations [284], pollution, environmen-
tal/gestational stress, including inflammation and nutrition [285,286], as well as neu-
ral/anatomical dysfunctions [287–290] are combined risk factors for ASD development.
With regard to the link between ASD and PUFAs, polymorphisms in either the fads or elovl
genes have been linked to susceptibility for developing ASD [291].

In rodents, exposure to an n-6-PUFAs-rich diet during gestation and lactation pro-
duced social deficits in the adult offspring that resemble autistic features [292]. In a rat
model of autism, where pups are exposed to the neurotoxin propionic acid, decreased levels
of total n-3 and n-6 PUFAs were observed in the brain [293]. Another study found beneficial
effects of LC n-3 PUFAs (200 mg/kg/day for 30 days) in the same model [294]. In another
study, in which mice pups were exposed to an immune reaction during intrauterine life
(intraperitoneal injection of lipopolysaccharide at E17 in pregnant mice, mimicking bacte-
rial infection), adult animals developed impaired memory if fed with an LC n-3 PUFAs
deficient diet [243]. In another model of intrauterine exposure to infection (exposure to
PolyI:C on E9, mimicking viral infection), supplementation with LC n-3 PUFAs at weaning
(menhaden fish oil at 35 g/kg of diet) dampened the DNA hypo-methylations observed
at adulthood [295]. In a mouse model of ASD, in which animals are prenatally exposed
to valproic acid, n-3 supplementation with both α- and γ-linolenic acid protected against
the development of autistic-like features [296]. Besides, in an inbred mouse model of ASD
(BTBR mouse strain), dietary deficiency in n-3 PUFAs from gestation to early adulthood in-
duced developmental delay and altered sociability [297]. These results were also observed
when these animals were fed with dietary n-3 PUFAs supplementation [297], suggesting
that LC n-3 PUFAs cannot counterbalance the social deficits induced by such a genetic in-
breeding. Finally, in a study of Frm1 KO mice, another model mimicking ASD-like features,
n-3 PUFAs supplementation from weaning to adulthood, led to significant improvements
in sociability and emotionality [298], suggesting that n-3 PUFAs supplementation might be
used as a therapeutic tool in specific clinical situations.

PUFAs have been investigated for their potential role in alleviating the symptoms
of autism since reduced levels of PUFAs have been observed in autistic patients, espe-
cially concerning ARA and DHA [299–305], which are believed to be correlated to the
symptomatology of ASD [306]. However, one study observed increased levels of PUFAs
in high-functioning autistic children [307]. Besides, a decreased risk of ASD in children
born from mothers with high total dietary PUFA intake was also observed [308]. Another
study found that low dietary PUFAs intake during the second half of pregnancy appears to
be a risk factor for ASD [309]. In an open-label study, a six-week supplementation with
fish-oil capsules containing EPA + DHA (1.86 g/day) and vitamin E (10 mg/day) failed to
improve the behavioral symptoms of young adults with severe autism [310]. In a systematic
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review, PUFAs supplementation with either DHA or EPA alone, or in combination, was
found to be inefficient in modulating behavioral outcomes in adults and adolescents with
autism [311]. However, a recent case report provided evidence that supplementation with
EPA + DHA (respectively 2.4 and 1.2 g/day) and vitamin D (25,000 IU per week in a single
oral dose) are beneficial to improve the symptoms of a 23 years old autistic patient [312].
Similarly, a meta-analysis performed recently concluded that n-3 PUFAs supplementa-
tion could be effective in improving some of the symptoms of autistic patients [305]. A
recent randomized clinical trial observed beneficial effects of n-3 PUFAs supplementation
(722 mg/day of DHA for 12 months) on irritability and lethargy in 2.5–8 years old autistic
children [313], which was also observed in meta-analyses [314]. The beneficial effects of LC
PUFAs were also observed in preterm toddlers presenting with ASD symptoms [315,316].
Finally, supplementation with both LA (480 mg/day) and ALA (240 mg/day) for 16 weeks
provided therapeutic benefits in 21 patients with ASD [304]. Table 2 summarises the main
outcomes of case reports [312,317], open-label clinical trials [304,310,318–320], and random-
ized clinical trials [313,315,316,321–329] using LC PUFAs in patients diagnosed with ASD.
An elegant study has summarised the wide array of possible nutritional interventions for
patients with ASD and concluded that dietary interventions have little effect on ASD symp-
tomatology [330]. Recently, a meta-analysis conducted on four randomized clinical trials
revealed significant improvements in the symptoms presented by patients with ASD [305].

To conclude, the effects of LC n-3 PUFAs in clinical trials on ASD have led to mitigating
effects. As different risk factors can lead to ASD development, it is quite unclear which
treatments or dietary interventions could be efficient in preventing symptoms. However,
some clinical studies highlight the beneficial effect of dietary supplementation on symptoms
in young autistic patients.

Table 2. Interventional studies using LC PUFAs in patients with autistic spectrum disorder (ASD) or ASD-like symptoms.
ALA: α-linolenic acid; ARA: arachidonic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; GLA: γ-linolenic
acid; LA: linoleic acid, n-9: n-9 PUFAs.

Design Study (Year) Ref.
Final Sample

Size
Duration Intervention Main Outcome(s)

Case reports

Johnson (2003) [317] One patient 4 weeks EPA 540 mg/day
Significant

improvements in
symptoms.

Infante (2018) [312] One patient 24 months
EPA 204 g/day, DHA
1.2 g/day, vitamin D

25,000 IU/week

Beneficial
improvements in

psychiatric symptoms.

Open-label trials

Politi (2008) [310] 19 interventions 6 weeks
EPA + DHA 1.86 g/day,

vitamin E
10 mg/day

No significant effects.

Meiri (2009) [318]
Nine

interventions
12 weeks

EPA 380 mg/day, DHA
180 mg/day

Some improvements.

Johnson (2010) [320] 10 interventions 3 months DHA 400 mg/day No significant effects.

Ooi (2015) [319] 41 interventions 12 weeks

DHA 840 mg/day, EPA
192 mg/day, ARA
66 mg/day, GLA

144 mg/day, vitamin E
60 mg/day, thyme

oil mg/day

Improved core
symptoms.

Yui
(2016)

[304]
21 controls and
21 interventions

16 weeks
LA 480 mg/day, ALA

240 mg/kg

Beneficial effects on
aberrant behaviours

and social
responsiveness.
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Table 2. Cont.

Design Study (Year) Ref.
Final Sample

Size
Duration Intervention Main Outcome(s)

Randomised
clinical trials

Amminger
(2007)

[321]
Five controls and

seven
interventions

6 weeks
EPA 0.84 g/day, DHA

0.7 g/day
Improved hyperactivity

and stereotypy.

Bent (2011) [322]
12 controls and
13 interventions

12 weeks
EPA 0.7 g/day, DHA

0.46 g/day
No significant effects.

Yui
(2011 and 2012)

[323,324]
Six controls and

seven
interventions

16 weeks
DHA 0.24 g/day,
ARA 0.24 g/day

Improvements in social
withdrawal and

stereotypy.

Bent (2014) [325]
28 controls and
29 interventions

6 weeks
EPA 0.7 g/day, DHA

0.46 g/day
No significant effects.

Voigt (2014) [326]
15 controls and
19 interventions

6 months DHA 0.2 g/day No significant effects.

Mankad (2015) [327]
19 controls and
18 interventions

6 months EPA + DHA 1.5 g/day No significant effects.

Parellada (2017) [328] 68 patients 8 weeks

EPA 577.5–693 mg/day,
DHA 385–462 mg/day,

vitamin E
1.6–2.01 mg/day

Within subject
improvements in social
motivation and social

communication.

Boone (2017) [329]
16 controls and
15 interventions

3 months

EPA 338 mg/day, DHA
225 mg/day, GLA

83 mg/day, n-9
306 mg/day

No significant effects.

Sheppard
(2017)

[315]
12 controls and
12 interventions

3 months

EPA 338 mg/day, DHA
225 mg/day, GLA

83 mg/day, n-9
306 mg/day

Improved gesture and
word use.

Keim (2018) [316]
16 controls and
15 interventions

3 months

EPA 338 mg/day, DHA
225 mg/day, GLA

83 mg/day, n-9
306 mg/day

Improvements in
symptoms, but limited

to one subscale.

Mazahery
(2019)

[313]
16 controls and
23 interventions

12 months
DHA 722 mg/day,

vitamin D 2000 IU/day
Improved irritability.

5.3. Attention Deficits and Hyperactivity Disorder (ADHD)

Attention deficits and hyperactivity disorder (ADHD) is classified as a neurodevel-
opmental disorder. The prevalence of ADHD is around 8% [331] and is diagnosed in
children. Some patients may also develop ADHD into adulthood [332]. According to
the Diagnostic and Statistical Manual of Mental Disorders (DSM, fifth version), symp-
toms of ADHD include impulsivity, inattention as well as social and academic difficulties,
although a certain fluidity exists [333]. Depending upon the symptoms, three different
types of ADHD can be distinguished: predominantly difficulty in concentration, predomi-
nantly hyperactivity and impulsiveness, and finally, a combination of all of the above [334].
ADHD can include a wide range of symptoms such as restlessness, fidgeting, anxiety,
attention deficit, distractibility, excessive talking, forgetfulness, and frequent interruption
of others [335]. In fact, in several studies, low birth weight, premature birth, infections,
or traumas could be considered as potential causes of ADHD [336,337]. A few studies
have also found an association between several protein-coding genes and ADHD. These
include dopamine transporters (DAT1), dopamine (D4, D5), serotonin (5-HT1B), and NMDA
2A receptors [338–340]. Finally, morphological abnormalities were found in the brain of
ADHD patients [341–343], although this is frequently disputed in the field. The etiology of
ADHD needs to be clarified more precisely.

Patients with ADHD present lower levels of PUFAs in the blood [344–348], which
appear to correlate to the symptomatology of ADHD [349]. In a recent cohort of children,
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lower dietary intakes of fatty fish and seafood were observed in ADHD patients compared
to control patients [350]. Thus, strategies aiming at increasing serum levels of PUFAs have
been investigated as potential dietary treatments for the management of ADHD symptoms.

Similar to ASD models, ADHD models in rodents are numerous [351]. Since dopamin-
ergic neurotransmission is markedly altered in ADHD [352–356], animal models have
focused on genetic alterations of dopaminergic neurotransmission. Indeed, some studies
used dopamine D2 autoreceptor KO mice to investigate ADHD-like symptoms. These mice
display spontaneous hyperlocomotion [357] and impulsivity [358], two features frequently
observed in ADHD [359]. Other studies used dopamine transporter (DAT) KO rodents,
which also present similarities with human symptomatology. In fact, DAT-KO animals
present traits of hyperactivity and motor stereotypy [360–364]. Some studies have evalu-
ated the potential effects of PUFAs on spontaneous hypertensive (SHR) rats, a rodent model
of ADHD [365]. Indeed, a study showed a significant correlation between a low level of n-3
PUFAs in the prefrontal cortex in rats and locomotor hyperactivity [366]. Interestingly, in
the SHR rat, a reduction in hyper-locomotion was observed following dietary enrichment
with LC n-3 PUFAs (LA 1.54% and ALA 0.27%) compared to deficiency in LC n-3 PUFAs
(LA 1.58% and ALA 0.01%) [367]. An EPA and DHA-enriched diet during pregnancy in
SHR dams enhanced reinforcement-controlled attention in males, and reduced hyperactiv-
ity and impulsiveness, while there is no change in females [175]. The authors explained
this sex-specific effect to be due to increased turnover ratios of dopamine and serotonin for
SHR males in the neostriatum, while there was no change for the females SHR.

A double-blind, randomized clinical trial performed in Iran revealed subtle improve-
ments in ADHD symptoms in patients under standard pharmacology (methylphenidate
1 mg/kg/day) combined with n-3 PUFAs supplementation (EPA 180 mg/day and DHA
120 mg/day) after eight weeks, compared to controls (pharmacological treatment alone) pa-
tients [368]. Similarly, n-3 PUFAs supplementation with 93 mg/day of EPA and 29 mg/day
of DHA during 15 weeks was able to alleviate ADHD-like symptoms in 104 children [369].
Identical results were found by another study, in which 20–25 mg/kg/day of EPA and
8.5–10.5 mg/kg/day of DHA were consumed for 16 weeks [370], while earlier studies
revealed mild improvements in such treatment [371,372]. A recent study on ADHD chil-
dren (6–18 years old) observed improvements in attention and vigilance after 12 weeks of
EPA supplementation (1.2 g/day), while attention was worsened by the treatment in pa-
tients presenting higher endogenous EPA levels at enrolment [270]. However, one clinical
trial in ADHD children (6–12 years old) found no beneficial effects of PUFAs supplemen-
tation (241 mg/day of DHA, 33 mg/day of EPA, and 150 mg/day of n-6 PUFAs) after
10 weeks of treatment [373], when combined with the standard pharmacological treatment
(methylphenidate 1 mg/kg/day). A meta-analysis performed on 699 children with ADHD
from 10 clinical trials revealed a small but significant effect of n-3 PUFAs supplementation
on ADHD symptoms [269], while another study failed to find beneficial effects of such a
supplementation [374], which might be explained by very different methodologies in all of
the clinical trials investigated. Finally, it was recently suggested that the combination of
EPA and DHA could be used as an adjuvant therapy, together with the standard pharma-
cological treatment, using methylphenidate, to improve the clinical symptomatology in
ADHD patients [375]. Table 3 summarises the main outcomes of an open-label trial [375]
and randomized clinical trials [270,368–373,376–398] using LC PUFAs in patients with
ADHD.
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Table 3. Interventional studies using LC PUFAs in patients with ADHD. ALA: α-linolenic acid; ARA: arachidonic acid;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; GLA: γ-linolenic acid; LA: linoleic acid; n-3: n-3 PUFAs; n-6: n-6
PUFAs.

Design Study (Year) Ref.
Final Sample

Size
Duration Intervention Main Outcome(s)

Open-label trial
Checa-Ros

(2019)
[375] 40 patients 1 month

EPA 70 mg/day, DHA
250 mg/day,

methylphenidate
1 mg/kg/day

Improved attention,
improved core

symptoms

Randomized
clinical trials

Aman (1987) [376] 31 patients 4 weeks
LA 2.16 g/day, GLA

270 mg/day
Only minimal effects.

Voigt (2001) [377]
27 controls and
27 interventions

4 months DHA 345 mg/day No significant effect.

Richardson
(2002)

[371]
14 controls and
15 interventions

12 weeks

EPA 186 mg/day, DHA
450 mg/day, ALA

96 mg/day, LA
864 mg/day, ARA

42 mg/day, vitamin E
60 IU/day, thyme oil

8 mg/day

General behavioral
improvements and

small effects.

Stevens (2003) [372]
22 controls and
25 interventions

4 months

EPA 80 mg/day, DHA
480 mg/day, GLA
96 mg/day, ARA

40 mg/day, vitamin E
24 mg/day

No clear benefit but
some improvements.

Hirayama
(2004)

[378]
20 controls,

20 interventions
2 months DHA 3.6 g/week Only minimal effects.

Sinn (2007) [369]
27 controls and
36 interventions

15 weeks

EPA 558 mg/day, DHA
174 mg/day, GLA

60 mg/day, vitamin E
10.8 m/day

Improvements in core
symptoms.

Sinn (2008) [379]

27–38 controls
and

72–88
interventions

15–30 weeks
EPA 558 mg/day, DHA

174 mg/day, GLA
60 mg/day

Improved attention.

Vaisman (2008) [380]
21 controls and
21 interventions

3 months Fish oil 799 mg/day Improved attention.

Bélanger (2009) [370]
13 controls and
13 interventions

16 weeks

EPA 20–25 mg/kg/day,
DHA

8.5–10.5 mg/kg/day,
vitamin E in traces

Improvements in core
symptoms.

Johnson (2009) [381]
38 controls and
37 interventions

3–6 months

EPA 558 mg/day, DHA
174 mg/day, GLA

60 mg/day, vitamin E
10.8 mg/day

Improved symptoms in
a subgroup.

Raz (2009) [382]
31 controls and
32 interventions

7 weeks

LA 480 mg/day, ALA
120 mg/day, vitamin E
10 mg/day, mineral oil

190 mg/day

No significant effect.

Gustafsson
(2010)

[383]
42 controls and
40 interventions

15 weeks
EPA 500 mg/day, DHA
2.7 mg/day, vitamin E

10 mg/day
Improved attention.

Hariri (2012) [384]
50 controls and
53 interventions

8 weeks
EPA 635 mg/day, DHA

195 mg/day
Improved symptoms.

Manor (2012) [385]
47 controls and

100 interventions
15–30 weeks

EPA 80 mg/day, DHA
40 mg/day

Improved impulsivity.
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Table 3. Cont.

Design Study (Year) Ref.
Final Sample

Size
Duration Intervention Main Outcome(s)

Randomized
clinical trials

Milte (2012) [386] 90 patients 12 months
EPA 264–1109 mg/day,
DHA 108–1032 mg/day,

LA 1467 mg/day

Improved symptoms in
a subgroup.

Milte (2015) [387] 87 patients 12 months
EPA 264–1109 mg/day,
DHA 108–1032 mg/day,

LA 1467 mg/day

Improved symptoms in
a subgroup.

Perera (2012) [388]
46 controls and
48 interventions

6 months

n-3 592.7 m/day, n-6
361.5 mg/day,

methylphenidate
0.7–1 mg/kg/day,

Improved symptoms.

Behdani (2013) [389]
33 controls and
36 interventions

8 weeks

EPA 720 mg/day, DHA
480 mg/day,

methylphenidate
1 mg/kg/day

No significant effect.

Dashti (2014) [398]
28 controls and
28 interventions

3 days
n-3 1 g/day,

methylphenidate
0.9–3 mg/kg/day

Improved symptoms.

Dubnov-Raz
(2014)

[390]
Nine controls and

eight
interventions

8 weeks ALA 1 g/day No significant effect.

Widenhorn-
Müller
(2014)

[391]
44 controls and
49 interventions

16 weeks
EPA 600 mg/day, DHA

120 mg/day
No significant effect

Bos (2015) [392]
19 controlsand

19 interventions
16 weeks

EPA 650 mg/day, DHA
650 mg/day

Improved attention.

Matsudaira
(2015)

[393]
36 controls and
33 interventions

12 weeks

EPA 558 mg/day, DHA
174 mg/day, GLA

60 mg/day, vitamin E
9.6 mg/day

No significant effect.

Anand (2016) [394]
25 controls and
25 interventions

4 months
EPA 180 mg/day, DHA

120 mg/day
Improved symptoms in

a subgroup.

Salehi (2016) [395]
50 controls and
50 interventions

8 weeks
EPA 100–400 mg/day,

methylphenidate
0.5–1 mg/kg/day

Improved symptoms.

Assareh (2017) [373] 40 patients 10 weeks

EPA 35 mg/day, DHA
241 mg/day, n-6 LC
PUFAs 150 mg/day,

methylphenidate
1 mg/kg/day

No significant effect.

Barragán (2017) [396]
30 controls and
30 interventions

12 months

EPA 558 mg/day, DHA
174 mg/day, GLA

60 mg/day,
methylphenidate
0.5–1 mg/kg/day

Improved symptoms.

Kean (2017) [397]
58 controls and
54 interventions

14 weeks

EPA 21.9–29.2 mg/day,
DHA 16.5–22 mg/day,

vitamin E
0.67–0.9 mg/day

Improved hyperactivity
and inattention.

Moghaddam
(2017)

[368] 40 patients 8 weeks

EPA 180 mg/day, DHA
120 mg/day,

methylphenidate
1 mg/kg/day

Improvements in
symptoms.

Chang (2019) [270]
44 controls and
48 interventions

12 weeks EPA 1.2 g/day

Improved attention and
vigilance in patients

with low levels of
EPA only.



Nutrients 2021, 13, 1185 22 of 41

To conclude, the effects of LC n-3 PUFAs supplementation on ADHD patients are
ambiguous. While some studies report beneficial effects, others report no significant effects.

Interventions using LC n-3 PUFAs in patients with neurodevelopmental disorders pro-
duced mitigated results. Indeed, in patients with ASD, 11 out of 18 interventions produced
beneficial effects (Table 2), while 21 out of 31 interventions produced beneficial/minimal
effects in patients with ADHD (Table 3).

5.4. Schizophrenia

Schizophrenia is a complex disorder, which affects 1% of the population worldwide.
The main symptoms are hallucinations, delusions, disorganized thought, blunted or inap-
propriate affect, social withdrawal, and cognitive dysfunction [399]. However, the etiology
is still unclear.

The possibility that schizophrenia might arise from abnormal neurodevelopment was
hypothesized long ago [400–403]. Emerging evidence suggests that a combined neurode-
velopment insult, together with another insult, such as inflammation [404], infection [405],
psychological trauma [406], consumption of cannabis [407], or malnutrition [408,409],
known as the two-hit hypothesis, can lead to schizophrenia. Dysfunction of a variety of
neurotransmitter systems (glutamatergic, serotonergic, and GABAergic) has been reported
in schizophrenia [410], while the brain dopamine systems seem to play an important role
in the disease [411]. Indeed, hyperactivity of the mesolimbic dopamine pathway could me-
diate the psychotic symptoms of schizophrenia. In addition, hypofunction of the prefrontal
cortex, which appears to involve decreased activity of mesocortical dopamine neurons,
has been reported in schizophrenic patients [412]. Importantly, effective anti-psychotic
drugs are dopamine D2 receptor (D2R) antagonists. A number of clinical studies report a
contribution of LC n-3 PUFA to schizophrenia. In fact, psychosis itself is associated with an
imbalanced dietary intake of LC PUFAs [413,414]. Not only low levels of PUFAs have been
associated with schizophrenia, but also some genetic alterations of genes involved in the
transport and the metabolization of PUFAs have been reported in schizophrenic patients.
As an example, SNPs in Fabp7, a transporter of LC PUFAs, and ALOX12, a gene encoding
an enzyme, which metabolizes both ARA and DHA into oxylipins, have been linked to
schizophrenia [415,416]. FADS2 and iPLA2, which hydrolyzes DHA in the cell membrane,
are highly expressed in the brain of schizophrenic patients [417,418]. Importantly, it is well
known that genetic or nutritional suboptimal levels of n-3 PUFA influence the dopaminer-
gic system [419], which is highly involved in several neuropsychiatric disorders, including
schizophrenia (recently reviewed in [255,420].

In rodents, prenatal deficiency in LC PUFAs (ARA and DHA) could model the prodro-
mal state of schizophrenia [421]. Dietary PUFA deficiency resulted in schizophrenic-like
symptoms, dysregulated expression of genes involved in oligodendrocyte and GABA
activity, and epigenetic silencing of the lipid receptors Rxr and Ppar, which have also been
reported in patients [421]. Similarly, LC n-3 PUFAs deficiency during gestation resulted
in prepulse inhibition impairments in mice [422], which parallels the abnormal prepulse
inhibition responses in patients with schizophrenia [423–425]. Interestingly, Fabp3 KO
mice, which have impaired brain PUFAs access, exhibit D2R dysfunction, impaired glu-
tamate release in the dorsal striatum and the anterior cingulate cortex [426,427] (ACC),
which could be hallmarks of schizophrenia and ADHD [428,429]. A causal link between
early-life dietary n-3 PUFA deficiency and dopaminergic system impairment has recently
been demonstrated in mice, further reinforcing the importance of dietary n-3 PUFA in
dopaminergic function [430]. This reinforces the demonstration that striatal D2R neurons
are particularly sensitive to fatty acids in rodents [431]. Indeed, both clinical and preclinical
studies suggest that inadequate supply of LC n-3 PUFAs during early brain development
leads to altered dopaminergic function and schizophrenic symptoms. This corroborates the
observation of reduced DHA in the blood and brain of schizophrenic patients. Altogether,
these data support the need for adequate n-3 PUFA supply during the perinatal period to
promote adequate neurodevelopment, in particular of the dopaminergic system.
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As in other neurodevelopmental diseases, the question of correcting schizophrenic
symptoms through the use of dietary supply in LC n-3 PUFAs has been questioned in
several clinical studies leading to puzzling results. One study observed preventive effects
of LC PUFAs (mainly EPA 700 mg/day, DHA 480 mg/day, and vitamin E 7.6 mg/day,
during 12 weeks) on the development of psychosis [432], probably via mechanisms im-
plicated in myelination [433,434]. A recent systematic review has summarized all the
interventional studies focused on the link between psychosis and LC PUFAs [435]. Patients
suffering from schizophrenia present decreased levels of LC PUFAs in the brain [436]
and erythrocytes [437–439]. As such, a study investigated the potential therapeutic ben-
efits of LC PUFAs in schizophrenia. Sixteen weeks of supplementation with LC PUFAs
(EPA 700 mg/day and DHA 400 mg/day) provided therapeutic improvements in pa-
tients [440]. A 2016 review has summarized all previous clinical trials using LC n-3 PUFAs
on schizophrenia [441]. While some clinical trials have proven clear beneficial effects of LC
n-3 PUFAs, others resulted in no significant effects [441].

6. Conclusions and Future Directions

The understanding of the mechanisms underlying perinatal dietary PUFAs to physi-
ological and pathological brain development remains incomplete. However, significant
advancements have been made in recent years, with more understanding of how low levels
of LC PUFAs (nutritional and/or genetic) during pregnancy and infancy contribute to the
etiopathology of neurodevelopmental disorders. This knowledge is essential to design
appropriate nutritional intervention with LC PUFAs in mothers and children with low
levels of LC PUFAs, children at risk of impaired neurodevelopment, or women facing
at-risk pregnancies. A more comprehensive understanding of the genetic, physiological,
and behavioral modulators of EPA and DHA status and response to intervention is needed
to allow refinement of current dietary LC n-3 PUFA recommendations and stratification of
advice to “vulnerable” and responsive subgroups. Overall, PUFA-based gene-diet interac-
tions in humans should provide a solid scientific basis for the development of personalized
nutritional intervention early in life.
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ABSTRACT 

Exposure to diets deficient in n-3 PUFAs decreases DHA throughout the cell membranes of the body. 

In order to determine more precisely whether a local decrease in DHA can alter synaptic plasticity, we 

developed an original transgenic approach that aims to decrease the bioavailability of DHA to neurons 

in restricted areas of the brain. For this purpose, we chose to administer a cre-mcherry adenovirus in 

the nucleus accumbens (NAC) of mice floxed for the gene of the enzyme ELOVL2, an elongase 

crucial in DHA synthesis. ELOVL2 is predominantly expressed by astrocytes which generate DHA 

that is then distributed to neurons. Thus, inhibition of ELOVL2 synthesis in astrocytes should be 

accompanied by a decrease in DHA in adjacent neurons. Patch-clamp electrophysiology 

measurements reveal for the first time that inhibition of astrocytic ELOVL2 alters the intrinsic 

properties of nearby neurons. In this case, we found a decrease in the excitability threshold of neurons 

and an increase in the amplitude of spontaneous activities. This suggests an alteration of the neuronal 

electrophysiological properties, in a context of astrocytic ELOVL2 inhibition.  
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1. INTRODUCTION 

The brain contains large amounts of polyunsaturated fatty acids (PUFAs) (Bazinet and Layé, 2014), in 

particular docosahexaenoic acid (DHA) and arachidonic acid (AA) from the n-3 and n-6 families 

respectively. Several bodies of evidence collected in humans and animal models pinpoint that the 

alteration of brain PUFA metabolism is associated to altered emotional behavior and neuronal 

plasticity (Bazinet et al., 2020; Bazinet and Layé, 2014; Di Miceli et al., 2020). Although the exact 

mechanisms linking brain PUFAs and behavior are not completely understood, several data obtained 

in dietary animal model aiming at disturbing the level of n-3 and n-6 PUFAs in the brain, have 

revealed that the synaptic plasticity of medium spiny neurons (MSN) of the nucleus accumbens (NAc) 

is particularly altered when DHA and AA levels are changed at this level (Di Miceli et al., 2020; 

Ducrocq et al., 2020; Lafourcade et al., 2011; Lin et al., 2020; Manduca et al., 2015). In addition, 

altered synaptic plasticity in the NAc triggered by a chronic stress or n-3 PUFA dietary deficiency is 

responsible of emotional behavior alterations (Bosch-Bouju et al., 2016; Lafourcade et al., 2011; 

Manduca et al., 2015) and restored when mice are fed with a diet rich in DHA (Di Miceli et al., 2022; 

Larrieu et al., 2014). Altogether, these results strongly pinpoint the tight link between PUFA 

metabolism and synaptic plasticity in the NAc and emotional behavior. However, PUFA metabolism 

alteration was mainly triggered by dietary approaches, which impact PUFA metabolism at the level of 

the whole organism. In order to more precisely target PUFA metabolism in the NAc, we developed a 

mouse model with elongase (elovl)2 knock-out in NAc astrocytes. DHA and AA metabolism requires 

successive elongation and desaturation steps of their respective precurseurs a-linolenic acid (LNA) and 

linoleic acid (LA) (Jakobsson et al., 2006). In humans, Elovl2 single nucleotide polymorphism (SNP) 

has been reported to alter plasmatic levels of n-6 and n-3 PUFAs (Tanaka et al., 2009). In addition, 

elovl2 knock-out mice display strong impairment in DHA and AA metabolism in the brain, suggeting 

that this enzyme is key to PUFA homeostasis (Pauter et al., 2014; Talamonti et al., 2019). Elovl2 is 

expressed in astrocytes, which are key cells in the regulation of synaptic plasticity (Human Protein 

Atlas) and have been shown to be crucial in the brain metabolism of DHA (Williard et al., 2001). 

However, whether the alteration of elovl2 expression in astrocytes alters PUFA metabolism and 

neuronal activity is unknown. In addition, the differences according to sex have never been addressed.  

To further gain insight in whether and how local disturbance of PUFA homeostasis in the NAc alters 

MSNs electrophysiological properties and/or emotional behavior, we generated a mouse model with 

elvol2 genetic ablation in the NAc astrocytes. Then PUFA levels and MSNs electrophysiological 

properties were measured in the NAc and emotional behavior was assessed using a battery of tests in 

both male and female. Overall, no differences in PUFA metabolism was detected in the NAc of elovl2 

deficient astrocyte male and female mice. Alterations of some emotional parameters were detected in 

the KO male and female mice. In addition, electrophysiological properties of MSNs were profoundly 
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altered, suggesting that elovl2 ablation in astrocytes impacts adjacent neurons in the NAc. However, 

the mechanisms underlying this effect remain to be understood. 

 

2. MATERIAL AND METHODS 

 

2.1. ANIMALS 

All experiments were performed according to criteria of the European Communities Council Directive 

2010/63/EU for animal experiments and were approved by the French Ministry of Research and the 

local ethical committee for the care and use of animals (N°APAFIS  #17200 and #35867). 

C56/BL6 mice Elovl2 lox/lox were obtained from C Magnan (ELOVL2 IR00005097/K5097). AAV5/2-

GFAp-mcherry-Cre expressing Cre recombinase gene under astrocyte GFAp promoter and AAV-5/2-

GFAP-mCherry were purchased from the ETH Zurich (Zurich, Switzerland) was injected into each 

male and female Elovl2 lox/lox mouse NAc. 

Animals were housed in group of 6-9 animals in polycarbonate cages in an air-conditioned (22 +/- 

1°C) colony room with a 12: 12 light/dark cycle according to their sex. Animals had ad libitum access 

to food and water and were weighed once a week. All mice were fed with a chow diet.  

In total, 42 mice were used (20 males and 22 females). Before the virus injection, mice were 

genotyped using Ef/ER primers to discriminate WT, floxed homozygotes, heterozygotes and 

recombined as previously described (Birling et al., 2012). 

 The control group consisted of male and female Elovl2 lox/lox mice injected with a control virus 

without cre expression (ctrl males; n=10 and ctrl females; n=11); the KO elovl2 group group consisted 

in male and female injected with the virus expressing the cre, the synthesis of Elovl2 is knock down in 

the astrocytes (KO Elovl2 group) (KO Elovl2 males; n=10 and KO Elovl2 females; n=11). All virus 

injections were performed in male and female mice at 6 weeks old. A first cohort was used for 

behavioral, electrophysiological or PUFA profile assessment in the NAc or immunohistochemistry. 

The second cohort was used for electrophysiological and RNAscope assessment in the NAc. 

Experiments were performed between 6 and 8 weeks after the intra-NAc administration of the control 

or cre-virus. 

 

2.2. VIRAL PRODUCTION 

Adeno-associated virus serotype 5/2 expressing the cre (AAV-5/2-hGFAP-mCherry-iCre-WPRE-

hGHp(A)) (6x1012 genomes/mL, working dilution 1:10) was produced by the viral production facility 

of the ETH Zurich (Zurich, Switzerland). Control AAV-5/2-hGFAP-mCherry-WPRE-hGHp(A) 

(6x1012 vg/mL) was produced by the viral production facility of the the ETH Zurich (Zurich, 

Switzerland).  
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2.3. STEREOTAXIC INJECTION 

Animals were anesthetized by inhalation of isoflurane (5-6% v/v ambient air) before being installed in 

a stereotaxic setting. The animals are maintained under isoflurane throughout the duration of the 

surgery (1-2% v/v) and on a heating mat to maintain body temperature at 37.5%. They received 

subcutaneous injection of analgesics (125µL / animal of Buprenorphine diluted at 1/100 in NaCl 0.9%, 

final dose at 0.05 mg/kg) 30 minutes before the induction of anesthesia. The eyes of animals are 

protected from desiccation by application of ophthalmic protection gel (Liposic 2mg/g).  

The virus was injected into each hemisphere (0.5µL / hemisphere) with a flow rate of 0.1 µL / min 

using a Hamilton syringe in the nucleus accumbens (Nac) (L=1.56, AP=1.8, V=-4, in mm). The 

injection needle was carefully removed after 5 min waiting at the injection site and 2 min waiting half 

way to the top. Viscous xylocaine was applied to the wound. The animals received a subcutaneous 

injection of physiological saline (0.6 ml) to avoid dehydration in the first hours of his awakening as 

well as an injection of a nonsteroidal anti-inflammatory drug and analgesic CARPROFELICAN 50 

mg/mL, diluted to 100th, 250 µL/animal). Animals were then placed in a clean cage on a heated and 

monitored mat for up to 6 hours after full awakening (resumption of motor activity). Animals are 

monitored twice daily for 3 days after surgery. 

 

2.4. BEHAVIORAL TEST 

Behavioral tests were conducted in both ctrl and KO elovl2 mice 6 weeks after virus injection. Mice 

were weighted once a week since surgery. Mice were scored in behavioral tests performed in the light 

phase (between 8:00 AM and 11:00 AM). Mice were handled 5 min every day for 2 weeks before the 

initiation of experiments. 

Anxiety-related tests were realized including Open Field test (10 min, 50 Lux), a light dark test (8 min, 

300 Lux) and an EPM test (5min, 15 Lux). Between each experimental run, apparatus was cleaned to 

avoid olfactory disturbance. A video tracking system was used (SMART system; San Diego 

Instruments) to analyse the time spent in the different zone during 10 minutes of recording 

(Lafourcade et al., 2011; Larrieu et al., 2014).  

From results obtained, an anxiety score is calculated for each animal based on normalized scores for 

each parameter measured on the behavioural tests (Time spent in the center of OF, total distance in the 

open field, time spent and number of entries in the light zone of the LD, time spent and number of 

entries in the open arm of the EPM, head dippings in the EPM). 

 

2.5. ELECTROPHYSIOLOGY 

Ex-vivo patch-clamp recordings were performed on brain slices from Elovl2 mice, as previously 

described (Berland et al., 2020; Lafourcade et al., 2011; Zemdegs et al., 2019) 
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Briefly, intracardiac perfusion was done during euthanasia (exagon/lidocaine: 300/30 mg/kg, i.p) with 

approximately 20ml of Cold NMDG solution to evacuate the brain of all blood and cool it quickly. 

NMDG solution is consisting of (in mM) : 1.25 NaH2PO4, 2.5 KCl, 7 MgCl2, 20 HEPES, 0.5 CaCl2, 

28 NaHCO3, 8 D-glucose, 5 L(+)-ascorbate, 3 Na-pyruvate, 2 thiourea, 93 NMDG, and 93 HCl 37%; 

pH: 7.3–7.4; osmolarity: 305–310 mOsM. 

Sagital striatal slices (350 µm) were prepared with a vibrating blade microtome (VT1000S, Leica 

Microsystems, Germany) in an ice cold oxygenated NMDG solution. Slices were placed 7 minutes in 

oxygenated NMDG at 32°C, then 50 minutes at room temperature in oxygenated artificial 

cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 CaCl2, 1.0 

MgCl2, 25 NaHCO3, and 25 glucose (osmolarity 308 ± 3 mOsm) and recordings were started after.  

Pipette resistance was typically between 4 and 7 MΩ when filled with a potassium gluconate-based 

intracellular solution, consisting of (in mM): K-gluconate 128, NaCl 20, MgCl2 1, EGTA 1, CaCl2 

0.3, Na2-ATP 2, Na-GTP 0.3, cAMP 0.2, and HEPES 10, pH = 7.35 (osmolarity 296 ± 3.8 mOsm). 

Pipette offset was zeroed before each recording. 

Medium Spiny Neurons (MSN) of the NAc were visualized under direct interference contrast with a 

BX51WI microscope (Olympus, Tokyo, Japan), mounted on an air table (TMC, Saratoga Springs, NY, 

USA) and under a Faraday cage, with an upright microscope, a 40× water immersion objective 

combined with an infra-red filter, a monochrome CCD camera (Roper Scientific, Vianen, The 

Netherlands), and a PC-compatible system for analysis of images as well as contrast enhancement. 

Only data from MSNs near fluorescent astrocytes (mCherry) were included in the present study. 

Membrane current and potential were monitored using Multiclamp700B and Digidata 1440A by Axon 

Instrument (Molecular Devices, San Jose, CA, USA). A concentric bipolar electrode (Phymep, Paris, 

France) was placed on afferent fibers to evoke EPSCs (at 0.1 Hz), recorded in MSN under voltage-

clamp configuration with membrane potential clamped at −70 mV. Current over voltage (I/V) curves 

were acquired in I = 0 (free) current-clamp mode. All data were sampled at 20 kHz and filtered at 1 

kHz. Series resistance was measured throughout the experiment with a −5 mV step lasting 50 ms. The 

active and passive electrophysiological properties of MSNs were calculated according to and 

consistent with a previous study (Di Miceli et al., 2022). 

 

2.6. FATTY ACID PROFILE 

Briefly, fatty acids from the prefrontal cortex and the nucleus accumbens were analysed as previously 

described (Delpech et al., 2015; Labrousse et al., 2012; Madore et al., 2014). Fatty acids composition 

of the PFC and NAc is expressed as the percentage of total fatty acids.  

 

2.7. IMMUNOHISTOCHEMISTRY 
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Mice were perfused with PBS (n=2-6 animals/condition). Each brain was removed, postfixed in 4% 

paraformaldehyde overnight at 4°C, cryoprotected in 30% sucrose at 4°C and frozen in isopentane to 

be stored at -80°C. Brains were sectioned on a cryostat at 40 µm free-floating coronal sections and 

stored at -20°C in cryoprotectant solution. After washing off the cryoprotectant solution, slices were 

incubated 1h at room temperature in PBS blocking solution containing 5% Donkey serum and 

0.3%Triton X-100, and immunostained with primary antibodies overnight at 4°C in PBS/5%Donkey 

serum/0.3%Triton X-100 (Rabbit-anti GFAP antibody (1 :1000 ; Dako Z0334), as an astrocytic 

marker and Goat-anti RFP antibody (1 :500 ; Rockland 200-101-379) to detect mCherry signal.  Slices 

were then washing in PBS and incubated 2h at rt with secondary antibody in PBS/5%Donkey 

serum/0.3%Triton X-100 (Donkey-anti-rabbit Alexa Fluor 488 antibody (1 :1000 ; life technologies 

A21206) or Donkey-anti-Goat Alexa Fluor 647 antibody (1 :1000 ; life technologies A21447). Slices 

were then washed in PBS and mounted with UltraCruz® Hard-set Mounting Medium with Dapi 

(Santa Cruz Biotechnology sc-359850). Images were captured using with a Nanozoomer using a 20x 

objective (pixel size 0.454µm-Bordeaux Imaging Center, HAMAMATSU). Positive cells were 

quantified in the NAc shell (n=2-5 slices/animal ; Bregma 0.50mm-1.78mm) using Image-J (National 

Institutes of Health). Area of the quantified region has been measured and the data are presented as 

colocalisation of GFAP and mCherry staining.  

 

2.8. RNASCOPE IN SITU HYBRIDIZATION (ISH) COMBINED WITH 

IMMUNOHISTOCHEMISTRY (IHC) 

Mice were deeply anesthetized and transcardially perfused with phosphate buffered saline (PBS). 

After the perfusion, brains were removed, post-fixed in 4% paraformaldehyde (PFA) overnight (ON) 

at 4°C and cryoprotected in 30% sucrose ON at 4°C. Free-floating frozen coronal cryostat slices (40 

µm) were collected in a cryoprotectant solution. Before the experiment, free-floating sections were 

mounted on Superfrost Plus microscope slides (Fisher Scientific). Several steps of air drying (1h), 

baking at 60°C (1h) and fast dipping in water were necessary to ensure the adhesion of the sections to 

the slides. Then, tissue sections were post-fixed 1h in 4% PFA at 4°C, followed by dehydratation in a 

ethanol series. The RNAscope mRNA-staining steps was carried out as per the manufacturer’s 

instructions for the RNAscope Multiplex Fluorescent V2 Assay (Biotechne, #323100). Briefly, tissue 

sections were treated with H2O2 for 10 minutes at RT and incubated in the Target Retrieval reagent 1X 

maintained at a boiling temperature for 5 minutes. Sections were then digested with protease III at 

40°C for 30 minutes in a HybEZ hybridization oven (ACD, Hayward, CA), washed, followed by an 

incubation with the elovl2 probe at 40°C for 2h. Probe targeting the mRNA transcripts of ELOVL2 

(target region : base pairs 1697-2808 of Mus musculus Elongation Of Very Long Chain Fatty Acids-

Like 2, NM_019423.2, #542711-C3) was designed by ACD (a « channel 3 » probe). The channel 3 

probe Elovl2 was diluted at 1:50 in the probe diluent (Biotechne, #300041) prior to application on the 
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tissue sections. The bacterial gene dapB (dihydrodipicolinate B. subtilis reductase) was used as 

negative control to assess background signals. Amplification and detection steps were performed by 

adding the RNAscope Multiplex FL v2 HRP-C3 revealed by a TSA reaction using Opal 690 reagent 

pack (1/800 ; 30 minutes at 40°C ; Akoya Biosciences ; #FP1497001KT).  

After processing for fluorescent ISH, an anti-GFAP and anti-RFP immunofluorescence was carried 

out. Sections were post-fixed 10 minutes at RT, then washed and incubated in a blocking solution of 

5% donkey serum, 0.3% Triton X-100 prepared in PBS for 30 minutes at RT. Sections were then 

incubated with a mix of primary antibodies overnight at 4°C : a goat polyclonal anti-RFP (1 :500, 

Rockland, #200-101-379) and a rabbit polyclonal anti-GFAP (1 :500, DAKO, #Z0334). After several 

washes, sections were placed, for 2 hours, at RT, in the dark, with a mix of secondary antibodies : 

donkey anti-goat Alexa Fluor 555 (1 :500, Fisher Scientific, #10246402) and donkey anti-rabbit Alexa 

Fluor 488 (1 :500, Fisher Scientific, #10424752). Stained slides were mounted with ultraCruz hard-set 

mounting medium with DAPI (Clinisciences, #sc-359850).  

Microscopic imaging and statistical analysis: images were acquired using a Zeiss inverted Axio 

Observer fluorescent microscope (Carl Zeiss). Sections were analysed to examine the deletion of 

mRNA Elovl2 in the astrocytes at the level of the NAc of transfected mice. Image analyses and 

counting were performed in 1 section of 4 mice in each condition.  

Quantification of the number of labelled dots within the tissue. Each dot represents one RNA molecule 

and thus, the number of dots is indicative of the number of RNA molecules present. Scoring of 

RNAscope/immunofluorescence staining was done manually.  

 

 

2.9.STATISTICAL ANALYSIS 

All statistical tests were performed with GRAPHPAD PRISM 9 software. Significance was set at 

alpha = 0.05. All values are reported as mean ± standard error of the mean (SEM) and represented as 

histograms or with box and whiskers representation form min to max. Data analysis was performed 

using one-sample t-tests, two- or three-way ANOVA, followed by post hoc tests if appropriate. For the 

RNAscope analysis, difference between the mice injected with control virus and the one injected with 

KO Elvolv2 virus were compared using an unpaired t-test. A P value of <0.05 was considered 

statistically significant. Data are presented as the mean value and error bars represent SEM.  

Supplemental Table S1 presents all statistical analysis results performed in the present study.  
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3. RESULTS 

 

First, the impact of the administration of the AAV-cre specific for astrocyte in the NAc of male mice, 

on elovl2 mRNA expression was assessed using RNAscope. This technic is giving us the opportunity 

to localize both astrocytes (GFAP) and the expression of elovl2 RNA molecules (white dots) (Fig. 

2.A). The hippocampus has been used as the control structure (away from the administration site). 

Quantitative image analysis of RNAscope data for Elovl2 and double immunofluorescence for RFP 

and GFAP proteins showed that expression of Elovl2 is reduced by 50 % in astrocytes targeted by the 

Cre+ virus (Unpaired t-test, t=3,995, df=6, p<0,01) (Fig. 2.B). 

Second, we assessed using immunohistochemistry the number of astrocytes co-labelled with mcherry, 

used as a proxy of the virus expression. In order to validate the injection site and to see if the virus was 

targeting astrocytes and in which proportion in the NAc. In male mice, no significant differences were 

observed (Fig. 3). In females, we only have preliminary datas presented in supplementary datas (Fig. 

8). 

 

PUFA profile is not altered in the NAc of Elovl2 KO male and female mice 

Then, we evaluated if the diminution of Elovl2 expression in the astrocyte of the NAc was associated 

to altered PUFA profile in the NAc of control or cre AAV (KO Elovl2) male and female mice (Fig. 1). 

The same measurements were performed in the prefrontal cortex (PFC), used as a control brain 

structure. No significant changes in saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) 

and PUFA level were measured in the NAc and PFC of ctrl and KO Elovl2 (Fig. 4 and 5). 

 

Individual emotional behaviors are slightly altered in Elovl2 KO male and female mice, with no 

effect on the anxiety score 

In order to investigate whether KO Elovl2 induced changes in emotional behavior, we performed 

Open Field (OF), Light Dark (LD) and Elevated Plus Maze (EPM) tasks in male and female mice 

(Fig. 6). No significant differences were measured in behavioral performance of male and female mice 

under study in the OF test (Fig. 6A). Interestingly, KO Elovl2 male, but not female, mice display some 

anxiety-like behavior, as revealed by the significant time spent in the light area of the LD test 

(Unpaired t-test, t=2.637, df=12, p<0.05) (Fig. 6B). In addition, KO Elovl2 female mice have more 

head dippings when placed in the EPM test (Unpaired t-test, t=2.260, df=12, p<0.05) (Fig. 6C). The 

calculation of the anxiety score did not reveal significant differences between control and KO Elovl2 

male and female mice (Fig. 6D). 

 

MSN intrinsic electrophysiological properties are altered in Elovl2 KO male and female mice 
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To reach the sufficient number of animals required to perform statistical analysis, results from male 

and female were pooled. A significant effect of the astrocytic Elovl2 KO was measured on the voltage 

over current relationships (Two way ANOVA, voltage effect : F(23,529)=167.1, p<0.001, virus effect 

: F(1,23)=4.988, p<0.05, interaction : F(23,529)=167.1, p<0.001) (Fig. 5B), together with  altered 

rheobase compared to control animals (Unpaired t-test, t=3.442, df=22, p<0.01) (Fig. 5D). In addition, 

the number of action potentials generated during supra-threshold current applications were altered in 

MSns of KO elvol2 (Two way ANOVA, current effect : F(6,132)=29.03, p<0.001, virus effect : 

f(1,22)=2.434, ns, interaction : F(6,132)=5.046, p<0.001) (Fig. 7E). However, there was no significant 

effect on the resting membrane potential (Fig. 7C). We also recorded spontaneous excitatory post 

synaptic current (sEPSC). MSNs from KO Elovl2 display a significant decrease of the amplitude of 

these sEPSC (Unpaired t-test, t=15.03, df=882, p<0.001) (Fig., 7G), but not of the interevent interval 

(Fig. 7F) or the frequency (Fig. 7H). Finally, the probability to trigger a spike (in %) in recorded 

MSNs following increasing cortical stimulations is not significantly higher in KO Elovl2 animals (Fig. 

7J). 

 

4. DISCUSSION 

In this second part of our study, we focused on the local modulation of fatty acids levels. After 

injection of the virus into the NAc, immunohistochemical analyses of the colocalization of the GFAP 

and mCherry markers allowed us to confirm that cre is expressed predominantly in astrocytes. Then, 

using an RNAscope approach, we were able to estimate the number of astrocytic cells targeted by the 

virus and, among these infected cells, to quantify the expression level of elovl2 transcripts. 

Administration of AAV-5/2-GFAP-re/mCherry in the NAc of male and female ELOVL2lox/lox mice 

decreases elvol2 expression by 50% at this level, but not in the hippocampus, used as a control 

structure. Analyses of lipid profiles in Nac and PFC show that inhibition of astrocytic elovl2 synthesis 

did not induce differences in the level of SFAs, MUFAs or PUFAs in the NAc of males and females. 

This is in contrast to what has been observed in total KO models for Elovl2, which show changes in 

PUFA levels, including increased levels of n-3 DPA and decreased DHA in the brains of KO mice 

(Gregory et al., 2013; Pauter et al., 2014; Talamonti et al., 2019). Our results could be explained by 

the fact that the changes at the astrocyte level are too small to be detected at the scale of the whole 

structure. But it could also be that alternative pathways take over for endogenous DHA synthesis, as is 

the case in zebrafish liver (Liu et al., 2020). Indeed, elovl2-/- zebrafish do not show accumulation of n-

3 DPA but an increase in the substrate of the delta 4 desaturase pathways, EPA, suggesting that the 

delta 4 pathway is an alternative for DHA synthesis (Liu et al., 2020). Furthermore, the deletion of 

elovl2 is not complete, which may explain the absence of changes in PUFA levels in NAc. 

Behavioural analyses revealed alterations in emotional behaviour on parameters that differed in Elovl2 

knockout animals according to sex. Indeed, we were able to observe that Elovl2 knockout males spend 
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significantly more time in the Light Dark zone than control animals. The Light Dark test confronts 

mice with an extremely anxiety-provoking situation that consists of exposure to a very brightly lit 

area. Our results suggest that male Elovl2 KO mice are less anxious than control animals. Secondly, 

we found that female Elovl2 KO mice performed less head dipping in the elevated cross maze test. 

This parameter consists of counting the number of times the animal engages its head and upper body 

above the void. Elovl2 knockout females thus appear to exhibit anxiety-like behaviour compared to 

control animals.  

Finally, we were able to observe changes in neuronal excitability. Indeed, neurons recorded in the 

vicinity of fluorescent astrocytes show a lower rheobase and a decrease in the number of action 

potentials. Analysis of the spontaneous activity of excitatory postsynaptic currents shows that the 

amplitude of these activities is decreased in Elovl2 KO animals but not the frequency or the interval 

between events. To our knowledge, there are no studies that have analysed the neuronal properties 

under astrocytic control in the NAc. Neuronal activity in the NAc is regulated by various 

neurotransmitters or neuromodulators released from the afferents, notably GABAergic ones. 

Astrocytes are known to express glutamate transporters (GLAST and GLT-1), as well as GABA 

transporters (GAT1-3) (Danbolt, 2001; Gadea and López-Colomé, 2001a, 2001b). Partial inhibition of 

elovl2 expression in the astrocyte could modify the expression of GABA and GLUT transporters at 

this level. To better understand how changes in elovl2 expression by the astrocyte modify neuronal 

properties, studies of astrocytic reuptake that modulate the intensity and duration of activation of 

receptors located at the pre- or postsynaptic level (Tzingounis and Wadiche, 2007), limit the activation 

of extra-synaptic receptors (Huang and Bergles, 2004) or limit the diffusion of neurotransmitters to 

neighbouring synapses (Arnth-Jensen et al., 2002) are necessary.  

In summary, the results obtained in the Elovl2 KO model show for the first time that altering 

astrocytic elovl2 synthesis alters emotional behaviour on gender-specific parameters and alters the 

electrophysiological properties of MSNs in the NAc. However, further analysis is needed to better 

understand the mechanisms involved in these modifications  
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Figure 1 : Representation of experimental design. (A) Between 6 and 8 weeks after viral injection, 

behavioral tests and electrophysiological recordings are performed before biochemical analysis. (B) 6 

weeks after birth, viral injection of control virus (ctrl) and cre-virus (KO Elovl2) under GFAP 

promoter and expressing mCherry in C57Bl6j Elovl2 floxed mice were done in the Nucleus 

Accumbens (NAc). 

 

 

 

Figure 2 : Decrease of the expression of ELOVL2 in the astrocytes of mice injected with Cre+ virus 

in the Nac. (A) : Representative images of mice Elovl2 lox injected with ssAAV-5/2-hGFAP-

mCherry-WPRE-hGHp(A) (Cre -) or ssAAV-5/2-hGFAP-mCherry_iCre-WPRE-hGHp(A) (Cre+) in 

the Nac. Simultaneous detection of one target gene ELOVL2 (white dots) by RNAscope ISH and two 

proteins RFP (red) and GFAP (green) in mice injected by Cre- or Cre + virus in the Nac. Each dot 

(white) represents one RNA molecule of ELOVL2. The dotted white circle represents the anterior 

commissure, anterior part (aca). White dotted boxes are magnified. n=4 animals. Original 

magnification, x20. Scale bar = 200 µm. (B) : Quantitative image analysis of RNAscope data for 

Elovl2 and double immunofluorescence for RFP and GFAP proteins.  
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Figure 3 : Representative GFAP immunostaining in striatal area of mice injected with the control 

virus (ctrl) and the cre virus (KO Elovl2). Scale bar, 100 µm. Quantification of the colocalisation 

between GFAP immunostaining and mCherry fluorescence. Values (box and whiskers plots) (ctrl n=6; 

KO Elovl2 n=7) are plotted from minimum to maximum. One-Way ANOVA followed by Bonferroni 

test if the ANOVA is significant. * p<0.05, ** p<0.01, *** p<0.001 Ctrl versus KO Elovl2 mice. 
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Figure 4 : Striatal fatty acids profiles of male mice from the control (Ctrl) virus injection or the KO 

for Elovl2 (KO Elovl2) condition on prefrontal (PFC) and Nucleus Accumbens (NAc) brain regions. 

(A) Saturated fatty acids (SFA) and total SFA. (B) Mono-unsaturated fatty acids (MUFA) and total 

MUFA. (C) n-6 polyunsaturated fatty acids (PUFA) and total n-6 PUFA. (D) n-3 PUFA and total n-3 
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PUFA. (E) n-6/n-3 ratio. n.d. = non detected. Results are expressed in % of total fatty acids in the 

hippocampus. Histograms represent mean ± SEM (n=5/group). One-Way ANOVA followed by 

Bonferroni test if the ANOVA is significant. * p<0.05, ** p<0.01, *** p<0.001 
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Figure 5 : Striatal fatty acids profiles of females mice from the control (Ctrl) virus injection or the KO 

for Elovl2 (Elovl2 -/-) condition on prefrontal (PFC) and Nucelus Accumbens (NAc) brain regions. 

(A) Saturated fatty acids (SFA) and total SFA. (B) Mono-unsaturated fatty acids (MUFA) and total 

MUFA. (C) n-6 polyunsaturated fatty acids (PUFA) and total n-6 PUFA. (D) n-3 PUFA and total n-3 
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PUFA. (E) n-6/n-3 ratio. n.d. = non detected. Results are expressed in % of total fatty acids in the 

hippocampus. Histograms represent mean ± SEM (n=5/group). One-Way ANOVA followed by 

Bonferroni test if the ANOVA is significant. * p<0.05, ** p<0.01, *** p<0.001 

✱

✱

 

Figure 6 : Anxiety-like behavioral assessments in males and females control and KO Elovl2 mice. (A) 

Open Field. (B) Light Dark. (C) Elevated Plus Maze. (D) Anxiety scores were calculated by 

normalizing and balancing 6 different behavior measurements. Values (box and whiskers plots) 

(n=7/group) are plotted from minimum to maximum. One-Way ANOVA followed by Bonferroni test 

if the ANOVA is significant. * p<0.05, ** p<0.01, *** p<0.001 
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Figure 7 : Modulation of accumbal medium spiny neurons intrinsic electrophysiological properties. 

(A) Representative firing pattern. (B) Voltage over current (I/V) curve. (C) Resting membrane 

potential (RMP in mV). (D) Rheobase (in pA). (E) Number of action potential (AP) generated over 

rheobase current (I–F) relationship. (F-I) Quantitative summary of interevent interval (in ms, F), 

amplitude (in pA, G) and frequency (in events/s, H) illustrated by traces (I). (J) Curves indicate the 

probability to trigger a spike (in %) in recorded MSNs following increasing cortical stimulations in 

both conditions. (C-D-F-G-H) Values (box and whiskers plots) are plotted from minimum to 

maximum. One-Way ANOVA followed by Bonferroni test if the ANOVA is significant. * p<0.05, ** 

p<0.01, *** p<0.001Statistics: ∗p < 0.05 and ∗∗p < 0.01 Ctrl versus KO Elovl2 mice.     
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Figure 8 : Preliminary data of representative GFAP immunostaining in striatal area of female mice 
injected with the control virus (ctrl) and the cre virus (KO Elovl2). Scale bar, 100 µm. Quantification 
of the colocalisation between GFAP immunostaining and mCherry fluorescence. Values (box and 
whiskers plots) (ctrl n=4; KO Elovl2 n=2) are plotted from minimum to maximum.  
 
  



168 
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Abstract: Long-chain (LC) n-3 polyunsaturated fatty acids (PUFAs) have drawn attention in the field

of neuropsychiatric disorders, in particular depression. However, whether dietary supplementation

with LC n-3 PUFA protects from the development of mood disorders is still a matter of debate. In the

present study, we studied the effect of a two-month exposure to isocaloric diets containing n-3 PUFAs

in the form of relatively short-chain (SC) (6% of rapeseed oil, enriched in α-linolenic acid (ALA)) or

LC (6% of tuna oil, enriched in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) PUFAs

on behavior and synaptic plasticity of mice submitted or not to a chronic social defeat stress (CSDS),

previously reported to alter emotional and social behavior, as well as synaptic plasticity in the nucleus

accumbens (NAc). First, fatty acid content and lipid metabolism gene expression were measured

in the NAc of mice fed a SC (control) or LC n-3 (supplemented) PUFA diet. Our results indicate

that LC n-3 supplementation significantly increased some n-3 PUFAs, while decreasing some n-6

PUFAs. Then, in another cohort, control and n-3 PUFA-supplemented mice were subjected to CSDS,

and social and emotional behaviors were assessed, together with long-term depression plasticity in

accumbal medium spiny neurons. Overall, mice fed with n-3 PUFA supplementation displayed an

emotional behavior profile and electrophysiological properties of medium spiny neurons which was

distinct from the ones displayed by mice fed with the control diet, and this, independently of CSDS.

Using the social interaction index to discriminate resilient and susceptible mice in the CSDS groups,

n-3 supplementation promoted resiliency. Altogether, our results pinpoint that exposure to a diet rich

in LC n-3 PUFA, as compared to a diet rich in SC n-3 PUFA, influences the NAc fatty acid profile. In

addition, electrophysiological properties and emotional behavior were altered in LC n-3 PUFA mice,

independently of CSDS. Our results bring new insights about the effect of LC n-3 PUFA on emotional

behavior and synaptic plasticity.

Keywords: DHA; EPA; ALA; chronic social defeat stress; lipid microarray; whole-cell patch-clamp

electrophysiology; long-term depression; emotional behavior
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1. Introduction

Major depressive disorder (MDD) is a leading cause of disability worldwide, with
around 20% of subjects affected in the general population [1]. There are few effective treat-
ments for depression, with current treatments leaving 10–30% of patients with no efficient
response [2]. Thus, there is an urgent need to design and develop novel therapeutics to
treat depression.

The long-chain (LC) n-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid
(EPA, C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3), are considered promising
nutritional-based therapeutic strategies for preventing and treating MDD [3–6]. The use of
these fatty acids in MDD is based on the observation of an inverse association between the
intake of oily fish (rich in EPA and DHA) and the prevalence of MDDs in humans, as con-
firmed recently [7,8]. This is also corroborated by the observation that MDD patients exhibit
lower blood and brain levels of EPA and/or DHA as compared to healthy controls [9,10].
Importantly, depressive symptoms in patients were reported to be significantly reduced
with a dietary supplementation containing more than 50% of EPA, but not with DHA [11].
The potent antidepressant effect of a dietary formulation with a higher amount of EPA
to DHA rather than DHA alone in MDD was recently confirmed by a meta-analysis [4],
although another study did not observe these effects [12]. The potential antidepressant
effect of EPA was also demonstrated in animal models of depression, such as olfactory
bulbectomized rats [13], chronic unpredictable mild stress [14], maternal stress [15], or
chronic social defeat stress (CSDS) [16]. In particular, we previously demonstrated that a
dietary intervention with a diet enriched with LC n-3 PUFA (10% EPA and 7% DHA of
total fatty acids, see [17]) partially protected mice from CSDS-induced emotion behavior
alteration [16,18]. Altogether, these data suggest that a dietary supplementation with
EPA/DHA with a higher proportion of EPA could be efficient to improve symptoms in
MDD, however the mechanisms involved are still poorly known.

Some mechanistic explanations of the antidepressant activities of EPA/DHA have
been suggested [3,6]. Indeed, it has been shown that LC n-3 PUFA dietary supplementation
reduces inflammatory processes, including in the brain [19,20], hypothalamic–pituitary–
adrenal (HPA) axis alteration [5,21–24], apical dendritic tree alterations [16], and promotes
neurogenesis [25], which are altered in depression [14]. Although there is a close link
between n-3 PUFA, synaptic plasticity, and depressive-like symptoms [6,18,26,27], the effect
of EPA/DHA supplementation on synaptic plasticity has been poorly studied. Furthermore,
whether EPA/DHA supplementation can restore the synaptic deficit observed in animal
models of depression remains to be elucidated. Indeed, we have previously reported that a
diet low in n-3 PUFA, which induces a decrease of brain DHA, triggers an endocannabinoid
(eCB)-dependent synaptic plasticity impairment in the nucleus accumbens (NAc) and
the prefrontal cortex of mice [28,29], together with an altered apical tree of neurons [16]
and eCB signaling in the brain [30]. Restoration of the eCB-dependent synaptic plasticity
can be achieved through pharmacological approaches aiming at increasing eCBs at the
synaptic level, thus improving depressive-like symptoms in n-3 PUFA-deficient mice [28].
These results are in accordance with the observation that accumbal activity is altered in
MDD patients [31]. Importantly, eCB-dependent synaptic plasticity is altered in animal
models of depression [32,33] and the pharmacological restoration of this plasticity in the
NAc alleviates the deleterious effect of CSDS on emotional behavioral [33]. Altogether,
these data suggest that eCB-dependent synaptic plasticity in the NAc sustains emotional
behavior alterations in animal models of depression, such as CSDS.

Based on previous data, including ours, showing that dietary intervention using diets
rich in LC n-3 PUFAs protects from the development of emotional behavior alteration
in animal models of chronic stress [16], we analyzed whether a diet supplemented with
EPA/DHA controls emotional behavior and eCB-dependent synaptic plasticity in the
NAc of mice submitted or not to CSDS. For the first time, we established the PUFA and
lipid metabolism molecular profiles in the NAc of mice fed a diet rich in EPA + DHA for
8 weeks, as compared to a control diet balanced in relatively short-chain (SC) n-3 PUFA
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(α-linolenic acid, ALA), starting at weaning. Then, we examined whether such a diet rich in
EPA + DHA could regulate emotional behavior and eCB-dependent plasticity in the NAc
of mice submitted or not to CSDS. We identified a lipid metabolic signature in the NAc of
EPA + DHA mice which parallels emotional behavior and accumbal electrophysiological
properties, providing insight on the effect of diets rich in EPA + DHA on brain function
and emotional behavior.

2. Results

2.1. Fatty Acids and Molecular Signature of LC n-3 PUFA Dietary Supplementation

We first characterized the fatty acid signature in the NAc of mice fed with a relatively
short-chain (SC) n-3 PUFA diet (controls) or a LC n-3 PUFA (n-3 suppl) diet after 8 weeks
of feeding (Figure 1).

Figure 1. Experimental protocol used in the present study. (A) Control and n-3-supplemented diets

were given for 8 weeks to C57Bl6/j mice, starting at weaning (P21), before performing biochemical

analyses (striatal fatty acid content). (B) Following 8 weeks of diet, chronic social defeat stress (CSDS)

was performed every day for a total of 10 consecutive days, which was followed by 48 h of behavioral

testing, including the open field (OF), the social interaction (SI) test, the light–dark (LD) test, and the

elevated plus maze (EPM) test. Two tests were performed per day, in the light phase. Following 48 h

of rest, mice were tested for endocannabinoid-dependent plasticity (electrophysiology). (C) Detail

of the CSDS procedure. Defeated mice are represented in black, while the Swiss CD1 aggressor is

represented in white. Drawings are not to scale.

The LC n-3 PUFA diet induced significant increases in n-3 PUFA content, including
DPA (n-3), DHA, and total n-3 PUFAs (Figure 2, Supplemental Table S1 (see Supplementary
Materials), p < 0.05, unpaired t-tests). In line with these results, significant decreases of
n-6 PUFA content were also observed, including linoleic acid (LA C18:2 n-6), arachidonic
acid (ARA C20:4 n-6), docosatetraenoic acid (C22:4 n-6), DPA (n-6), and total n-6 PUFAs
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(Figure 2, p < 0.05, unpaired t-tests). Interestingly, tetracosatetraenoic acid (C24:4 n-6) was
increased following LC n-3 PUFA dietary supplementation (p < 0.05, unpaired t-tests). As
expected, the ratio of n-3/n-6 was also significantly increased (p < 0.05, unpaired t-test) by
the LC n-3 PUFA supplementation.

Figure 2. Accumbal fatty acid profiles of control and n-3-supplemented (n-3 suppl) mice. (A) Sat-

urated fatty acids (SFA). (B) Mono-unsaturated fatty acids (MUFAs). Polyunsaturated fatty acids

(PUFAs) of the n-6 (C) and n-3 (D) families. (E) Ratio of n-3 over n-6 PUFAs. LA: linoleic acid, ALA:

alpha-linolenic acid, ARA: arachidonic acid, EPA: eicosapentaeonic acid, DPA: docosapentaenoic

acid, DHA: docosahexaenoic acid. Unpaired t-tests. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control.

Histograms represent mean ± SEM.
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These results indicate that n-3 PUFAs dietary supplementation can alter fatty acid
content in the NAc.

In agreement with the above-mentioned fatty acid modifications observed in the NAc,
we observed that gene expression of lipid metabolism pathways was altered by the LC n-3
PUFA dietary exposure, as compared to the control diet. Indeed, in the NAc of mice fed
with the LC n-3 PUFA diet, we observed significant increases (p < 0.05, unpaired t-tests)
of gene expression in 25 out of the 89 genes tested in a lipidomic microarray (Figure 3A,
Supplemental Tables S1–S3). These included genes coding for hydrolases (Abhd4, Abhd6),
desydrogenases (Acadl, Acadvl, Hadh), elongases (Elovl1, Elolv5), synthases (Ptgs1, Fasn),
transferases (Acat1, Pcyt1a, Pcyt1b, Pcyt2), as well as fatty acid receptors (Adipor2, Ppard,
Ppargc1a, Ptger4, Rxra) and transporters (Apoe, Fads2, Scd1, Slc25a20, Slc27a1, Slc27a3,
Slc27a4; Figure 3B). As expected, gene ontology [34] using over-representation analysis,
performed with Webgestalt [35,36], identified several biological processes related to fatty
acid regulation, such as fatty acid synthesis, transport, and metabolism, as well as lipid
biosynthesis/metabolism and cellular lipid metabolism (Figure 3C). Furthermore, due
to the design of our microarray and as expected, these gene ontology families presented
redundancy (Figure 3D,E). Of note, amongst the top 50 enriched gene ontology families,
Ptger4 was associated to several families (8/50), while both Slc25a20 and Rxra remained
unmapped (0/50, not shown).

Altogether, these results suggest that n-3 PUFAs supplementation successfully mod-
ulates the NAc fatty acid profile, along with upregulation of genes involved in fatty acid
synthesis, metabolism, and transport.

Figure 3. Cont.
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Figure 3. n-3 supplementation increases transcription of genes involved in fatty acid processes.

(A) Heatmap of transcriptional regulation of the 89 analyzed genes presenting significant or non-

significant gene modifications. Gapdh is used as the housekeeping gene (reference). Insert represents

Z-scores’ distribution. (B) Significantly upregulated genes. Values (box and whiskers plots) are

plotted from minimum to maximum. (C) Gene ontology (Webgestalt [35,36]) and enrichment ratios

of the significantly upregulated genes induced by n-3 supplementation. Such an analysis yielded

different gene ontology (GO) families, represented with their respective GO codes. Mapped terms

within our study are indicated over the total number of genes within each GO family. (D) Redundancy

of the gene ontology families. Arrows indicate inclusive relationships. (E) Detailed mapping of genes

and ontology families. Genes were found to be either present (grey) or absent (white) from different

gene ontology families. Ptger4 was linked to 8 families from the top 50 enriched ones, while both

Rxra and Slc25a20 were not mapped amongst the top 50 enriched terms.

2.2. Anxiolytic-like Effect of LC n-3 PUFA Dietary Supplementation

Then, in another cohort of animals, we evaluated the emotional behavior of SC
(control) and LC n-3 PUFA mice submitted or not to CSDS, using a battery of tests
aimed at assessing stress-related behaviors. We found that CSDS had significant effects
(Supplemental Table S1) on the time spent by mice in the open field (OF), especially on vari-
ables such as time in both the central (F(1,37) = 5.084, p = 0.03) and peripheral (F(1,37) = 5.085,
p = 0.03) zones, as well as total distance travelled (F(1,37) = 6.824, p = 0.013, Figure 4A). Simi-
larly, mice submitted to CSDS spent significantly less time in the light zone (F(1,37) = 4.159,
p = 0.04) and significantly more time in the dark zone (F(1,37) = 4.156, p = 0.04) during the
light–dark (LD) test (Figure 4B). The number of entries in the light zone or total distance
travelled by stressed mice was unchanged. In the elevated plus maze (EPM), CSDS did not
induce any difference on all parameters assessed (Figure 4C). Exposure to a LC n-3 PUFA
diet 8 weeks before the induction of CSDS induced anxiolytic-like effects in undefeated
and defeated mice, as observed in all the variables measured in the OF test (Figure 4A) and
the LD test (Figure 4B). In the EPM, LC n-3 PUFA dietary exposure had a significant effect
on time spent in the center (F(1,37) = 4.405, p = 0.04) and total distance travelled (Figure 4C,
F(1,37) = 4.832, p = 0.03). No significant interaction was observed between CSDS and LC n-3
PUFA dietary exposure, although it almost reached statistical significance in the number of
head dipping in the EPM (p = 0.06, Figure 4C). Finally, mice submitted to CSDS presented
significantly higher anxiety scores (Figure 4D, F(1,37) = 5.491, p = 0.025), as observed in a
previous study [33].
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Figure 4. n-3 supplementation has anxiolytic effects. n-3 supplementation induces anxiolytic-like

effects in the open field (OF) (A) and the light–dark (LD) tests (B) but has only minimal effects on the

elevated plus maze (EPM) test (C). (D) Anxiety scores were calculated by normalizing and balancing

6 different behavior measurements. Two-way ANOVAs were performed, with ‘stress’ and ‘diet’ as

factors. Statistically significant results are reported as follows: [stress] a vs. b, [diet] c vs. d. Please

refer to Supplemental Table S1 for further details. Values (box and whiskers plots) are plotted from

minimum to maximum.

These results indicate that n-3 PUFAs dietary supplementation can promote anxiolytic-
like effects in mice, irrespective of CSDS.
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2.3. Reversal of CSDS-Induced Social Interaction Deficits by LC n-3 PUFA
Dietary Supplementation

We then measured social interaction in defeated mice fed with either SC (control)
or LC n-3 PUFA-supplemented diets. Social interaction ratios were not different across
groups (Figure 5A, stress: F(1,37) = 1.337, p = 0.25; diet: F(1,37) = 1.007, p = 0.32; interaction:
F(1,37) = 2.425, p = 0.13). In the two groups of mice exposed to CSDS, the proportion of
susceptible (ratio < 1) and resilient mice (ratio > 1) [37,38] was different, although it did not
reach statistical significance (p = 0.33, Fisher’s exact test), likely due to the small sample size
(Supplemental Table S1, Figure 5B). Resampling at 100 replicates exacerbated the differences
observed in both social interaction ratios and the proportion of resilient/susceptible mice
(Figure 5C), which was not due to the resampling method itself (Supplemental Figure S1,
Supplemental Table S1).

Figure 5. Resilience to CSDS by n-3 supplementation. (A) Stress susceptibility (S) or resilience (R)

following CSDS or not in control and n-3-supplemented mice. (B) Proportions of S or R mice in the

two groups. (C) Bootstrapping with 100 replicates indicates significant anxiolytic-like effects of the

n-3 supplementation on social interaction scores and proportions of S vs. R mice in the different

groups. Bootstrapping per se does not induce statistical significance when replicates are set at 100

(r = 100) (Supplemental Figure S1). CI: confidence interval. The dotted horizontal bars in (A) and

(C) indicate thresholds for susceptibility (<1) or resilience (>1) to chronic stress, according to Golden

and colleagues [37]. The box and whiskers plot (A) and the violin plot (C) represent values from

minimum to maximum. The box and whisker plot within the violin plot is set to represent the 2.5th

to 97.5th percentiles.

These results suggest that n-3 PUFAs dietary supplementation increases social interac-
tion following CSDS, but not under baseline conditions.

2.4. Alteration of Electrophysiological Properties of Accumbal Medium Spiny Neurons by LC n-3
PUFA Dietary Supplementation

We observed a significant effect of the LC n-3 PUFA supplementation on several in-
trinsic electrophysiological parameters of accumbal medium spiny neurons (MSN). These
included significantly altered passive membrane properties, such as an increase in resting
membrane potential (RMP, F(1,37) = 5.73, p = 0.02) and capacitance (F(1,37) = 9.92, p = 0.003),
but not input resistance or rheobase (Figure 6A). CSDS and LC n-3 PUFA supplementation
induced significant alterations of voltage over current relationships (stress: F(1,6) = 11.68,
p < 0.001; diet: F(1,6) = 22.37, p < 0.001), while only n-3 supplementation had a signifi-
cant effect on the number of action potentials generated during supra-threshold current
applications (Figure 6B, F(1,16) = 41.81, p < 0.001).
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Figure 6. Altered intrinsic electrophysiological properties in accumbal medium spiny neurons in-

duced by n-3 supplementation. (A) Resting membrane potential (RMP) and capacitance, but not input

resistance or rheobase, were significantly increased following dietary n-3 supplementation. (B) Volt-

age over current (I/V) and number of action potential (AP) generated over rheobase current (I–F)

relationships. Stress and n-3 supplementation induced significant effects (Supplemental Table S1).

Two- and three-way ANOVAs were performed. Statistically significant results are reported as follows:

[diet] c vs. d. Further statistical details are included in Supplemental Table S1. Values (box and

whiskers plots) are plotted from minimum to maximum (A) or as the mean ± SEM (B).

Furthermore, LC n-3 PUFA-supplemented mice presented a higher action potential
(AP) amplitude (F(1,37) = 9.44, p = 0.004) and longer AP duration (F(1,37) = 12.00, p = 0.001), as
well as a shorter delay to first spike (Table 1, Supplemental Table S1, F(1,37) = 5.51, p = 0.02).
These altered spike properties suggest a potential for increased neurotransmitter release by
LC n-3 PUFA supplementation.

Table 1. Electrophysiological spike properties in medium spiny neurons of control and n-3-

supplemented (n-3 suppl) mice. Values are rounded to 1 decimal point and are represented as

the mean ± SEM. AP: action potential, CSDS: chronic social defeat stress, SEM: standard error of the

mean. Refer to Supplemental Table S1 for additional details of the two-way ANOVA.

Electrophysiological
Parameter

Control Control + CSDS n-3 Suppl n-3 Suppl + CSDS
Significant

Variable

AP threshold (mV) −36.8 ± 1.9 −37.6 ± 2.7 −40.7 ± 0.9 −39.2 ± 1.9 -

AP amplitude (mV) 61.0 ± 2.9 62.3 ± 3.1 72.0 ± 2.1 69.9 ± 3.8 diet

AP duration (ms) 5.6 ± 0.5 5.1 ± 0.4 6.5 ± 0.5 7.8 ± 0.5 diet

Delay to first spike (ms) 387.5 ± 44.2 427.8 ± 55.7 352.4 ± 40.4 253.2 ± 34.8 diet

AP rise kinetics (mV/ms) 34.8 ± 3.3 35.0 ± 3.9 31.5 ± 2.9 27.0 ± 4.3 -

AP decay kinetics (mV/ms) 18.3 ± 2.2 21.2 ± 3.0 19.4 ± 1.3 15.5 ± 1.5 -

We then applied an electric protocol (10 Hz stimulation for 10 min) to induce long-term
depression (LTD) in accumbal MSN of SC (control) and LC n-3 PUFA-supplemented mice
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submitted or not to CSDS. In SC (control) (Figure 7A) and LC n-3 PUFA-supplemented
(Figure 7B) mice, CSDS did not alter LTD. However, mice fed the LC n-3 PUFA-supplemented
diet presented significantly decreased excitatory post-synaptic currents (EPSCs) at baseline
(Figure 7C, Supplemental Table S1, F(1,34) = 4.361, p = 0.04), which were not to be attributed
to differences in stimulation intensity (Figure 7D). This was also confirmed by examining
input–output relationships (Supplemental Figure S2, F(1,53) = 4.209, p = 0.04). Finally, no
differences were observed following the induction of LTD, where early and late EPSC
amplitudes were similar across all groups (Figure 7E, Supplemental Table S1), suggesting
that LC n-3 PUFA supplementation has an effect on excitatory transmission onto accumbal
MSN, without altering the expression of LTD in these neurons.

Figure 7. Reduced responses to electrical stimulation in accumbal medium spiny neurons. Represen-

tative recording examples of endocannabinoid-dependent plasticity induced by 10 Hz stimulations
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of pre-synaptic fibers for 10 min in either control (A) or n-3-supplemented (B) animals. (C) Excitatory

post-synaptic currents (EPSC) recorded at baseline of recording were significantly lower in n-3-

supplemented animals. (D) Applied stimulation intensities did not vary across groups. (C,D) Two-

way ANOVAs were performed, with ‘stress’ and ‘diet’ as factors. (E) Normalized neuronal responses

after LTD (10 Hz, 10 min protocol). Here, normalization was achieved for each neuron by dividing

EPSC responses (pA) by baseline EPSC responses (pA). Statistically significant results are reported as

for diet, using c vs. d. Please refer to Supplemental Table S1 for further details. Values are plotted as

the mean ± SEM (A,B,D) or as minimum to maximum (C,E).

These results suggest that LC n-3 PUFA supplementation can modulate the electro-
physiological properties of accumbal MSN, without altering LTD. Finally, the possible
correlations between in vivo behavioral measurements and ex vivo electrophysiological
properties of MSN are presented in Supplemental Figure S3.

3. Discussion

First, we identified for the first time the fatty acids and lipid genes signature in the NAc
of adult mice fed for 2 months (starting at weaning) with a diet enriched with LC n-3 PUFA
(10% EPA and 7% DHA of total lipids) as compared to a SC isocaloric diet rich in ALA (the
precursor of EPA and DHA). The specific changes in this signature were accompanied by
an alteration of emotional behaviors, as measured in the OF, LD, and EPM tests. Following
CSDS, the number of stress-resilient mice fed with control or n-3 LC PUFA-supplemented
diets was not significantly different, likely due to the low number of animals used in the test.
However, using a bootstrap method aiming at modeling the repartition of stress-resilient
and -prone mice suggested that the consumption of a diet enriched in LC n-3 PUFA could
promote CSDS resiliency. In addition, the electrophysiological properties of accumbal
MSN were altered by diets, independently of CSDS. Overall, our results pinpoint that the
consumption of a diet rich in LC n-3 PUFA influences the NAc fatty acid profile, which is
likely to have an effect on neurotransmission and emotional behavior.

It is well-known that n-3 PUFA dietary content influences brain fatty acid levels [39].
We and others have previously reported that PUFA levels, in particular DHA and DPA n-6,
are decreased and increased, respectively, by a low level of dietary n-3 PUFA in the form
of a precursor (ALA) starting at weaning/adolescence, in the NAc and prefrontal cortex
(PFC) of rodents [28,40]. Decreasing DHA and increasing DPA n-6 in PFC or NAc are even
more pronounced when the low n-3 PUFA diet starts at developmental stages [29,41]. In
this work, we describe for the first time that a two-month-long dietary intervention starting
at weaning with diets either rich in SC (ALA) or rich in LC (EPA + DHA) n-3 PUFAs
had a significant effect on NAc fatty acid profiles, with a decrease of several n-6 PUFA
species and an increase of several n-3 PUFA species, namely DPA n-3 and DHA, leading to
strong changes in the n-3/n-6 PUFA ratio in this structure. This suggests that a short-term
dietary intervention has an impact on the NAc fatty acid signature, which corroborates
previous results obtained in other brain structures, such as the hippocampus [40,42]. In
addition, a molecular approach allowing to measure the expression of almost 90 genes
involved in fatty acid metabolism, activity, and transport revealed a specific molecular
signature in the NAc of LC n-3 PUFA-supplemented mice. Among the genes for which
expression was increased by the dietary exposure to LC n-3 PUFA, some are directly linked
to n-3 PUFA transport, metabolism, and activity. Indeed, elongation of very-long-chain
fatty acid (ELOVL) enzymes are involved in both long and very LC fatty acid metabolism,
including EPA and DHA [43], and have been reported to be expressed in neurons and glial
cells [44,45]. FADS2 (∆6 fatty acid desaturase, the rate-limiting enzyme of the LC PUFA
biosynthesis) mRNA expression is also increased in the NAc of LC n-3 PUFA mice. As
FADS2 is expressed in astrocytes, and not neurons, it has been suggested that, in addition to
the plasma DHA pool, these cells could supply neurons with DHA [46,47]. Interestingly, in
humans, some FADS genetic variation has been associated to a lower DHA bioavailability
and to MDD [48]. Furthermore, FADS1 expression was shown to be reduced in the brain
of patients with depression [49]. In vitro, DHA triggers a decreased expression of FADS2



Int. J. Mol. Sci. 2022, 23, 6650 12 of 20

in neurons and astrocytes [50]. However, in the presence of retinoic acid acting through
PPAR and RXR receptors, we found that their expression increased in the NAc of LC n-3
PUFA (EPA + DHA) mice as DHA activates FADS2 expression [47]. The solute carrier 27A
(SLC27A) gene family encodes fatty acid transport proteins (FATPs), some of which were
found here to be upregulated in the NAc of LC n-3 PUFA-supplemented mice. SLC27A3 has
been reported to be highly expressed in several organs, including the neonatal and adult
brain [51]. In addition, SLC25A20, also known as carnitine acyl-carnitine carrier (CAC), is a
mitochondrial carrier involved in fatty acid β-oxidation [52] which was highly expressed
in the NAc of mice fed with LC n-3 PUFA (EPA + DHA). Fish oil supplementation has been
reported to decrease CAC expression in the liver [53], but tissue expression of CAC varies
in different tissue, which has been reported as very low in the brain [54]. Altogether, the
increased expressions of genes belonging to LC PUFAs biosynthesis, transport, and activity
are in adequation to the effects of increased LC n-3 PUFA following dietary intake.

The mRNA expression of Ptger4, one of the receptors of prostaglandin E2, is increased
in the NAc of LC n-3 PUFA-supplemented mice. This receptor is expressed in neurons and
microglia and has been previously shown to be neuroprotective in the context of brain in-
flammation, neurodegeneration, and lesions [55–58]. A compensatory mechanism between
decreased ARA (n-6 PUFA, precursor of prostaglandin E2 [19]) and increased expression of
Pterg4 could be suspected in our experiment. Interestingly, in a non-inflammatory context,
the lack of EP4 signaling is associated with increased depression-like behavior [59], sug-
gesting that this receptor could play a role in emotional behavior, as it has been described
for other prostaglandin receptors (EP2, EP3) which also mediate the prostaglandin effect
on synaptic plasticity in the spinal cord [60]. However, whether Ptger4 is involved in the
effect of LC n-3 PUFA (EPA + DHA) on emotional behavior remains to be determined.

CSDS is known to induce social and emotional behavior alteration that can segregate
resilient vs. susceptible mice [37,38,61]. Using a segregation index based on social interac-
tion, we did not observe any significant difference in the number of susceptible and resilient
mice according to the diets, which can be attributed to the low number of animals used in
the present study (n = 7–10) compared to previous studies, in which between 70 to 437 ani-
mals were used [37,38,62–64]. We therefore undertook a bootstrapping strategy [65] aiming
at modeling the repartition of stress-resilient and -prone mice based on the results obtained
in 7–10 animals/group used in this study in accordance with local and national ethical
procedures, in particular the 3R rule. Interestingly, the bootstrapping strategy suggested
that LC n-3 PUFA dietary consumption could promote CSDS resiliency, as illustrated by
the spread of the confidence intervals following 100 bootstrap runs (see Figure 5). Using
such a strategy, we observed that LC n-3 PUFA yielded a 95% CI of the social interaction
ratio strictly above 1 (1.16–1.22), indicative of stress resiliency [37,38,61] in the majority of
animals. Concerning emotional behaviors, as measured by OF, LD, and EPM, we found
that CSDS significantly alters several parameters which are signs of anxiety (time in the
central zone (OF) or in the light zone (LD)). This suggests that anxiety-like behaviors are
altered by chronic stress, as previously reported in mice fed with a regular diet [33]. In
contrast, the LC n-3 PUFA dietary intervention increases the time spent in the anxious
zone, as measured in OF and LD tests, suggesting that the consumption of LC n-3 PUFA
promotes non-anxious behavior independently of chronic stress. However, no interactions
between stress and diet were revealed. Whether the changes in PUFA levels and/or lipid
metabolism in the NAc are involved in the anxiolytic effect of the consumption of a diet
rich in EPA + DHA remains to be determined.

Altered emotional phenotypes are paralleled to significant electrophysiological im-
pairments in accumbal MSN, as observed in these neurons following resilience or sus-
ceptibility to stress [33,61], likely arising from neuronal morphology remodeling [16,66].
CSDS-induced electrophysiological alterations in the NAc have been observed before [33].
However, these results were acquired on animals fed with a standard laboratory diet (A04),
a diet in which the ratio of LA to ALA was 15:1, which can explain the differences observed
between the current study and the previous study. In contrast to LC n-3 PUFA supple-
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mentation, our laboratory has also investigated the electrophysiological consequences of
n-3 deficiency. Following dietary n-3 PUFA dietary deficiency, n-3 PUFA-deficient mice
presented abnormal endocannabinoid-dependent plasticity in the NAc, which could be
restored via pharmacological enhancement of mGluR5 or by increasing the levels of the
endocannabinoid 2-arachidonoylglycerol [28]. Our previous studies have also witnessed
the presence of endocannabinoid-dependent plasticity in the brain of mice fed with diets
balanced in n-3 PUFAs. This was observed in different brain regions, such as the prefrontal
cortex [28,29] and the hippocampus [67], which are also both impaired following dietary
n-3 PUFA deficiency. The present study also identified such a plasticity in the NAc of
mice fed with a balanced diet. However, we observed a decreased neuronal response
following LC n-3 PUFA dietary supplementation, together with altered intrinsic properties,
suggesting that n-3 PUFA content in the brain finely tunes neuronal integration [27]. Most
electrophysiological properties were affected by LC n-3 PUFA dietary supplementation,
while only a few were affected by chronic stress. These observations are in line with the
altered emotional behavior of animals following LC n-3 PUFA dietary intake, while stress
did not produce such drastic effects on emotional behavior. In the present study, we have
demonstrated that dietary intake of LC n-3 PUFAs can modulate emotional behaviors and
synaptic plasticity in the NAc. Whether these effects are in a direct relationship remains to
be elucidated.

In the present study, only male mice were used. Indeed, we used male CD1 Swiss
retired breeders as aggressors, due to the aggressive behaviors displayed by these ani-
mals. To avoid mating, female C57Bl/6j mice were not used in our paradigm. While
we acknowledge that CSDS can be performed in females, using different experimental
protocols [68–71], this was outside of the scope of our study. Another potential limitation
resides in the fact that we did not assess the relationship between accumbal long-term
potentiation (LTP), CSDS, and n-3 PUFAs dietary supplementation. On the one hand, it
was previously reported that DHA can modulate hippocampal LTD [72] and that maternal
n-3 PUFAs dietary intake could promote LTP in the hippocampus of rat pups [73]. On
the other hand, previous studies have demonstrated that CSDS can impair LTP in the
hippocampus of mice [74] and rats [75–77]. To our knowledge, there are no studies that
assessed accumbal LTP in the context of n-3 PUFAs dietary supplementation and CSDS,
which will be interesting topics to address in future studies.

4. Material and Methods

4.1. Ethical Approval

All experiments were performed in accordance with local Ethics policies. The study
was approved by the French Ministry of Education and Research (Ministère de l’Education
Nationale, de l’Enseignement Supérieur et de la Recherche, agreement number 20181022153
03008-V5-APAFiS-17200) following initial validation by the Ethics Committee of the Uni-
versity of Bordeaux (CEEA50).

4.2. Animals

Animals were housed under standard housing conditions in a temperature- (23 ± 1 ◦C)
and humidity (40%)-controlled animal room facility, with a 12 h light/dark cycle (07:00–19:00 h),
in polysulfone cages (42.5 × 26.6 × 18.5 cm) with ad libitum access to water and experimental
diet. Fifty-four C57Bl/6j (three weeks old) and fourteen (retired breeder) Swiss CD1 mice
were purchased from Janvier Labs (France). All mice were male. Retired breeder Swiss CD1
mice were used as aggressors in the CSDS paradigm and were thus housed individually,
while C57Bl/6j mice were housed in pairs.

4.3. Diets

Composition of the SC n-3- (“control”) and LC n-3-supplemented (“n-3 suppl”) diets
were described previously [16,17] and were manufactured at the INRAE unit at Jouy-
en-Josas, France. Diets were started at weaning (P21, Figure 1A,B), as these previous
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studies have shown that a two-month supplementation with a diet enriched in tuna oil
increased DHA levels in the brain [16,17]. Dietary n-3 PUFA supplementation (n-3 suppl)
consisted of an isocaloric diet containing 6% of tuna oil (rich in EPA (20:5 n-3) and DHA
(22:6 n-3)), while the control diet (control) consisted in 6% of rapeseed oil (rich in ALA
(18:3n-3)). Proportions of EPA and DHA in the n-3-supplemented diet were 10% and
7%, respectively [17]. These diets contained similar quantities of casein, starch, cellulose,
sucrose, lipids, and minerals [16,17]. Diets were maintained throughout, from P21 until the
end of the experiments (biochemistry or electrophysiology, Figure 1A,B, respectively).

4.4. Chronic Social Defeat Stress (CSDS)

CSDS was performed as previously described [16,33]. Briefly, SC (control) and LC (n-3
suppl) mice were placed in contact with an aggressor (Swiss CD1 mouse) for 5 min, followed
by 4 h of sensorial interactions (no physical contact), every day and for 10 consecutive days
(Figure 1C).

4.5. Behavioral Assessments

Following the last day of CSDS, mice were scored on four different anxiety-related
tests, which were performed over 48 h, as detailed previously [16,29], and during the light
phase. These included an OF test (10 min, 300 lux), a social interaction test (no-target/target,
5 min each, 30 lux), a LD box test (8 min, 300 lux), and an EPM test (5 min, 15 lux). Each
apparatus was cleaned between experimental runs to avoid olfactory disturbances. Run
orders were randomized. Video tracking was used for a posteriori analyses.

Anxiety scores were calculated as previously explained [33]. Mice were assigned
individual anxiety scores, calculated as the algebraic sum of normalized scores for each of
the 6 analyzed anxiety-related behavior tests: (i) time spent in the center (s) of the open field,
(ii) time spent (s) and (iii) number of entries in the light compartments of the light/dark
box, (iv) time spent (s) and (v) number of entries in the open arms of the elevated plus
maze, and (vi) number of head dipping in the risk zone of the open arms in the elevated
plus maze. When more than one parameter was used for a behavioral test, we weighted
each component accordingly so that each behavioral test weighted 100%. This procedure
yielded scores distributed along a 0–3 scale, with 3 reflecting high anxiety. For details about
normalization, please refer to Section 4.10 below (data analysis).

4.6. Gene Expression Analysis

Accumbal RNA from SC (control) and LC n-3-supplemented mice were extracted using
TRIzol extraction kit (Invitrogen, Life Technologies, Saint-Quentin-Fallavier, France). Purity
and concentration of RNA were determined using a Nanodrop 1000 spectrophotometer
(Nanodrop technologies, Wilmington, DE, USA) and a bioanalyzer (Agilent, Les Ulis,
France). Gene expression profiles were performed at the GeT-TRiX facility (GenoToul,
Toulouse, France) using Agilent Sureprint G3 Mouse microarrays (8 × 60 K, design 074809),
as described earlier [78]. For each sample, Cyanine-3 (Cy3)-labeled cRNA was prepared
from 25 ng of total RNA using the One-Color Quick Amp Labeling kit (Agilent), followed
by Agencourt RNAClean XP (Agencourt Bioscience Corporation, Beverly, MA, USA). Dye
incorporation and cRNA yield were checked using the Dropsense 96 UV/VIS droplet
reader (Trinean, Gent, Belgium). Then, 600 ng of Cy3-labeled cRNA was hybridized on the
microarray slides. Immediately after washing, slides were scanned on an Agilent G2505C
Microarray Scanner using Agilent Scan Control A.8.5.1 software, and the fluorescence signal
was extracted using Agilent Feature Extraction software v10.10.1.1 with default parameters.
Raw data (median signal intensity) were filtered, log2-transformed, corrected for batch
effects (microarray washing bath and labeling serials), and normalized using the quantile
method. All genes analyzed in the present study are listed in Supplemental Table S2,
together with respective forward and reverse primer sequences in Supplemental Table S3.
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4.7. Endogenous Fatty Acid Determination by Gas Chromatography-Flame Ion Detection

Tissue fatty acid content was determined as previously described [79]. Briefly, total
lipid extracts were obtained by following the method of Folch, Lees, and Stanley [80],
consisting in lipid extraction in a mixture of chloroform:methanol:potassium chloride
0.88% (2:1:0.8 by volume). After vortexing and centrifugation at 500× g (10 min), the
chloroform-containing layer was pipetted into a new tube. Helium-driven gas chromatog-
raphy (Varian 430, Bruker, San Jose, CA, USA) was used to determine the samples’ (1 µL)
fatty acid tissue content by comparing retention times on a DB-23 (50% cyanopropyl)-
methylpolysiloxane capillary column (J&W Scientific, Agilent Technologies, Mississauga,
ON, Canada) with external standard samples (GLC-674, Nu Chek Prep Inc., Elysian,
MN, USA). Detection was performed using a flame ionization detector (300 ◦C) with air
(300 mL/min) and helium (29 mL/min), with sampling rates at 20 Hz.

4.8. Ex Vivo Whole-Cell Patch-Clamp Electrophysiology

Animals were deeply anaesthetized using isoflurane inhalations, followed by quick
decapitation. Striatal slices, containing the NAc, were cut using a VT1000S vibratome
(Leica, Germany) at a thickness of 350 µm in ice-cold artificial cerebrospinal fluid (ACSF)
containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, 25 NaHCO3,
and 25 glucose (osmolarity 308 ± 3 mOsm), bubbled continuously with carbogen (95% O2

and 5% CO2). Slices (4–6 per animal) were then transferred to a holding chamber, incubated
at 32–34 ◦C for 60 min, and returned to room temperature. For the slicing procedure and
the resting of the slices, 10 µM of pyruvic acid was added to the extracellular solution.
During recording, slices where continuously perfused at 1.5–2.0 mL/min with oxygenated
ACSF. Whole-cell patch-clamp recordings were performed at room temperature (20–22 ◦C)
with electrodes (1.5 mm outer diameter) fabricated from filamented thick-wall fire-polished
borosilicate-glass (Sutter Instruments, Novato, CA, USA), pulled using a gravity puller
(Narishige, Tokyo, Japan). Pipette resistance was typically between 4 and 7 MΩ when filled
with a potassium gluconate-based intracellular solution, consisting of (in mM): K-gluconate
128, NaCl 20, MgCl2 1, EGTA 1, CaCl2 0.3, Na2-ATP 2, Na-GTP 0.3, cAMP 0.2, and HEPES
10, pH = 7.35, and osmolarity 296 ± 3.8 mOsm. The junction potential was +15.4 mV.
Pipette offset was zeroed before each recording.

MSN of the NAc were visualized under direct interference contrast with a BX51WI
microscope (Olympus, Tokyo, Japan), mounted on an air table (TMC, Saratoga Springs,
NY, USA) and under a Faraday cage, with an upright microscope, a 40× water immersion
objective combined with an infra-red filter, a monochrome CCD camera (Roper Scientific,
Vianen, The Netherlands), and a PC-compatible system for analysis of images as well
as contrast enhancement. Recording pipettes were slowly advanced towards individual
striatal MSN within the slice under positive pressure and visual control. On contact, tight
gigaohm (GΩ) seals were achieved by applying negative pressure. The membrane patch
was then ruptured by suction and both membrane current and potential were monitored
using Multiclamp700B and Digidata 1440A by Axon Instrument (Molecular Devices, San
Jose, CA, USA). Whole-cell access resistances, measured in voltage clamp, were in the range
of 8–20 MΩ. A concentric bipolar electrode (Phymep, Paris, France) was placed on afferent
fibers to evoke EPSCs (at 0.1 Hz), recorded in MSN under voltage-clamp configuration
with membrane potential clamped at −70 mV. Current over voltage (I/V) curves were
acquired in I = 0 (free) current-clamp mode. All data were sampled at 20 kHz and filtered
at 1 kHz. Series resistance was measured throughout the experiment with a −5 mV step
lasting 50 ms. Synaptic events were stored by using p-CLAMP 10.6 (Axon Instruments,
Burlingame, CA, USA) and a posteriori analyzed offline on a computer with Axograph
software (Axon Instruments, Burlingame, CA, USA). Only data from putative GABAergic
MSN were included in the present study, identified immediately after rupture of the GΩ

seal, by evaluating responses to the injection of both hyperpolarizing and depolarizing
currents, as described previously [81].
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LTD was elicited by stimulating afferent fibers at 10 Hz for 10 min, as described
before [82–85].

4.9. Resampling

Resampling (bootstrapping) was performed in R [86] with the boot package, available
at CRAN (Comprehensive R Archive Network; https://cran.r-project.org, accessed on
1 May 2022). Resampling methods, applied to biology, have been explained recently [65].
The visual inference tool (VIT), a component of iNZight [87,88], was used to track the
distribution of means from resampling replicates.

4.10. Data Analyses

All statistical tests were performed with R [86]. Significance was set at alpha = 0.05.
All values are reported as mean ± standard error of the mean (SEM). Data analysis was
performed using one-sample t-tests, two- or three-way ANOVA, followed by post hoc tests
if appropriate. Supplemental Table S1 presents all statistical analysis results performed
in the present study. Normalization of behavioral parameters was achieved by using the
following formula: xn = x−min

max−min , where xn is the normalized variable value, max is the
variable maximum value, and min is the variable minimum value. Gene expression was
calculated relative to the housekeeping gene (Gapdh) and normalized to control levels.
Correlation matrices and heatmaps were calculated and drawn in R with the following
packages: colourvalues, corrplot, ggcorrplot, ggplot2, gplots, heatmap.plus, heatmap3, Hmisc,
and RColorBrewer. These packages are all accessible in CRAN (see above, Section 4.9).

Enrichment ratio (ER) was calculated by the formula: ER =
( m

M )
( n

N )
= (m x N)

(M x n)
, where m is the

number of mapped genes in the pathway, N is the total number of genes within the mus
musculus genome (~18,985), M is the total number of genes in the pathway, and n is the
number of genes found significantly upregulated in our dataset (= 25). For gene ontology
(GO), Webgestalt (http://www.webgestalt.org/, accessed on 1 May 2022) was used [35].
All figures were optimized for color blindness. Box and whiskers and violin plots were
plotted from minimum to maximum values. Please refer to Supplemental Figure S4 for
body weights and food consumption. Food consumption was estimated by averaging food
intake over the duration of the experimental protocol, divided by the number of animals
per cage.
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1. Synthèse des résultats obtenus 

L’objectif principal de ces travaux de thèse était d’étudier comment une modification globale, par 

intervention par l’alimentation, ou locale, par la manipulation génétique de l’expression d’elovl2 

dans le NAc, des taux d’AGPI n-3 et n-6 influencent leur métabolisme cérébral, la cognition et les 

comportements émotionnels et la plasticité synaptique, en tenant compte du sexe. Pour cela nous 

avons étudié 1) l’impact d’une diète équilibrée en AGPI n-3, sous forme d’ALA et administrée à partir 

du sevrage, sur les effets mnésiques et synaptiques d’une carence alimentaire maternelle en AGPI n-

3 chez la descendance mâle et femelle, 2) l’impact de la manipulation génétique du gène elovl2 dans 

les astrocytes au niveau du NAc sur les comportements émotionnels, les taux AGPI du NAc et les 

propriétés électriques des MSNs de souris adultes mâles et femelles et 3) les effets neuroprotecteurs 

d’une diète enrichie en EPA+DHA sur les altérations comportementales et synaptiques provoquées 

par un stress chronique (CSDS). 

 

Les résultats obtenus à l’issu de la complétion de l’objectif 1 ont révélé que les souris mâles et 

femelles exposées depuis la vie intra-utérine à une diète carencée en AGPI n-3 développent des 

altérations de mémoire spatiale et de LTP hippocampique à l’âge adulte. Ces altérations 

neurobiologiques s’accompagnent d’altérations des taux d’AGPI n-3, notamment d’une diminution 

drastique de DHA, d’EPA et une augmentation d’AA dans l’hippocampe. Cependant, les profils 

d’oxylipines qui dérivent de ces AGPI différent entre les mâles et les femelles, et présentent des 

signatures distinctes sous l’effet des diètes étudiées. Le groupe de souris mâle et femelle carencées 

en AGPI n-3 et exposées à une diète équilibrée à partir du sevrage voient leur plasticité synaptique 

restaurée, alors que les profils d’AGPI, d’oxylipines et la mémoire sont différentiellement restaurés 

en fonction du sexe. Ainsi, si les taux de DHA, EPA et AA de l’hippocampe des souris femelles 

carencées-équilibrées et la mémoire sont similaires à ceux des souris nourries avec une diète 

équilibrée toute leur vie, l’AA reste élevé dans l’hippocampe et la mémoire altérée chez les mâles, 

comme chez les souris carencées (Publication 1, Martinat et al., pour soumission). Une revue sur 

l’importance des AGPI alimentaires périnataux sur le développement cérébral découle de ce thème 

de recherche (Publication 2, Martinat et al., 2021). 

 

Les résultats obtenus à l’issu de la complétion de l’objectif 2 indiquent que l’administration de l’AAV-

5/2-GFAP-re/mCherry dans le NAc de souris ELOVL2lox/lox mâles et femelles atténue l’expression 

d’elvol2 de 50% à ce niveau, mais pas dans l’hippocampe, utilisé comme structure contrôle. De plus, 

cette inhibition d’expression touche principalement les astrocytes, qui sont ciblés par le virus. La 

diminution d’expression d’ELOVL2 n’est pas associée à des modifications des profils des AGPI dans le 
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NAc ou le cortex préfrontal, utilisé comme structure contrôle. En ce qui concerne les comportements 

émotionnels, des altérations significatives de temps passé dans les bras ouverts de l’EPM (mâles) ou 

de « head-dipping » (femelles) sont mesurées, mais pas de différences dans les autres paramètres 

mesurés. Enfin, de profondes modifications des propriétés intrinsèques des neurones épineux 

moyens du NAc, à proximité d’astrocytes elovl2 KO sont mesurées (Publication 3, Martinat et al., en 

préparation) 

 

Les résultats obtenus à partir de l’objectif 3 montrent que les souris mâles nourries avec une diète 

équilibrée en ALA ou enrichie en EPA+DHA n’ont pas les mêmes profils en AGPI dans le NAc. Ces 

différences de composition sont associées à des différences de profils d’expression d’enzymes, 

récepteurs et transport des AG dans le NAc qui tracent une signature propre à la diète consommée. 

Les souris soumises à un stress chronique de défaite sociale (CSDS) développent des altérations de 

comportement social et émotionnel et de plasticité synaptique (LTD) dans le NAc qui sont moins 

intenses chez les souris ayant consommé une diète riche en EPA+DHA (Publication 4, Di Miceli M, 

Martinat M, et al., 2022).  

2. Modèles animaux utilisés   

2.1. Modèle nutritionnel (modification globale dans le cerveau) 

D’un point de vue nutritionnel, la consommation en AGPI n-3 est inférieure aux recommandations 

alimentaires chez l’homme (Simopoulos, 2011). La diminution de consommation d’AGPI n-3, sous 

forme de précurseur ALA ou préformé DHA et EPA, se fait au profit de celle des AGPI n-6. Ceci se 

traduit par une un ratio consommé en AGPI n-6/n-3 autour de 10 en France et supérieur à 15 aux 

Etats-Unis (Simopoulos, 2011; Tressou et al., 2016), alors que celui recommandé par l’ANSES est de 4. 

Une étude récente décrit les apports individuels en AG et leurs principales sources alimentaires au 

Royaume-Uni. Elle met en avant les différences d’apports en AGPI entre le Royaume-Uni et les Etats-

Unis (Kelly et al., 2022). Les apports en LA des participants anglais (9,7 g/j) sont largement inférieurs 

à ceux des participants américains (17,4 g/j). Les apports en ALA dans cette étude (1,58 g/j) sont 

également inférieurs à ceux rapportés pour les adultes américains (1,82 g/j). Les graisses et huiles 

typiques ajoutées aux aliments pendant la cuisson et la transformation diffèrent selon les pays, ce 

qui peut expliquer en partie les différences d'apports en AG observées : l'huile de soja (54 g de LA 

pour 100 g ; 7,8 g d’ALA pour 100 g) représente ~50 % de l'huile consommée aux États-Unis. L'huile 

de palme (10,4 g ; 0,2 g), l'huile de colza (20 g ; 9,8 g) et l'huile de tournesol (67 g ; 0 g) représentent 

ensemble environ 76 % de l'huile consommée par la population générale du Royaume-Uni (Tennant 

and Gosling, 2015). De plus, les apports en DHA (0,18 g/j) dans la présente étude étaient plus élevés 
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que ceux estimés pour les américains à l’âge adulte (0,06 g/j), tandis que les apports en EPA seraient 

identiques (0,03 g/j). La consommation de produits de la mer, en particulier de poissons gras 

(Nettleton, 1995), peut expliquer une partie des différences observées entre les pays dans les 

apports en EPA et DHA: thon (0,01 g EPA pour 100 g ; 0,08 g DHA pour 100 g), morue (0.03 g ; 0,10 g) 

et le saumon (0,93 g ; 1,78 g) sont les plus consommés au Royaume-Uni. Toutes ces données sont 

issues des différents rapports des départements de l’agriculture des Etats-Unis et du Royaume-Unis 

Ce déséquilibre est associé à un risque accru de développer des maladies cardio-vasculaires, de 

l’obésité ou encore de maladies neuropsychiatriques et neurologiques (Simopoulos, 2011). Afin de 

mieux comprendre les mécanismes neurobiologiques impliqués dans les effets de la carence 

alimentaire en AGPI n-3, des modèles nutritionnels chez les rongeurs ont été développés. En 

l’occurrence, le modèle développé au laboratoire provoque une diminution de DHA cérébral de 30 à 

80 % selon les études (Delpech et al., 2015; Janssen et al., 2015; Joffre et al., 2016; Labrousse et al., 

2018; Moranis et al., 2012; Moriguchi et al., 2000) 

Tableau 4 : Références utilisant différents régimes et impact sur la composition cérébrale en DHA 

 Régime utilisé et 

composition en précurseurs 

(% AG totaux) 

Structure Niveaux de DHA (En % 

d’AG totaux) 

(Kodas et al., 2002) Régime équilibré (eq) (LA : 
21,2% ; ALA : 3,6%) 
Régime déficient (def) (LA : 
21,3% ; ALA : <0,1%) 

Cortex 
préfrontal de 
rat 

4,5 vs 1,2 (eq vs def) 

(Aïd et al., 2003) Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 

Cortex 
 
Hippocampe 

5,4 AG VS 1,3 (eq vs def) 
 
4,0 VS 1,5 (eq vs def) 

(Mingam et al., 

2008) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 

Cortex 3,7 vs 1,3 (eq vs def) 

(Lafourcade et al., 

2011) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 

Cerveau entier 
 
PFC 

12,15 vs 8,3 (eq vs def) 
 
14,3 vs 8,12 (eq vs def) 

(Moranis et al., 

2012) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 

Cortex 3,4 vs 1,4 (eq vs def) 

(Labrousse et al., 

2012) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6%) 
Régime supplémenté (LA : 
15,2% ; ALA : 0,9% ; DHA : 
7,2%) 

Cerveau adulte 
 
Cerveau âgé 

9,2 vs 15,9 (eq vs supp) 
 
8,7 vs 13,7 (eq vs supp) 

(Larrieu et al., 2012) Régime équilibré (LA : 10,7% ; Cortex 16,39 vs 9,11 (eq vs def) 
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ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 

(Madore et al., 

2014) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 57,4% ; 
ALA : 0,2%) 

Cortex à P0 
 
Cortex à P21 

9,7 vs 5,1 (eq vs def) 
 
14,1 vs 6 (eq vs def) 

(Delpech et al., 

2015) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 57,4% ; 
ALA : 0,2%) 

Hippocampe 15,20 vs 12,57 (eq vs def) 

(Joffre et al., 2016) Régime standard (std) (LA : 
45,9% ; ALA : 3,3%) 
Régime équilibré (LA : 10,6% ; 
ALA : 1,6%) 
Régime déficient (LA : 60,5% ; 
ALA : 0,1%) 
Régime supplémenté (LA : 
15,1% ; ALA : 1,1% ; DHA : 
5,8% 

Cortex 
 
PFC 
 
Cervelet 
 
Hippothalamus 
 
Hippocampe 

11,9 (std), 16,3 (eq), 7,4 
(def) 
14,3(std) 
 
12,2 (std) 
 
10,1 (std) 
 
13,7 (std) 

(Rey et al., 2018) Régime équilibré (LA : 12,9% ; 
ALA : 1,6%) 
Régime déficient (LA : 45,3% ; 
ALA : 0,1%) 
Régime supplémenté (LA : 
12,9% ; ALA : 1,1%; DHA : 
5,6%) 

Cellules 
microgliales du 
cerveau 

0,8 vs 0,6 vs 2,1 (eq vs 
def vs supp) 

(Labrousse et al., 

2018) 

Régime équilibré (LA : 10,7% ; 
ALA : 1,6% d’AG totaux) 
Régime déficient (LA : 57,4% ; 
ALA : 0,2%) 

Cerveau fœtal 
 
Placenta 
 
Tronc cérébral 

6,7 vs 4,2 (eq vs def) 
 
8,3 vs 4,61 (eq vs def) 
 
12,15 vs 8,13 (eq vs def) 

(Rey et al., 2019) Régime deficient (LA : 10,6%; 
ALA : 1,6%) 
Régime supplémenté (LA : 
12,9% ; ALA : 1,1% ; DHA : 
5,6%) 

Hippocampe 15,20 vs 17,36 (def vs 
supp) 

 

2.1.1 Choix du modèle de carence maternelle en AGPI n-3 

Dans le cas de notre étude, nous avons choisi d’exposer les animaux à une diète carencée en AGPI n-

3 dès les stades les plus précoces du développement cérébral et de façon unigénérationnelle. Les 

mères sont donc nourries à partir de l’accouplement soit avec un régime carencé, soit un régime 

équilibré en AGPI n-3 (Tableau 4). Il s’agit de régimes isocaloriques contenant 5 % de lipides apportés 

par un mélange d’huiles qui apportent les précurseurs n-6 et n-3 des AGPI-LC, à savoir le LA et l’ALA. 

Le régime équilibré contient majoritairement de l'huile de colza riche en ALA avec un ratio AGPI n-

6/n-3 est de 6.7, proche des recommandations faites chez l'homme. Le régime carencé, obtenu à 

partir d'huile de tournesol riche en LA, est quant à lui plus éloigné de ce que l’on peut retrouver chez 
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l’homme : son ratio est proche de 300 ce qui permet de diminuer le taux cérébral de DHA chez la 

descendance (Joffre et al., 2016; Labrousse et al., 2018,Tableau 5). Des données récentes obtenues 

chez l’homme ont permis de déterminer les taux de d’AGPI dans le cerveau. Cependant selon les 

régions cérébrales ces taux peuvent varier. Par exemple, dans les travaux de Rapoport et al, les 

estimations des concentrations de DHA dans l'ensemble du cerveau sont basées sur les compositions 

régionales en acides gras - en particulier la matière grise phospholipidique dans ce cas - et utilisées 

pour la modélisation du métabolisme des acides gras du cerveau (Rapoport et al., 2007). Dans ces 

travaux, l’estimation des niveaux de DHA dans le cerveau humain entier est de 5,13g pour 1500g de 

cerveau, tandis que dans les travaux de Lacombe et al, la concentration de DHA observée est de 

3,47g pour 1171g de cerveau humain post mortem (Lacombe et al., 2022). Il est important de noter 

que, chez l’homme, l'altération du métabolisme des acides gras du cerveau a été impliquée dans un 

certain nombre de maladies neurodégénératives, notamment les maladies d'Alzheimer et de 

Parkinson (Alecu and Bennett, 2019; Di Paolo and Kim, 2011), et probablement aussi la maladie de 

Pick (démence frontotemporale) (Bright et al., 2019).  

L’utilisation d’un régime carencé uni-générationnel en AGPI n-3 est donc un bon modèle 

expérimental pour induire des diminutions des taux de DHA dans le cerveau de la souris et provoquer 

des altérations cognitives et neurobiologiques. 

Tableau 5 : composition des régimes équilibrés et carencés en AGPI n-3 utilisés 

 Régime équilibré Régime déficient 

16 :0 22,6 6,2 

18:0 3,3 4,4 

Autre AG saturés 1,8 1,6 

Total AGS 27,7 12,2 

16:1 n-7 0,2 0,1 

18:1 n-9 57,9 26,0 

18:1 n-7 1,5 0,9 

Autre AGMI 0,4 0,2 

AGMI totaux 60,0 27,2 

18:2 n-6 (LA) 10,6 60,5 

20:4 n-6 (AA) ND ND 

AGPI n-6 totaux  10,7 60,5 

18:3 n-3 (ALA) 1,6 0,1 

18:4 n-3 ND ND 
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20:5 n-3 ND ND 

22:5 n-3 ND ND 

22:6 n-3 (DHA)  ND ND 

AGPI n-3 totaux 1,6 0,2 

AGPI totaux 12,3 60,6 

Exprimé en % du poids total en AG. Composition du régime (g/kg de régime : caséine (180) ; fécule de 

maïs (460); sucrose (230); cellulose (20); graisse (50); mix de minéraux (50 mix de vitamines (10). AL : 

acide linoléique, AA : acide arachidonique, ALA : acide α-linoléique, AGMI : acide gras mono-insaturé, 

ND : non détecté. 

2.1.2 Choix de la fenêtre d’action pour restaurer un apport équilibré en AGPI n-3 

Un autre élément important dans notre étude a été le choix de la fenêtre d’intervention 

nutritionnelle, c’est-à-dire à quel moment une partie des animaux carencés en AGPI n-3 allait être 

exposés à un régime équilibré en AGPI n-3. En effet, une étude en particulier a démontré qu’une 

exposition à un régime équilibré en AGPI n-3 au sevrage était plus efficace qu’à 7 semaines pour 

restaurer les taux de DHA cérébraux chez le rat (Moriguchi and Salem Jr, 2003). La durée de 

l’exposition est un paramètre critique, dans cette même étude un changement de régime au sevrage 

et durant 6 semaines permet d’induire des effets positifs à l’inverse d’une exposition au régime 

équilibré durant 2 semaines (Moriguchi and Salem Jr, 2003). Il est également apparu que chez les 

animaux plus jeunes la restauration du DHA cérébral est plus rapide que chez les animaux plus âgés 

carencés en AGPI n-3 (Moriguchi and Salem Jr, 2003). 

De plus, nous avons fait le choix de ne pas supplémenter les animaux en DHA mais d’utiliser un 

régime équilibré en AGPI n-3 afin de déterminer si celui-ci est suffisant pour inverser les altérations 

induites par la carence. L’huile de poisson, administrée au sevrage à des animaux nourris depuis la 

gestation avec un régime carencé en AGPI n-3 restaure les taux de DHA dans l’hippocampe au bout 

de deux mois (Orr et al., 2013). D’autres études ont démontré qu’un régime déficient en AGPI n-3 

(0% de DHA et EPA et <0.01% d’ALA) pendant 2 générations induit une déplétion de 75% en DHA 

dans le cerveau (Xiao et al., 2006). La seconde génération est ensuite supplémentée à l’âge de 5 

semaines avec de l’ALA (3 ,5%) pendant 12 semaines (Xiao et al., 2006). Ce régime permet de 

restaurer les niveaux de DHA dans les régions cérébrales, sachant que l’hippocampe est la structure 

où la récupération du taux initial de DHA est la plus lente (Xiao et al., 2006). De plus, l’étude de Kodas 

et al., (Kodas et al., 2002) montre, dans le même modèle de déficience sur plusieurs générations, 

qu’un apport  alimentaire équilibré en précurseurs des AGPI n-3 apporté soit à partir de la naissance, 

soit aux jours 7, 14 ou au sevrage, permet également de restaurer des taux en DHA équivalents aux 
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souris contrôles. Nos résultats montrent que le régime équilibré en ALA permet également une 

restauration des niveaux de DHA suite à une carence maternelle en ALA dès la première génération. 

2.2. Modèle transgénique (modification locale par modification du métabolisme des AGPI au niveau 

astrocytaire) 

Nous avons recherché si une variation locale des taux d’AGPI pouvait avoir des conséquences 

métaboliques et neuro-fonctionnelles. C’est pourquoi nous nous sommes dirigés vers l’expression de 

l’enzyme Elovl2. En effet, cette enzyme catalyse la première des quatre réactions qui constituent le 

cycle d’élongation des AGPI-LC (C20 et C22). Ce processus enzymatique lié au réticulum 

endoplasmique permet l'ajout de 2 carbones à la chaîne des AGPI-LC par cycle. Elle participe 

également à la production d’AGPI à très longues chaînes, comme le DHA, qui sont impliqués dans de 

multiples processus biologiques en tant que précurseurs des lipides membranaires et médiateurs 

lipidiques 

 

Figure 10 : Biosynthèse des Acide Gras à Longue et très Longue Chaîne chez les mammifères.  

Noms des gènes de souris contribuant aux étapes d’élongation (Elovl1-7) et de désaturation (Fads) des AGPI n-3 et n-6. 

(Extrait de Guillou et al., 2010). 

 

Elovl2 est impliquée à la fois dans les familles des AGPI n-6 et n-3 (Figure 9). En diminuant 

l’expression d’Elovl2, nous nous attendons donc à induire des changements de niveaux d’AGPI dans 

le cerveau. Les travaux de Talamonti et al., ont utilisé un modèle de KO total pour Elovl2 et ont 

ensuite mesuré les niveaux d’AGPI n-6 et n-3 dans le cerveau de souris soumise à un régime équilibré 

en AGPI n-3 (LA : 37,43% ; ALA : 4,24%) (Talamonti et al., 2019). Ils ont établi pour la première fois le 

profil de la composition en acyl-CoA de divers acides gras dans les tissus cérébraux de souris Elovl2-/- 

(KO) et de souris de type sauvage (WT) en mesurant les métabolites par chromatographie liquide 

associée à la spectrométrie de masse (LC-MS/MS). Ils ont observé une accumulation significative 

d’EPA et de DPA n-3 dérivés du ALA associée à une diminution des niveaux de DHA dans le cerveau 
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des souris. Il a également été remarqué une accumulation générale, mais non significative, de LA 

(18:2n-6) et d'acide dihomo-γ-linoléique (20:3n-6), et une accumulation significative de l'acide 

docosatétraénoïque (20:5n-6) (Talamonti et al., 2019) 

 

Figure 11 :  Composition en AGPI n-6 et n-3 du cerveau d'animaux WT et KO pour Elovl2 sous régime équilibré en AGPI n-3 

(extrait de Talamonti et al., 2019) 

Dans le cerveau, Elovl2 est majoritairement exprimée dans les astrocytes des différentes structures 

cérébrales comme le cortex, l’hippocampe ou encore le striatum, d’après The Human Protein Atlas. 

De plus, les astrocytes sont essentiels au développement et fonctionnement cérébral de par leurs 

rôles dans le contrôle du métabolisme énergétique, du renouvellement synaptique, de la 

neuritogenèse mais aussi de la neurotransmission (Bélanger et al., 2011; Clarke and Barres, 2013; 

Kucukdereli et al., 2011; Nedergaard et al., 2003; Neniskyte and Gross, 2017; Reemst et al., 2016). 

Nous avons donc choisi de cibler les astrocytes afin d’y induire une altération de la synthèse des 

AGPI-LC en bloquant l’expression de l’enzyme Elovl2. Grâce à une lignée de souris floxée pour Elovl2 

(Elovl2 lox/lox) sur fond génétique C57bl6J, nous avons inhibé l’expression de elovl2 en injectant un 

adénovirus-cre dans le NAc. Ce virus, dont l’expression de la cre est sous la dépendance du 

promoteur GFAP permet de cibler les astrocytes (Meng et al., 2015). Il existe un modèle de KO total 

chez la souris (Elovl2-/-) qui est caractérisé par une diminution des niveaux de DHA dans les testicules, 

le sérum, le foie, la glande mammaire et les tissus adipeux (Pauter et al., 2017; Zadravec et al., 2011). 

Ce modèle a également permis de démontrer que les niveaux d'acyl-CoA et la synthèse endogène de 

DHA médiée par Elovl2 sont impliqués dans l'expression de plusieurs marqueurs de plasticité et 

d'inflammation du cerveau (Talamonti et al., 2019). Nous avons donc recherché si la diminution de 

l’expression d’Elovl2 dans les astrocytes pourrait être à l’origine d’une modification structurelle des 

niveaux d’AGPI n-3 et n-6 associée à une modification des propriétés électrophysiologiques des 
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neurones environnants ainsi qu’une modification du comportement. Nos résultats ne montrent pas 

d’effet sur les taux d’AGPI dans le NAc mais nous avons pu observer des modifications 

électrophysiologiques et l’altération de certains paramètres comportementaux discutés en partie IV. 

2.1.3 Augmentation des AGPI-LC EPA et DHA dans le cerveau par la nutrition 

Dans ce travail, nous avons recherché si une diète riche en PUFA-LC n-3 est plus efficace 

qu’une diète équilibrée en ALA pour protéger les souris des effets neuro-délétères du CSDS. 

Pour cela, nous avons utilisé deux diètes isocaloriques mais différentes d’un point de vue de 

la composition en AGPI : une diète riche en EPA+DHA  contenant un mélange d'huile de 

colza, d'huile de tournesol riche en acide oléique, d'huile de palme et d'huile de thon et une 

diète équilibrée contenant un mélange d'huile de colza (riche en ALA), d'huile de tournesol à 

haute teneur en acide oléique et d'huile de palme résultant en un rapport ALA/LA de ¼ 

(régime témoin) (Labrousse et al., 2012; Larrieu et al., 2014; Rey et al., 2019). Les animaux 

ont été nourris 8 semaines avec ces diètes à partir du sevrage, comme décrit précédemment 

(Larrieu et al., 2014; Rey et al., 2019). Cette durée d’exposition suffit à modifier 

drastiquement les niveaux d’AGPI dans plusieurs structures cérébrales comme l’hippocampe 

(Rey et al., 2019). 

Tableau 6 Composition lipidiques des régimes, extrait de (Labrousse et al., 2012) 

  

La consommation d’EPA et de DHA augmente non seulement les AGPI-LC n-3 dans le cerveau, mais 

modifient également leurs métabolites, comme les oxylipines ou les eCBs (Bosch-Bouju et al., 2016). 
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Ainsi, l'augmentation des niveaux d'AGPI-LC n-3 dans l'hippocampe de souris adultes est associée à 

l’augmentation des métabolites dérivés de l'EPA et du DHA (18-HEPE et 17-HDoHE) et la diminution 

des métabolites dérivés de du LA et de l'AA (TxB2, 6kPGF1a, PGE2, 15dPGJ2, 5,6-DiHETE, 14,15-EET, 

15-HETE, LxA4, 13-HODE, 9-HODE) (Rey et al., 2019). Chez le rat âgé, une administration orale d'EPA 

et de DHA entraîne la génération de médiateurs dérivés de l'EPA et de HDoHE, -résolvines et -

protectine dérivés du DHA dans le cortex (Hashimoto et al., 2015). De plus, des niveaux alimentaires 

élevés de DHA et d'EPA ou de faibles niveaux de LA alimentaires diminuent la production de 

médiateurs dérivés des AGPI n-6 (5,6-DiHETE, 14,15-EET, 15-HETE, 13-HODE, 9-HODE, TxB2 et 

6kPGF1α) dans le cerveau de rongeurs (Ostermann et al., 2017; Reemst et al., 2022; Taha et al., 

2018). Plusieurs études in vitro et in vivo ont également montré un lien entre la biodisponibilité 

d’AGPI et les eCBs et NAEs. Les porcelets qui consomment un lait supplémenté en AA ont des niveaux 

accrus d'AEA et de 2-AG dans le cerveau. Inversement, ceux qui consomment un régime riche en DHA 

ont plus de DHEA (Berger et al., 2001). Des résultats identiques ont été obtenus chez les souris (plus 

de DHEA, moins de 2-AG ou d’AEA) (Artmann et al., 2008; Balvers et al., 2012). Ces effets de la diète 

se font également ressentir sur la composition en NAEs du cerveau des petits. Ainsi, une 

supplémentation maternelle en AGPI n-3 augmente le DHEA et l’EPEA et diminue le 2-AG dans le 

cortex et l'hippocampe de la progéniture. Ces données renforcent l’idée que le profil des NAEs 

représente l'abondance relative des AGPI dans l'alimentation. Cependant, l’origine cellulaire des 

oxylipines et des NAEs dans le cerveau est peu connue. Toutes les cellules du cerveau possèdent des 

AGPI n-3 et n-6 dans leurs membranes (AA, DHA, EPA, LA) dont les niveaux dépendent du contenu en 

AGPI n-3 de la diète, notamment pour les neurones et synaptosomes (Ikemoto et al., 2000), les 

cellules gliales et la microglie (Destaillats et al., 2010; Madore et al., 2020; Rey et al., 2018). Ces 

variations sont à l’origine de variations spécifiques d’oxylipines dans les cellules microgliales (Madore 

et al., 2020) mais cela reste à étudier plus précisément pour les autres types cellulaires. Ces données 

restent également à préciser pour les NAEs. Récemment, la mise en évidence que EEQ-EA 

(époxyeicosatetraénoïque-éthanolamide) et EDP-EA (époxydocosapentaénoïque-éthanolamide), des 

formes époxydées d’EPEA et de DHEA par la voie CYP450, sont synthétisées par les cellules 

microgliales (McDougle et al., 2017), renforcent l’idée que ces cellules sont d’importants 

contributeurs à la production de dérivés des AGPI-LC dans le cerveau (Layé et al., 2018) 
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3. Les effets neurobiologiques de la carence maternelle sont partiellement réversibles chez la 

descendance à l’âge adulte grâce à une intervention nutritionnelle : différences liées au sexe 

3.1.  Les altérations du profil lipidique et dérivés sont restaurées par le régime équilibré 

Nos résultats montrent que lorsque les animaux carencés en AGPI n-3 sont exposés à un régime 

équilibré en AGPI n-3 au sevrage et pour une durée de 6 semaines, les taux d’AGPI n-3 sont restaurés 

dans l’hippocampe des femelles et des mâles. Cependant, l’AA reste élevé dans l’hippocampe des 

souris mâles. Pendant la période périnatale, une carence en AGPI n-3 dès la gestation induit une 

déplétion des taux de DHA à P0 (naissance) et P21 (sevrage) qui est compensée par une 

augmentation des taux de DPA n-6 dans le cortex des souris (Madore et al., 2014). Si le régime est 

consommé jusqu’à l'âge adulte, ces altérations persistent et sont accompagnées d’une augmentation 

du DPA n-6 et une diminution du DPA n-3 et du DHA dans le cerveau de souris adultes (Lafourcade et 

al., 2011). Notre modèle de carence maternelle en AGPI n-3 valide tous ces aspects déjà observés 

auparavant. À l'âge adulte, les niveaux d'AGPI n-3 et n-6 sont similaires dans l'hippocampe des mâles 

et des femelles nourris avec un régime déficient en AGPI n-3, avec une diminution de l'EPA et du DHA 

et une augmentation de l'AA et du DPA n-6 (Joffre et al., 2016). Cependant, nos travaux montrent 

que l’intervention avec un régime équilibré en AGPI n-3 à partir du sevrage restaure de manière 

différentielle le niveau d'AA, mais pas d'EPA et de DHA, dans l'hippocampe des mâles et des femelles. 

La restauration des niveaux de DHA et d’EPA dans l’hippocampe chez les mâles par une diète riche en 

AGPI n-3 a déjà été décrite chez les mâles (Xiao et al., 2006), mais pas chez les femelles. Nos résultats 

suggèrent qu'une intervention alimentaire à long terme modifie différentiellement le métabolisme 

de LA et ALA et/ou l'accrétion cérébrale des AGPI-LC n-3 et n-6 selon le genre. Le niveau de DHA dans 

le cortex préfrontal de patients diagnostiqués avec une dépression majeure est significativement 

réduit chez les femmes, mais pas chez les hommes (McNamara et al., 2007). L’hypothèse des 

hormones est avancée pour expliquer ces différences, et plus particulièrement les hormones 

ovariennes sur la biosynthèse du DHA (Childs et al., 2008; McNamara et al., 2009). La question de 

savoir si les changements hormonaux associés à la restauration des AGPI dans l'hippocampe des 

femmes, mais pas des hommes, reste à étudier. Cependant, une étude récente n'a rapporté aucune 

variation du niveau d'AA dans le cortex de souris femelles ovariectomisées traitées ou non à 

l'estradiol (Herrera et al., 2018). 

Plusieurs études ont démontré que les AGPI n-3 alimentaires ont un impact sur le profil des lipides du 

cerveau (Carrié et al., 2000b; Joffre et al., 2016; Labrousse et al., 2012; Skorve et al., 2015). Dans 

notre étude, la déficience en AGPI n-3 a augmenté les niveaux de 13-HODE (dérivé lipidique de LA) et 

des dérivés d’AA (14,15-EET, 11,12-HETE, 8-HETE, 5-HETE, 5oxoETE, LXB4) dans le cerveau des souris 

femelles. Nous avons également observé une diminution chez les femelles des taux de dérivés 
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métaboliques de l’EPA (18-HEPE) et du DHA (17-HDoHE). Chez les mâles, la carence alimentaire en 

AGPI n-3 n’a induit qu’une diminution significative des taux oxylipines dérivées des AGPI n-3 DHA 

(14-HDoHE) et EPA (18-HEPE). En rééquilibrant le régime en AGPI n-3 à partir du sevrage, les mâles 

voient leurs niveaux de 13-HODE et 9-HODE significativement remonter (oxylipines dérivées de LA). 

Chez les femelles, l’intervention nutritionnelle à partir du sevrage a induit une diminution des dérivés 

de LA (13-HODE et 9-HODE) et de l’AA (14,15-EET, 11,12-EET, 5-HETE, 5oxoETE, 8 isoPGA2 et 

15dPGJ2) accompagnée d’une augmentation des dérivés lipidiques du DHA (17 et 14-HDOHE) et de 

l’EPA (18-HEPE). L'augmentation du niveau de ces espèces dans le cerveau par une intervention 

alimentaire riche en AGPI n-3 a été précédemment rapportée par nous et d'autres (Rey et al., 2019; 

Wang et al., 2022). Les oxylipines dérivées de l'EPA et du DHA ont été signalées comme étant 

neuroprotectrices vis-à-vis des stimuli inflammatoires (Layé et al., 2018; Rey et al., 2019, 2018) et 

pourraient jouer un rôle dans la restauration de mémoire et de LTP. Cependant des études 

supplémentaires sont nécessaires pour déterminer cela.  

Les résultats obtenus, sur les modifications des niveaux de dérivés lipidiques ou oxylipines selon le 

genre ont permis d’établir une signature cérébrale spécifique des oxylipines en fonction du sexe. De 

façon tout à fait remarquable, et en lien avec les variations observées dans les niveaux d’AGPI, les 

dérivés du LA et de l’EPA sont altéré par le régime dans l’hippocampe des mâles et des femelles 

tandis que des différences ont été observées pour les oxylipines dérivées de l’AA.  

3.2. Récupération comportementale et de la plasticité synaptique en fonction du sexe 

Nos résultats révèlent que les performances dans les tâches spatiales sont altérées par la carence en 

AGPI n-3 et uniquement restaurées chez les femelles. Au vu des données obtenues chez les mâles 

lors du dosage des niveaux d’acides gras dans l’hippocampe, les modifications comportementales 

semblent étroitement liées aux niveaux d’AA cérébraux. En effet si l’on met en corrélation le 

paramètre « temps passé dans le bras nouveau » du test du Ymaze avec les niveaux d’AA, de DHA et 

d’EPA, on remarque que les résultats du groupe reversé (n-3 rev) sont inversement corrélés aux 

niveaux d’AA (Figure 4.B). Chez les femelles, aucune corrélation ne permet d’identifier un AG associé 

aux modifications du comportement observées (Figure 5).  

Le fait que le maintien à des taux élevé d’AA dans l’hippocampe des souris mâles pourraient jouer un 

rôle dans les altérations mnésiques n’a été que peu étudié. Plusieurs études ont montré que la 

mémoire spatiale de travail était impactée par la déficience alimentaire en AGPI n-3 au cours du 

développement (Chung et al., 2008; Fedorova et al., 2009, 2007; Lim et al., 2005). Ces altérations du 

comportement sont restaurées par un régime équilibré ou supplémenté en AGPI n-3 (Moriguchi and 
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Salem Jr, 2003). Chez l’homme âgé, les concentrations plasmatiques élevées en AGPI n-6, 

particulièrement LA, mais pas d’AGPI n-3, sont corrélées aux altérations des fonctions exécutives. Les 

taux d’AGPI n-3, quant à eux, sont corrélés aux volumes des lobes frontaux et l’intégrité de la BBB 

(Barnes et al., 2021). Le rôle de l’AA dans la mémoire a été peu étudié. Chez le rongeur, l’ajout d'AA 

au régime alimentaire augmente l'AA dans le cerveau (Wainwright, 1997). La consommation d’AA 

chronique et le dépôt d'AA dans les tissus cortico-hippocampiques de rats âgés entraîne une 

hyperactivité sans amélioration de la mémoire (Inoue et al., 2019)( mais augmente la LTP dans 

l'hippocampe (Kotani et al., 2003). L'AA limiterait également les troubles de l'apprentissage et de la 

mémoire chez les rats en améliorant les dysfonctionnements cholinergiques (Li et al., 2015). L’AA et 

ses métabolites, notamment ceux issus de COX2 jouent un rôle dans l’homéostasie neuronale et la 

mémoire (López and Ballaz, 2020b). Cependant, l’augmentation chronique dans le cerveau d’AA et 

des eCBs associés, comme 2-AG et AEAE, pourraient avoir des effets néfastes, en désensibilisant les 

CB1R (Lafourcade et al., 2011) ou en altérant le métabolisme du 2-AG, qui joue un rôle crucial dans la 

LTP et la mémoire spatiale (Schurman et al., 2019). De plus, l'injection intrahippocampique de PGE2, 

un produit de la cascade des AA, altère la mémoire de travail. Ainsi, l’ensemble de ces travaux 

indiquent un rôle de l'AA cérébral dans la cognition et la plasticité synaptique, mais son rôle exact 

dans les altérations de mémoire que nous avons observé restent à clarifier. 
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     R squared 0.9243      R squared 0.3607      R squared 0.07543

     R squared 0.6333      R squared 0.6333      R squared 0.6534

     R squared 0.0003466      R squared 0.7402      R squared 0.01413

 

Figure 12 : Corrélations des taux d’AG avec le paramètre bras nouveaux du Ymaze (mâles) 

par groupe du paramètre "temps passé dans le bras nouveau" du Ymaze avec les niveaux d'acide gras dans l'hippocampe 

(A). DHA, (B) AA, (C) EPA chez les mâles. N-3 bal = régime équilibré en AGPI n-3, n-3 def = régime déficient en AGPI n-3, n-3 

rev = régime équilibré en AGPI n-3 ) partir du sevrage. 



205 
 

     R squared 0.01490      R squared 0.007755      R squared 0.1446

     R squared 0.01699      R squared 0.004222      R squared 0.1575

     R squared 0.5214      R squared 0.3199      R squared 0.1963

 

Figure 13 : Corrélations des taux d’AG avec le paramètre bras nouveaux du Ymaze (femelles) 

Pour chaque groupe, le paramètre "temps passé dans le bras nouveau" du Ymaze est mis en corrélation avec les niveaux 

d'acide gras dans l'hippocampe (A). DHA, (B) AA, (C) EPA chez les mâles. N-3 bal = régime équilibré en AGPI n-3, n-3 def = 

régime déficient en AGPI n-3, n-3 rev = régime équilibré en AGPI n-3 à partir du sevrage. 

Des études réalisées au sein du laboratoire ont montré que la carence maternelle en AGPI n-3 réduit 

les éléments synaptiques, ce qui entraîne un dysfonctionnement du réseau synaptique 

hippocampique et un déficit de la mémoire de travail spatiale (Lafourcade et al., 2011; Lozada et al., 

2017; Madore et al., 2014; Thomazeau et al., 2016), mais cela n’a pas été étudié chez la femelle. Des 

changements de niveaux de GABA ont été montré pour affecter l’induction de la LTP de 

l’hippocampe (Fernandez et al., 2007). De plus la carence alimentaire en AGPI n-3 altère la plasticité 

et ce, dès le sevrage et ceci est dû à l’ablation de la iLTD CB1-dépendante (Thomazeau et al., 2016). Il 

est intéressant de noter que les mâles et les femelles récupèrent une plasticité synaptique 

hippocampique suite à l’intervention nutritionnelle à partir du sevrage, en revanche, les mâles ne 

récupèrent pas leur comportement de mémoire spatiale. Ceci peut s’expliquer par le fait que les taux 

d’AGPI ne sont pas restaurés de la même façon chez les mâles et les femelles, et notamment les 

niveaux d’AA. On peut imaginer que l’intervention nutritionnelle au sevrage est suffisante pour 

restaurer en partie les niveaux d’AG et la plasticité synaptique chez les mâles et les femelles mais 

n’est pas suffisante pour restaurer le comportement chez les mâles. L'observation de la réversibilité 
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des déficits comportementaux induits par la carence cérébrale en DHA a des implications sur les 

mécanismes cellulaires et moléculaires qui sous-tendent cet état de carence. En ce qui concerne les 

changements pertinents au niveau cellulaire, il a été démontré que le DHA peut protéger les 

neurones cultivés de l'apoptose (Kim et al., 2006) et il est possible que la mort neuronale limitée 

puisse expliquer les déficits comportementaux observés ici. Cependant, (Ahmad et al., 2002) ont 

récemment observé qu'une carence en DHA entraîne une diminution de la taille des neurones dans 

la région CA1 de l'hippocampe du rat, mais sans changement de la densité cellulaire. De plus, on sait 

que les AGPI et leurs dérivés jouent un rôle important dans la plasticité et dans le cas de la LTP, la 

voie des cyclooxygénases qui métabolise l’AA en dérivés lipidiques comme les prostaglandines a été 

étudiée. La PGE2 générée par la COX-2 régule l'excitabilité membranaire et la plasticité synaptique à 

long terme dans la synapse hippocampique (Chen et al., 2002). C’est également le cas pour les 

prostaglandines dérivées des eCBs qui constituent une nouvelle classe de médiateurs de signalisation 

impliqués dans la transmission et la plasticité synaptiques hippocampique (Yang et al., 2008). Les 

travaux de Lafourcade et al., ont également mis en évidence que la carence alimentaire en AGPI n-3 

induit une augmentation des niveaux d’AA et provoque une désensibilisation des récepteurs aux 

cannabinoïdes (CB1) (Lafourcade et al., 2011). 

Ces résultats indiquent que les altérations après une carence alimentaire en AGPI n-3 grave et 

prolongée le cerveau en cours de développement peuvent être partiellement corrigées par la 

consommation de ALA dès le sevrage. Ainsi, on peut s'attendre à ce que les jeunes enfants et les 

jeunes adultes qui ont été privés de sources adéquates d'acides gras n-3 au début de leur 

développement, récupèrent les niveaux de DHA cérébral, mais avec un délai. Cependant, une 

attention particulière doit être apportée à l’AA qui, s’il reste élevé est associé à un déficit cognitif. 

Une attention particulière doit être portée aux sources alimentaires apportées en période post-

natale après une carence alimentaire, afin d’optimiser les fonctions cognitives plus tard dans la vie. 

3.3. L’hypothèse du 18-HEPE dans la récupération synaptique 

Etant donné que les souris mâles et femelles présentent une plasticité restaurée par l’intervention  

nutritionnelle au sevrage, nous avons fait l’hypothèse que le mécanisme serait lié aux oxylipines qui 

restent communément restaurées dans l’hippocampe des souris mâles et femelles. En effet des voies 

métaboliques de synthèse des oxylipines comme celle de la COX-2 jouent un rôle dans la plasticité 

synaptique. La COX-2 participe à la transmission et à la plasticité synaptiques via son métabolite, la 

PGE2 (Akaneya and Tsumoto, 2006; Chen et al., 2002; Chen and Bazan, 2005; Murray and O’Connor, 

2003; Sang et al., 2007). 



207 
 

Au vu des résultats obtenus, notamment sur les profils d’oxylipines observés, nous avons remarqué 

qu’une des oxylipines dont les taux dans l’hippocampe sont abolis par la carence en AGPI n-3 et 

restaurés par le régime équilibré en AGPI n-3 est la 18-HEPE. Cette oxylipine provient de l’EPA par 

l’intermédiaire de la voie des lipoxygénase et par cette même voie produit les résolvines de la série E. 

De plus son rôle dans la plasticité est très peu connu puisque ces dernières années les études se sont 

surtout concentré sur les effets du DHA dans la plasticité synaptique. Il a été montré que l’EPA 

présenterait au même titre que le DHA des propriétés neuroprotectrices dans la modulation de la 

plasticité synaptique et l'activation de la voie de la PI3-kinase, peut-être par ses effets directs sur les 

neurones et les cellules gliales et par sa capacité à augmenter le DHA cérébral (Kawashima et al., 

2010). 

J’ai conduit des travaux préliminaires pour évaluer la question suivante : l’application de 18-HEPE sur 

des tranches de cerveau d’animaux soumis à un régime carencé en AGPI n-3 est-elle suffisante pour 

pouvoir induire une LTP ? Nous avons utilisé le même protocole que celui utilisé et décrit dans le 

chapitre 1. A la seule différence que les tranches de cerveau ont été infusées 1h dans un bain 

contenant 1µM de 18-HEPE ou contenant 0,1% d’alcool avant enregistrement. Les résultats 

préliminaires obtenus montrent qu’en présence de 18-HEPE, une amplitude plus élevée des réponses 

après induction du protocole de stimulation à haute fréquence (HFS), symbole qu’une LTP a été 

induite dans l’hippocampe des mâles carencés en AGPI n-3 mais pas des femelles (Figure 6). 

Ces premiers résultats sont encourageants mais doivent être approfondis, notamment pour identifier 

si les effets synaptiques du 18-HEPE se font par l’intermédiaire de récepteurs spécifiques et par quels 

mécanismes, notamment pour comprendre les différences d’effets liés au sexe. En l’occurrence, des 

expériences de dose réponse sont nécessaires. A plus long terme, il serait intéressant de tester les 

activités synaptiques des autres oxylipines communes restaurées par la diète enrichie en ALA et 

évaluer si elles agissent en synergie.  Une étude récente a utilisé un mélange de médiateurs 

lipidiques pro-résolvants : résolvine (Rv) E1, RvD1, RvD2, marésine 1 (MaR1) et neuroprotectine D1 

(NPD1) administrés par voie intranasale dans un modèle murin de maladie d’Alzheimer (Emre et al., 

2021). Le traitement a amélioré les déficits de mémoire accompagnés d'une restauration des déficits 

d'oscillation gamma des courants post synaptiques excitateurs dans l’hippocampe, ainsi qu'une 

diminution de l'activation microgliale. Ces résultats ouvrent des voies potentielles pour l'exploration 

thérapeutique des LM pro-résolutives dans la maladie d’Alzheimer, en utilisant une voie non invasive 

(Emre et al., 2021). Cet article témoigne de la puissance d’une telle association et il serait tout à fait 

envisageable, après un screening approfondi de nos résultats des dosages d’oxylipines, d’identifier 

de potentiels candidats capables de restaurer à la fois le comportement et la mémoire spatiale de 
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nos souris

 

Figure 14 : Enregistrement de la plasticité synaptique à long terme dans l'hippocampe d'animaux carencés en AGPI n-3 en 

présence de 18-HEPE (1µM) mâles et femelles. 

4. L’inhibition de la synthèse d’elovl2 astrocytaire altère les propriétés électrophysiologiques des 

MSNs dans le NAc des souris mâle et femelle 

Dans cette deuxième partie répondant à l’objectif n°2 de notre étude, nous nous sommes intéressés 

à la modulation locale des niveaux d’AG. Après injection du virus dans le NAc, des analyses 

immunohistochimiques de la colocalisation des marqueurs GFAP et mCherry nous ont permis de 

confirmer que la cre est exprimée majoritairement dans les astrocytes . Ensuite, par l’utilisation 

d’une approche de RNAscope, nous avons pu estimer le nombre de cellules astrocytaires ciblées par 

le virus et, parmi ces cellules infectées, quantifier le niveau d’expression des transcrits d’elovl2. 

L’administration de l’AAV-5/2-GFAP-re/mCherry dans le NAc de souris ELOVL2lox/lox mâles et femelles 

diminue l’expression d’elvol2 de 50% à ce niveau, mais pas dans l’hippocampe, utilisé comme 

structure contrôle.  

Les analyses des profils lipidiques dans le Nac et le PFC montrent que l’inhibition de la synthèse 

d’elovl2 astrocytaire n’a pas induit de différences de niveau d’AGS, AGM ou AGPI dans le NAc des 

mâles et des femelles. Cela va à l’inverse de ce qui a été observée dans les modèle de KO total pour 

Elovl2 qui mettent en évidence des modifications des niveaux d’AGPI et notamment une 

augmentation des niveaux de DPA n-3 et une diminution de DHA dans le cerveau des souris KO 

(Gregory et al., 2013; Pauter et al., 2014; Talamonti et al., 2019). Nos résultats pourraient s'expliquer 

par le fait que les modifications au niveau des astrocytes sont trop minimes pour être détectés à 

l’échelle de la structure entière. Mais il pourrait également s’agir de voies alternatives qui prennent 

le relai pour la synthèse endogène de DHA, comme c’est le cas dans le foie du poisson zèbre (Liu et 

al., 2020). En effet, le poisson zèbre elovl2
-/- ne présente pas d’accumulation de DPA n-3 mais une 

augmentation du substrat de la voie delta 4 désaturase, l’EPA, suggérant que la voie delta 4 serait 
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une alternative pour la synthèse du DHA (Liu et al., 2020). De plus, la délétion d’elovl2 n’étant pas 

totale, cela peut expliquer l’absence de modifications des niveaux d’AGPI dans le NAc.  

Les analyses comportementales ont mis en évidence des altérations du comportement émotionnel 

sur des paramètres qui diffèrent chez les animaux KO Elovl2 selon le sexe. En effet, nous avons pu 

observer que les mâles KO Elovl2 passent significativement plus de temps dans la zone éclairée du 

Light Dark que les animaux contrôles. Le test du Light Dark confronte les souris à une situation 

extrêmement anxiogène qui consiste à s’exposer à une zone très fortement éclairée. Nos résultats 

suggèrent donc que les souris mâles KO Elovl2 seraient moins anxieuses que les animaux contrôles. 

Ensuite, nous avons pu remarquer que les souris femelles KO Elovl2 réalisaient moins de « head 

dipping » dans le test du labyrinthe en croix surélevé. Ce paramètre consiste à compter le nombre de 

fois où l’animal engage sa tête et la partie haute de son corps au-dessus du vide. Les femelles KO 

Elovl2 semblent donc présenter un comportement de type anxieux comparé aux animaux contrôles. 

A ce jour, aucune donnée de la littérature ne fait état d’un lien direct entre une diminution de la 

synthèse d’Elovl2 et des altérations cognitives chez l’homme comme chez l’animal.  

Finalement, nous avons pu observer des modifications de l’excitabilité neuronale. En effet, les 

neurones enregistrés à proximité d’astrocytes fluorescent présentent une rhéobase plus faible ainsi 

qu’une diminution du nombre de potentiels d’action. L’analyse de l’activité spontanée des courants 

post synaptiques excitateurs montre que l’amplitude de ces activités est diminuée chez les animaux 

Elovl2 KO mais pas la fréquence ni l’intervalle entre évènements. Il n’existe, à notre connaissance, 

aucune étude ayant analysé les propriétés neuronales sous contrôle astrocytaire dans le NAc. 

L’activité neuronale du NAc est régulée par différents neurotransmetteurs ou neuromodulateurs 

libérés par les afférences, notamment GABAergiques. Les astrocytes sont connus pour exprimer des 

transporteurs du glutamate (GLAST et GLT-1), ainsi que des transporteurs du GABA (GAT1-3) 

(Danbolt, 2001; Gadea and López-Colomé, 2001a, 2001b). L’inhibition partielle de l’expression 

d’elovl2 dans l’astrocyte pourrait modifier l’expression des transporteurs GABA et GLUT à ce niveau. 

Pour mieux comprendre comment les modifications d’expression d’elovl2 par l’astrocyte modifie les 

propriétés neuronales, des études de la recapture astrocytaire qui module l’intensité et la durée de 

l’activation des récepteurs situés au niveau pré- ou post-synaptique (Tzingounis and Wadiche, 2007) 

de limiter l’activation des récepteurs extra-synaptiques (Huang and Bergles, 2004) ou encore de 

limiter la diffusion des neurotransmetteurs vers les synapses voisines (Arnth-Jensen et al., 2002) sont 

nécessaires.  

Pour compléter cette étude et déterminer plus précisément si l’inhibition partielle de l’expression 

d’elovl2 dans les astrocytes s’accompagne d’une altération locale de synthèse des AGPI-LC, une 
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analyse par immunohistochimie GFAp couplée au MALDI-IMS (spectrométrie de masse à haute 

résolution par microsonde à balayage atmosphérique assistée par désorption laser/ionisation à 

piégeage orbital) est en cours de développement en collaboration avec le Pr C Rummel (Center for 

Mind, Brain and Behavior, Marburg, Allemagne) (Bredehöft et al., 2019). Cette approche a permis de 

montrer que les phosphatidylcholines contenant de l’AA et du DHA sont distribués dans les neurones 

de l'hippocampe et les cellules de Purkinje du cervelet (Sugiura et al., 2009). Ainsi, cette approche 

devrait permettre de déterminer la résolution spatiale des lipides dans le NAc de souris KO elovl2 et 

WT. Elle représente  une alternative au dosage des AG dans la structure car le niveau de résolution 

est plus petit (15µm) et la lecture est spatiale et devrait permettre de détecter des différences 

régionales d’espèces moléculaires de phospholipides. Cependant la quantification reste complexe au 

vu de la difficulté à cibler une zone de manière reproductible entre chaque animal injecté. De plus, il 

est nécessaire de confirmer la diminution de l’expression d’Elovl2 par PCR sur astrocytes isolés. 

En résumé, les résultats obtenus dans le modèle de KO Elovl2 montrent pour la première fois que la 

modification de la synthèse d’elovl2 astrocytaire modifie les comportements émotionnels sur des 

paramètres différents selon le sexe et altère les propriétés électrophysiologiques des MSNs dans le 

NAc. Cependant, des analyses supplémentaires sont nécessaires pour mieux comprendre les 

mécanismes impliqués dans ces modifications. 

5. La supplémentation en AGPI n-3 à longue chaîne modifie les propriétés électrophysiologiques du 

NAc et le comportement émotionnel de souris naïves et stressées chroniquement 

Finalement, nous avons analysé si un régime supplémenté en EPA/DHA contrôle le comportement 

émotionnel et la plasticité synaptique dépendant des eCBs dans le NAc de souris soumises ou non au 

protocole de défaite sociale (CSDS). 

Nous avons mis en évidence que les AGPI alimentaires influencent la signature moléculaire lipidique 

du NAc, par la détermination des AGPI et des gènes impliqués dans la synthèse, métabolisation et 

transport des AGPI dans le NAc de souris adultes nourries pendant 2 mois (à partir du sevrage) avec 

un régime supplémenté en AGPI n-3 LC (10% d'EPA et 7% de DHA des lipides totaux) par rapport à un 

régime isocalorique standard riche en ALA (le précurseur de l'EPA et du DHA). La modification de 

cette signature s’accompagne d’une altération des comportements de type émotionnel mesurés 

dans les tests de l’open field, du light dark et de l’EPM. La défaite sociale provoque une forte 

augmentation des comportements de type anxieux avec une diminution du temps passé au centre de 

l’OF et dans la zone éclairée du LD. Ceci corrobore avec des études précédentes réalisée sur des 

souris soumises à un régime équilibré et exposées au CSDS (Bosch-Bouju et al., 2016; Costa et al., 
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2022; Larrieu et al., 2014). L’intervention nutritionnelle en EPA+DHA modifie le temps passé par les 

souris dans les zones à risque du test et les propriétés électrophysiologiques des neurones du NAc 

suggérant que la consommation d’AGPI-LC n-3 promeut la résilience au stress (Costa et al., 2022; 

Larrieu et al., 2014). Le protocole de défaite sociale provoque une altération du comportement social 

et émotionnel et de la plasticité synaptique du NAc chez une partie des rongeurs seulement, 

permettant de les ségréger en souris en résilientes ou sensibles au effets du stress chronique (Bosch-

Bouju et al., 2016; Francis et al., 2015; Golden et al., 2011; Krishnan et al., 2007). Dans notre étude, 

par l’utilisation de l’index de ségrégation défini par analyse des comportements sociaux (Golden et 

al., 2011) la normalisation des paramètres comportementaux a été réalisée en utilisant la formule 

suivante : xn = x-min max-min , où xn est la valeur normalisée de la variable, max est la valeur 

maximale de la variable, et min est la valeur minimale de la variable, nous n’avons pas pu discriminer 

de différence significatives de souris résilientes/sensibles du fait du nombre faible d’animaux. Pour 

nous affranchir de cette limite, nous avons donc adopté une stratégie de bootstrapping (Fieberg et 

al., 2020) visant à modéliser la répartition des souris résistantes et prédisposées au stress sur la base 

des résultats obtenus sur 7-10 animaux/groupe utilisés dans cette étude, conformément aux 

procédures éthiques. Cette méthode nous a permis de conclure sur l’effet protecteur du régime 

supplémenté en AGPI n-3 dans un contexte de stress chronique. 

Chez l’homme, l’efficacité de diètes riches ou enrichies en EPA plutôt qu’en DHA vis-à-vis de la 

dépression a été mise en évidence dans plusieurs études cliniques et méta-analyses (Bazinet et al., 

2020; Mischoulon and Fava, 2002). Les mécanismes impliqués dans l’efficacité supérieure de l’EPA 

par rapport à ceux du DHA vis-à-vis de la dépression ne sont pas connus. Les travaux récents 

montrant que les microglies sont riches en EPA et produisent des dérivés de l’EPA aux activités anti-

inflammatoires apportent une piste intéressante (Bazinet et al., 2020; Layé et al., 2018) étant donné 

que la neuroinflammation est un facteur étiologique du stress chronique et de la dépression  

(Capuron and Castanon, 2014; Dantzer et al., 2008). Ainsi, dans plusieurs modèles animaux de stress 

chronique, l’EPA réduit la neuroinflammation (Peng et al., 2022; Song et al., 2009). Il serait 

intéressant de relier le profil en oxylipines et en NAEs dans le NAc des souris CSDS avec ou sans 

EPA+DHA, pour identifier les espèces moléculaires associées et étudier leur rôle dans la régulation de 

la neuroinflammation et de la plasticité synaptique au sein du NAc des souris CSDS. En effet, les eCBs 

sont de puissants régulateurs de la plasticité synaptique au sein du NAc (Araque et al., 2017) et 

régulent la neuroinflammation et l’activité des cellules microgliales (De Meij et al., 2021b) 

notamment au niveau du NAc . Etant donné que le CSDS altère la plasticité synaptique dans le NAc 

(Bosch-Bouju et al., 2016), les effets des AGPI-LC n-3 et/ou de leurs dérivés pourraient être impliqués 

dans la promotion de la plasticité neuronale, notamment le DHEA (Kim et al., 2022)  
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Pour conclure, l’ensemble des travaux de cette thèse ont montré qu'une attention particulière 

devrait être accordée aux AGPI n-3 en début de vie dans les populations à haut risque telles que 

celles représentée par les enfants prématurés. Un apport adéquat d'AGPI n-3 est nécessaire tout au 

long de la vie et les effets délétères de la carence en AGPI n-3 ne sont pas irréversibles chez les 

femelles. Ces effets sont plus nuancés chez les mâles. L’apport d’AGPI sous forme d’ALA dès le 

sevrage chez la souris est suffisant pour soutenir la fonction cognitive et la plasticité synaptique de 

l'hippocampe chez les femelles déficientes en AGPI n-3 au début de la vie, mais pas chez les mâles. Il 

existe donc une signature spécifique et distincte des oxylipines dans l'hippocampe des mâles et des 

femelles et ce profil est affecté différemment par une intervention alimentaire avec des AGPI n-3. De 

plus, l’AA a été identifié comme facteur de différence entre les mâles et les femelles pour les profils 

de lipides dans l’hippocampe. 

Nos résultats montrent également au niveau structurel qu’une modification de la voie des synthèses 

des AGPI peut avoir des effets délétères sur la plasticité neuronale impliquée dans les 

comportements émotionnels. Cette diminution de l’expression d’Elovl2 peut également altérer le 

comportement des mâles et des femelles de façon différente tout en n’affectant pas les niveaux d’AG 

dans le cerveau. Pour le moment, ces résultats préliminaires nous ont permis de valider notre 

modèle et méritent d’être approfondis afin de mieux comprendre ce qu’il se passe en terme de profil 

lipidique au niveau de l’astrocyte. Des analyses électrophysiologiques plus abouties permettront 

également de déterminer si la libération de neurotransmetteurs est modifiée, quels récepteurs et 

voies de signalisation sont impliqués, etc…  

De plus notre dernière étude montre que les apports en AGPI-LC n-3 modulent profondément les 

profils moléculaires lipidiques du NAc et signent l’activité synaptique du NAc et les comportements 

émotionnels en réponse au stress. Les mécanismes impliqués restent à mieux déterminer. 

Cependant, ces résultats apportent des éléments supplémentaires à la compréhension des effets 

neuroprotecteurs des AGPI n-3 issus de l’alimentation sur la santé cerveau et la protection vis-à-vis 

des évènements délétères pour ce dernier, comme un stress chronique. 

Ces nouvelles connaissances pointent l’importance de promouvoir la consommation d’AGPI n-3 non 

seulement durant la période périnatale mais également au cours de la vie et la nécessité de tenir 

compte du sexe dans les différences de réponses du cerveau aux changements alimentaires en AGPI 

n-3. Ces avancées sont nécessaires à la définition d’une alimentation personnalisée pour le maintien 

de la santé cérébrale et la protection vis-à-vis du développement de pathologies neuropsychiatriques 

dans ses composantes émotionnelles et cognitives. 
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Type-2 Diabetes (T2D) is characterized by insulin resistance and accompanied by psychiatric comorbidities including major

depressive disorders (MDD). Patients with T2D are twice more likely to suffer from MDD and clinical studies have shown that insulin

resistance is positively correlated with the severity of depressive symptoms. However, the potential contribution of central insulin

signaling in MDD in patients with T2D remains elusive. Here we hypothesized that insulin modulates the serotonergic (5-HT) system

to control emotional behavior and that insulin resistance in 5-HT neurons contributes to the development of mood disorders in

T2D. Our results show that insulin directly modulates the activity of dorsal raphe (DR) 5-HT neurons to dampen 5-HT

neurotransmission through a 5-HT1A receptor-mediated inhibitory feedback. In addition, insulin-induced 5-HT neuromodulation is

necessary to promote anxiolytic-like effect in response to intranasal insulin delivery. Interestingly, such an anxiolytic effect of

intranasal insulin as well as the response of DR 5-HT neurons to insulin are both blunted in high-fat diet-fed T2D animals.

Altogether, these findings point to a novel mechanism by which insulin directly modulates the activity of DR 5-HT neurons to

dampen 5-HT neurotransmission and control emotional behaviors, and emphasize the idea that impaired insulin-sensitivity in these

neurons is critical for the development of T2D-associated mood disorders.

Molecular Psychiatry; https://doi.org/10.1038/s41380-022-01812-3

INTRODUCTION
Type 2 diabetes (T2D) is among the most prevalent chronic
disease worldwide, and it is strongly associated with comorbidities
including Major Depressive Disorder (MDD). Recent epidemiolo-
gical studies indicate that the prevalence of MDD is at least twice
as high among patients suffering from T2D [1]. Interestingly,
clinical evidence suggests that impairment of insulin signaling,
resulting from insulin resistance, might be one of the underlying
mechanisms for the development of MDD in patients with T2D.
[2–4]. Preclinical studies support this hypothesis since it has been
shown that insulin-resistant animal models of T2D exhibit both
depressive- and anxiety-like behaviors [5–9]. Nevertheless, it
remains unclear whether peripheral or brain insulin resistance
plays a causal role in T2D-associated mood disorders.
The impact of impaired brain insulin signaling on mood has

been investigated using transgenic animal models presenting a
deletion of the insulin receptor (IR) in selective brain cells or
structures [10]. For instance, Neuronal Insulin Receptor Knock-Out
(NIRKO) mice, which display neuronal IR deletion, exhibit
spontaneous depressive- and anxiety-like behaviors [11]. These
findings support the hypothesis that brain IR signaling is crucial
for the regulation of emotional behavior. The dopaminergic

system is known to modulate mood [12] and is a target of the
action of insulin [13, 14]. However, the effect of insulin on the
dopaminergic system does not seem to impact anxiety- or
depressive-like behaviors [15]. As such, the identity of the
neuronal networks underlying the effects of insulin on mood
remains to be determined.
The serotonergic (5-HT) neurotransmission is a well-established

monoaminergic system involved in the etiology of psychiatric
disorders and more specifically in the physiopathology of MDD
and anxiety disorders [16]. This system is also the main target of
antidepressant drugs such as selective serotonin reuptake
inhibitors (SSRIs), which represent the most prescribed class of
antidepressants. Previous studies from our group have demon-
strated that 5-HT neurotransmission is impaired in animal models
of T2D-associated mood disorders [6, 7, 10]. Thus, we hypothe-
sized that insulin directly modulates the 5-HT system to control
emotional behavior.
Here, we used multiple approaches to assess the role of insulin

in the modulation of 5-HT neurons and associated emotional
behaviors. Our data reveal that insulin directly controls the activity
of 5-HT neurons in the dorsal raphe (DR). In addition, we provide
evidence that the anxiolytic-like effect of insulin requires
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modulation of the 5-HT system. Finally, we show that DR 5-HT
neurons do not respond anymore to insulin in a model of T2D-
associated mood disorders. Altogether, these findings identify a
new mechanism by which insulin directly modulates the activity of
DR 5-HT neurons to control emotional behaviors.

MATERIALS AND METHODS
Animals
Adult male mice (8–12 weeks) from different strains were collectively
housed in conventional housing cages at NutriNeuro’ or CRCA’s animal
facilities. Animals were maintained on a 12 h light-dark cycle with ad
libitum access to food and water. All experimental procedures were
conducted in accordance with the European directive 2010/63/UE and
approved by the French Ministry of Research and local ethic committees
(APAFIS#: 16853; 12898; 22415; 8928). C57BL/6J were purchased from
Janvier laboratory (Le Genest-Saint-Isle, France). Pet1-cre-mCherry mice
were obtained by crossing Pet1-cre mice (gift from Dr. P Gaspar, [17]) with
B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (Jackson Laboratory,
Bar Harbor, Maine, USA). SeIRKO (Serotonin Insulin Receptor Knock-Out;,
cre+::IRflox+/+::mCherry+/−) mice were obtained by crossing IRlox/lox

(cre-::flox+/+) mice (Jackson Laboratory) and Pet1-cre-mCherry (cre+::m-
Cherry+/−) to specifically study insulin default of action only in 5-HT
neurons. Littermates with cre+::flox−/−::mCherry+/− genotype were used
as controls for the SeIRKO mice. To model T2D-associated emotional
disorders in rodents, a sub-group of mice was fed a high-fat diet (HFD;
#D12451, Research Diet, New Brunswick, NJ, USA) or a standard diet (STD;
#A04, Research Diet) for 16 weeks as previously described [6, 7].

Drugs and treatments
Serotonergic modulators. To deplete 5-HT levels, mice were injected i.p.
with p-chlorophenylalanine (pCPA, 150mg/kg; Sigma, St-Quentin-Falla-
viers, France) twice per day (9.00 AM and 6.00 PM) for three consecutive
days prior to experiments. The 5-HT1A antagonist WAY 100635 (0.5–1mg/
kg; Tocris, Bristol, UK) was injected i.p. one hour before behavioral tests.

Intranasal delivery procedure. Mice were handled and then habituated to
intranasal delivery injections two weeks prior to testing. The day of the
experiment, mice were fasted for 18 h before intranasal delivery of Human
recombinant insulin (7 µg/µL insulin, diluted in NaCl 0.9%; Sigma) or vehicle
(NaCl 0.9%) into mouse nares (5 µL/nare) to reach a final dose of 2 IU insulin
[18]. Mice were replaced into their home cages and tested 60min after IND
injections. The dose of insulin was established based on a modified protocol
[18]. Compounds (incl. insulin) injected through the intranasal route reach the
brain either by crossing the epithelium of the nasal cavity or by axonal
transport along the trigeminal nerve [19]. This last mechanism is the most
relevant as the trigeminal nerve innervates the brain stem where the DR is
located. Thus, intranasal injection of insulin lead to a rapid increase of insulin
concentration in the brain stem with a tmax of 15min [20].

Intra-raphe insulin injection. Mice were anesthetized with chloral hydrate
(400mg/kg, i.p., with additional doses when necessary) and placed in a
stereotaxic apparatus. A cannula was implanted 0.5 mm posterior to the
interaural line on the midline and lowered into the DR, attained at 2.5 mm
depth from the brain surface. Two days after, half of the mice received 0.5
μL of artificial cerebro-spinal fluid (aCSF) (147mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 1.2 mM CaCl2, adjusted to pH 7.4 with sodium phosphate buffer
2 mM). The other half received 100 μIU of insulin in 0.5 μL aCSF. The
injection flow was set to 0.1 μU/min and behavioral tests were performed
10min after the end of the injection.

Antidepressant add-on treatment experiment. One hour prior to be
subjected to the tail suspension test, mice were injected with an
appropriate combination intranasal (insulin 2 IU or vehicle NaCl 0.9%)
and intraperitoneal treatment (fluoxetine-hydrochloride 18mg/kg; Sigma;
or vehicle 0.9%).

Behavioral tests
Animals were tested in different anxiety-like and depressive-like behavioral
paradigms as previously described (Supplementary Table 1; [6, 7]). Tests
were spaced by three days of recovery time and increasing in term of
stress-related paradigm, starting with the less stressful test. Mouse
behavior was tracked and analyzed with Smart (Panlab, Barcelona, Spain)

or Bioseb (Bioseb, Vitrolles, France) software. All behavioral experiments
were subject-randomized and blind analyzed.

FISH for IR combined with IHC for TPH2
Digoxigenin-labeled riboprobe against mouse Insr (IR-DIG, Allen Brain
Atlas, #RP_050503_02_H08) was prepared as previously described [4]
(Supplementary Table 2).

Tissue sampling and high-pressure liquid chromatography
coupled to electrochemical detection (HPLC-ECD)
Tissue sampling and conditioning for HPLC-ECD have been performed as
previously described [21, 22] (Supplementary Table 2).

In vivo single-unit recordings of 5-HT neurons in the DR
Mice were anesthetized with chloral hydrate (400mg/kg, i.p., with additional
doses when necessary) and extracellular recordings of DR 5-HT neurons were
performed using single glass micropipettes (Stoelting Europe, Dublin, Ireland)
pulled on a pipette puller (Narishige, Tokyo, Japan) and preloaded with a 2M
NaCl solution. Micropipettes were positioned 0.2–0.5mm posterior to the
interaural line on the midline and lowered into the DR, attained at a depth
between 2.5 and 3.5mm from the brain surface. Presumed 5-HT neurons
were identified using the following criteria: a slow (0.5–2.5 Hz) and regular
firing rate and a long-duration positive action potential (please see references
[7, 23, 24] for additional information regarding presumed DR 5-HT neurons
recordings and their pharmacological characterization). In each mouse,
presumed 5-HT neurons were identified based on these criteria and their
spontaneous firing rate was recorded for 2min. Insulin was then injected i.p.
at doses of 0.75 and 1.5 IU/kg either alone or in combination with
WAY100635 as described in figure legend.

Intracerebral microdialysis in the ventral Hippocampus or
Dorsal Raphe of awake freely moving mice
Mice were implanted with microdialysis probes in the ventral hippocam-
pus (vHP) or the DR. Stereotaxic coordinates from bregma were as follows
(in mm): vHP: antero-posterior (AP): −2.5; lateral (L): ± 2.7; and dorso-
ventral (DV): −3.0; DR: AP: −4.5; L: 0; and DV: −3.5. Twenty-four hours later,
probes were connected to a microinjection pump for a continuous
perfusion (flow rate: 1.5 µL/min for the vHP and 0.5 µL/min for the DR) of
artificial cerebrospinal fluid (147mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and
1.2 mM CaCl2, adjusted to pH 7.4 with 2mM sodium phosphate buffer)
containing the 5-HT reuptake inhibitor escitalopram (1 µM), as previously
described [25]. Samples were collected every 15 or 30min in the vHP or
DR, respectively. The four initial fractions were used to determine the basal
extracellular levels of serotonin ([5-HT]ext) before injecting insulin in mice
pre-treated with saline or WAY100635 (0.5 mg/kg; i.p.). The amount of 5-HT
in dialysate samples post-insulin injection was expressed as percentage of
the basal value. Samples were analyzed using high-performance liquid
chromatography system equipped with a 2.6 µm C18 reverse-phase
analytical column (50 × 3.0 mm; Accucore, Thermo Fisher Scientific,
Waltham, MA, USA) coupled with electrochemical detection (Dionex
Ultimate 3000, Thermo Fisher Scientific).

Brain slice patch clamp recordings of DR 5-HT neurons
Ex-vivo patch-clamp recordings were performed on brain slices from Pet1-
cre-mCherry mice, as previously described [7]. Briefly, mice were
intracardially perfused during euthanasia (exagon/lidocaine: 300/30mg/
kg, i.p) with ice-cold NMDG solution containing the following (in mM): 1.25
NaH2PO4, 2.5 KCl, 7 MgCl2, 20 HEPES, 0.5 CaCl2, 28 NaHCO3, 8 D-glucose,
5L(+)-ascorbate, 3 Na-pyruvate, 2 thiourea, 93 NMDG, and 93 HCl 37%; pH:
7.3–7.4; osmolarity: 305–310 mOsM. Brains were quickly removed and
250 µm slices containing the DR were cut with a vibroslice (Leica VT1000S,
Wetzlar, Germany) and transferred at room temperature into aCSF solution
(containing the following in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2,
2.5 CaCl2, 2.5 D-glucose, and 25 NaHCO3; pH: 7.3–7.4; osmolarity: 305–310
mOsM) for at least 1 h. For whole cell recording, borosillicate pipette
(4–6MΩ; 1.5 mm OD, Sutter Instrument) were filled with an intracellular
K-gluconate solution (containing the following (in mM): 128 K-gluconate,
20 NaCl, 1 MgCl2, 1 EGTA, 0.3 CaCl2, 2 Na2-ATP, 0.3 Na-GTP, 0.2 cAMP, and
10 HEPES; pH: 7.3–7.4; osmolarity: 280–290 mOsM), cesium chloride
(containing the following (in mM):150 CsCl, 2 MgCl2, 1 EGTA, 2 Na2-ATP,
0.2 Na-GTP, 0.2 cAMP, 10 HEPES) or filled with filtered aCSF for cell-
attached recording. Recordings were made using a Multiclamp 700B
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amplifier, digitized using the Digidata 1440 A interface and acquired at
2 kHz using pClamp 10.5 software (Axon Instruments, Molecular Devices,
San José, CA, USA). Pipette and cell capacitances were fully compensated
and junction potential was corrected off-line.
Firing frequency of DR 5-HT neurons was recorded in cell-attached

mode. Because DR 5-HT neurons are silent ex vivo, phenylephrine (PHE,

5 µM; Tocris) was perfused to stimulate basal action potential activity for
5 minutes before application of insulin (300 nM) and recorded for 10
additional minutes. Change in firing rate frequency was analyzed during
the last minute of insulin application. Spontaneous excitatory (sEPSC) or
inhibitory (sIPSC) postsynaptic currents were recorded in whole-cell
Vclamp mode on cells held at −60mV. Gabazine (5 µM; Tocris) was added
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into the bath to record sEPSC while D-AP5 (10 µM; Tocris) and CNQX
(10 µM; Tocris) were added to monitor sIPSC. Spontaneous EPSC and IPSC
frequency was recorded before and after 10min insulin (300 nM; Sigma)
perfusion period and analyzed during the last minute of each period.

Statistical analysis
Sample size has been estimated based on previous work from our group or
others. No randomization was used. Investigator was not blinded to the
group allocation for most experiment. Statistical analysis was performed
using Prism GraphPad 9 (San Diego, CA, USA). Data are expressed as
mean ± SEM and individual values are plotted on graph when possible.
After normal Gaussian distribution was assessed using Shapiro-Wilk test,
appropriate parametric (unpaired or paired Student’s t-test) or non-
parametric (Mann-Whitney or Wilcoxon matched-pairs signed rank test)
tests were chosen to compare two population samples. One-way ANOVA
was used when comparing one variable of several population samples and
two-way ANOVA was used when analysis accounted for two distinct
variables. Post-hoc analyses are mentioned in each figure legend. Outliers
were identified using Prism GraphPad 9 and discarded from the analyses.
Statistics are detailed in supplementary Table 3 (Supplementary Table 3).

RESULTS
Insulin increases firing activity of DR 5-HT neurons
We first verified that the IR is expressed at the mRNA and protein
level in the DR (Supplementary Fig. S1A, B). To determine whether
the IR is expressed in DR 5-HT neurons, we used in situ fluorescence
hybridization targeting IR mRNA combined with an immunodetec-
tion against the rate-limiting 5-HT synthesis enzyme Tryptophan
Hydroxylase 2 (TPH2), which is selectively expressed in 5-HT
neurons. This analysis shows that the IR is expressed in DR 5-HT
neurons (Fig. 1A). The functional activity of the IR expressed onto DR
5-HT neurons was assessed using cell-attached patch-clamp
recording on Pet1-cre-mCherry mice (Fig. 1B). Insulin (300 nM)
increases action potentials frequency in 80 % of DR 5-HT neurons by
64 ± 21 % (Fig. 1C: 10/12 neurons tested). The selective IR inhibitor
S961 prevents the excitatory effect of insulin (Fig. 1D). In the DR, the
IR is expressed in both 5-HT and non-5-HT neurons (Fig. 1A). Thus,
we assessed whether the action of insulin onto 5-HT neurons is
direct rather than mediated by pre-synaptic inputs. We found that
insulin fails to modulate the frequency of both spontaneous
excitatory (EPSC) and inhibitory (IPSC) postsynaptic currents (Fig. 1E,
F). To further confirm that insulin directly activates DR 5-HT neurons,
we evaluated the response of DR 5-HT neurons to insulin in mice
lacking the IR selectively in 5-HT neurons (SeIRKO mice; Supple-
mentary Fig. S1D, E; Fig. 1G). Similarly, to what we have observed
before, insulin increases action potentials frequency of DR 5-HT
neurons in control animals but fails to activate 5-HT neurons in
SeIRKO mice (Fig. 1H), leading to conclude that insulin directly
modulates DR 5-HT neurons through an IR-dependent mechanism.

Insulin inhibits the serotonergic system in vivo through a
5-HT1A receptor-dependent mechanism
Extracellular recordings of DR 5-HT neurons were then performed
to study the effects of insulin on this neuronal population in vivo.
While we were expecting an increase in the activity of presumed

DR 5-HT neurons, we found that the intraperitoneal administration
of 0.75 or 1.5 UI insulin produces, on average, a reduction of firing
by 30 ± 3% and 20 ± 4%, respectively, relative to baseline
(Fig. 2A–C). Injecting glucose i.p. does not reverse insulin-
induced decrease of presumed DR 5-HT neuronal activity
suggesting that insulin, rather change in blood glucose level,
impacts DR 5-HT neurons activity (Supplementary Fig. S2). This
non-intuitive inhibitory response of presumed DR 5-HT neurons
in vivo could be consequent to the recruitment of autoinhibitory
mechanisms inherent to the raise in DR 5-HT neurons excitability
induced by insulin, as observed in vitro. Interestingly, the
ability of insulin to inhibit DR 5-HT neuronal activity is
completely prevented by the selective 5-HT1A receptor antagonist
WAY100635. Indeed, the firing rate of presumed DR 5-HT neurons
in mice receiving the combination of insulin and WAY100635 is
significantly higher compared to the group injected with insulin
alone at both doses (Fig. 2A–C). This finding, therefore, suggests
that, in vivo, insulin inhibits DR 5-HT neurons through a 5-HT1A-
dependent mechanism. In support of this hypothesis, assessment
of DR extracellular 5-HT levels ([5-HT]ext) by intra-DR microdialysis
shows that i.p. administration of insulin increases [5-HT]ext in
presence of WAY100635 whereas [5-HT]ext are not altered in
absence of this pharmacological compound (Fig. 2D, E).
In addition, based on the importance of 5-HT projections in the

ventral-hippocampus (vHP) in the control of mood, we then
conducted intra-vHP microdialysis to determine to what extent
insulin influences [5-HT]ext at the nerve terminals. Acute
administration of insulin decreases [5-HT]ext in the hippocampus
relative to baseline, whereas it fails to do so when combined with
WAY100635 (Fig. 2F). Analysis of the area under the curves
indicates that differences between the two groups are statistically
significant (Fig. 2G), demonstrating that the inhibitory effect of
insulin on vHP [5-HT]ext is blunted when the inhibitory feedback
exerted by the 5-HT1A autoreceptor on 5-HT release is prevented.

Anxiolytic-like effect of brain insulin requires 5-HT
neurotransmission
Clinical and preclinical studies have suggested that insulin
modulates emotional behaviors by acting onto the brain
[26, 27]. In the present study, we determined whether the action
of insulin on mood requires the 5-HT system. Intranasal insulin
delivery has been widely used to assess brain insulin effect in both
rodents and humans in order to avoid symptomatic insulin-
induced hypoglycemia bias [28]. Accordingly, our results show
that intranasal insulin delivery does not modify peripheral blood
glucose (Supplementary Fig. S3A). However, it significantly
decreases tissue 5-HT content in both the amygdala and nucleus
accumbens (NAc), with a non-significant trend in the vHP
(Supplementary Fig. S3B). Remarkably, overall, no modifications
in brain noradrenaline (NA) and dopamine (DA) contents were
detected, thereby highlighting the specificity of insulin action on
5-HT neurons (Supplementary Fig. S3C, D).
In the forced swim test (FST), intranasal insulin does not affect

the time of immobility compared to intranasal vehicle treatment
(Fig. 3A). Intranasal insulin does not modify latency to feed in the

Fig. 1 Insulin increases DR 5-HT neurons firing frequency by direct activation of insulin receptor expressed onto that neuronal
population. A Representative confocal image of TPH2-positive 5-HT neurons (red) and IR mRNA punctae (green) using fluorescence in situ
hybridization. Right panel: magnification of the white dotted square area from the left pannel. Scale: 10 µm. White arrows show IR mRNA in
5-HT neurons. B Pet1-cre-mCherry mice were used for patch-clamp experiments to specifically visualize fluorescent mCherry-DR 5-HT neurons.
Scale: 10 µm. Quantification of firing rate and representative traces of cell-attached mode recording before and after insulin (300 nM)
perfusion and of DR 5-HT neurons under control condition (C) or during bath application of the IR inhibitor S961 (100 nM, D). Frequency of
spontaneous excitatory postsynatpic currents (EPSC, E) or inhibitory postsynaptic currents (IPSC, F) onto DR 5-HT neurons before and after
insulin (300 nM) perfusion. G SeIRKO mice were obtained by crossing Pet1-cre-mCherry mice with IRlox/lox mice allowing selective deletion of
IR only in 5-HT neurons. H Quantification of firing rate and representative traces of cell-attached mode recording before and after insulin
(300 nM) perfusion of DR 5-HT neurons in control (Left panel) and in SeIRKO (Right panel) mice. The data are represented as mean ± SEM.
Statistics: Student’s paired t-test: *p < 0.05; **p < 0.01.
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novelty suppressed feeding (NSF) test (Fig. 3B) or the time spent in
the light compartment of the Light-dark box test (Fig. 3C).
However, intranasal insulin increases the time spent in the open
arms in the elevated plus maze (EPM) (Fig. 3D). Consistent with the
latter, intranasal insulin also elicits an anxiolytic-like effect since it

increases the time spent in the center of the open field (OF)
without any changes in the locomotor activity (Fig. 3E). Interest-
ingly, injection of insulin directly in the DR produces a similar
increase in the time spent in the open arm in the EPM (Fig. 3F). To
confirm the contribution of the 5-HT system in the anxiolytic
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effects of insulin, mice were pre-treated with the TpH2 inhibitor
pCPA. As expected, pCPA treatment significantly decreases tissue
5-HT levels in all brain areas analyzed, without overall change of
tissue DA or NA contents (Supplementary Fig. S4). At the
behavioral level, pCPA treatment prevents the anxiolytic-like
response of intranasal insulin assessed in the EPM (Fig. 3G).
Importantly, the anxiolytic-like effect of intranasal insulin in the
EPM is also blunted in SeIRKO animals as compared to their wild-
type littermates (Fig. 3H). Finally, since we found that the 5-HT1A
autoreceptor is involved in insulin-induced inhibition of the 5-HT
tone in vivo, we sought to determine to what extent the
pharmacological inactivation of this receptor influences insulin
behavioral response. Our results show that the 5-HT1A receptor
antagonist WAY100635 blocks the anxiolytic-like effect of
intranasal insulin in the EPM (Fig. 3I).

Potentiated antidepressant response to fluoxetine in
combination with intranasal insulin delivery
Since insulin signaling pathway has been shown to cross-talk with
5-HT signaling [29], we investigated whether intranasal insulin
potentiates the response of acute fluoxetine administration.
Consistent with our previous experiments assessing despair
behavior in the FST, intranasal insulin treatment does not modify
immobility time in the tail suspension test (TST) (Supplementary
Fig. S5A) whereas fluoxetine significantly decreases the immobility
time during TST (Supplementary Fig. S5A). Interestingly, the
combination of intranasal insulin and fluoxetine further reduces
the immobility time compared to fluoxetine treatment alone
(Supplementary Fig. S5A). Acutely, fluoxetine induces anxiogenic
effects [30]. Here we show that intranasal insulin does not reverse
or potentiate fluoxetine-induced anxiogenic-like response in the
EPM (Supplementary Fig. S5B). These data suggest that brain
insulin signaling improves the antidepressant-like response of
fluoxetine but does not impact its anxiogenic property.

DR 5-HT neurons harbor insulin-resistance in a model of T2D
Mice fed a HFD for 16 weeks develop hallmarks of T2D including
basal hyperglycemia, basal hyperinsulinemia, glucose intolerance,
and insulin resistance (Supplementary Fig. S6). We previously
showed that HFD-fed mice display T2D-associated anxiety- and
depressive-like behaviors as well as alterations in the activity of DR
5-HT neurons [6, 7]. In the present study, we aimed at determining
whether such alterations in 5-HT tone are associated with
impaired response to insulin in DR 5-HT neurons. We found that
insulin (300 nM) fails to increase action potentials frequency of DR
5-HT neurons in Pet1-cre-mCherry mice fed an HFD for 16 weeks
(Fig. 4A). Interestingly, the anxiolytic-like response to intranasal
insulin is blunted in both the EPM (Fig. 4B) and the OF (Fig. 4C),
raising the possibility that DR 5-HT neurons are insulin-resistant in
a model of HFD-induced T2D.

DISCUSSION
Our study demonstrates that insulin inhibits the 5-HT system to
elicits anxiolytic-like responses in mice. Such effect is mediated by
direct action of insulin onto DR 5-HT neurons through the

enhancement of inhibitory somatodendritic 5-HT1AR. We also
show that, in HFD-fed T2D mice, insulin fails to modulate the
electrical activity of DR 5-HT neurons and to promote anxiolytic-
like effects. This study provides novel mechanistic insights into
how insulin modulates the serotonergic system to influence
emotional behavior.
Previous studies have reported inconsistent findings on the

neuronal response to insulin including increase [31] or decrease
[32] in 5-HT neurotransmission. Using complementary approaches
consisting in ex vivo patch-clamp electrophysiology, in vivo
electrophysiology, and intracerebral microdialysis, our data
suggest that the action of insulin on the 5-HT system is more
complex than originally thought. Indeed, using patch-clamp, we
show that insulin increases the electrical activity of DR 5-HT
neurons. This effect of insulin on DR 5-HT neurons is direct since
insulin does not modify the frequency of IPSC nor EPSC thereby
excluding a modulation from GABAergic or glutamatergic inputs.
In addition, insulin fails to increase DR 5-HT neurons firing
frequency in SeIRKO mice, which lack the IR selectively in 5-HT
neurons. While these ex vivo experiments suggest that insulin
activates the 5-HT system, in vivo studies show, on the contrary,
that its systemic administration elicits inhibitory responses.
Indeed, in vivo, insulin decreases both the firing rate frequency
of DR 5-HT neurons and the tissue or extracellular 5-HT levels ([5-
HT]ext) in different brain areas including the hippocampus. The
latter data echo previous findings showing that peripheral insulin
administration decreases the firing rate of 5-HT neurons in both
the Raphe Pallidus and the Raphe Obscurus [33]. Going one step
further, we demonstrate the involvement of a 5HT1A receptor (5-
HT1AR)-dependent mechanism in the inhibitory effects of insulin
in vivo. Studies have repeatedly shown that activation of 5HT1A
autoreceptors located at the somatodentritic level of DR 5-HT
neurons may silence these neurons and decrease [5-HT]ext in
both brainstem (i.e., the DR) and forebrain projections [34, 35].
Thus, we hypothesized and demonstrated that insulin first
activates DR 5-HT neurons, and consequent accumulation of
endogenous [5-HT]ext in the DR ultimately inhibits DR 5-HT
neurons through 5-HT1AR activation (Fig. 5A). Accordingly, our
findings show that the 5-HT1AR antagonist WAY100635 prevents
the inhibition of firing rate frequency of DR 5-HT neurons. At the
neurochemical level, it also appears that insulin increases [5-HT]
ext in both the DR and the vHP specifically in presence of
WAY100635 compared to control. Thus, DR 5-HT neuronal activity
is decreased in biological settings where local inhibitory feedback
is preserved whereas the excitatory effects of insulin is revealed
when blocking 5-HT1A autoreceptors in vivo. Nevertheless, it is
important to note that there is evidence for post-synaptic 5-HT1A
receptors control of DR 5-HT neurons (i.e., in the amygdala,
hippocampus, or median prefrontal cortex (mPFC)) [36, 37]. In
particular, data suggest that post-synaptic 5-HT1A are found on
glutamatergic pyramidal neurons in the mPFC and given the fact
that 5-HT1A receptors are usually inhibitory, it has been speculated
that the excitation of mPFC by selective agonists involves
inhibitory interneurons [38]. In such cases, one may assume that
5-HT1A receptor agonist-induced excitation of mPFC neurons
would produce excitatory amino acid release in the DR, which

Fig. 2 Insulin decreases DR 5-HT neurons in vivo through a 5-HT1A receptor-dependent mechanism. A. In vivo extracellular recordings of
presumed DR 5-HT neurons. Data are mean ± SEM of DR 5-HT firing rate (% of baseline) in response to the intraperitoneal (i.p.) administration
of insulin alone (0.75 IU, n= 5 and 1.5 IU, n= 14) or in combination with the 5-HT1A receptor antagonist (WAY100635: 0.5 mg/kg, n= 6).
B Integrated firing histograms showing the effects of cumulative doses of insulin. C Representative recordings of a single presumed 5-HT
neuron in response to insulin (0.75 U/kg) alone (C, left panel) or in presence of the 5-HT1A antagonist WAY100635 (C, right panel). In vivo
intracerebral microdialysis in the DR (D-E) or the ventral hippocampus (F-G). Time course of the effect of cumulative doses of insulin alone
(n= 5) or in combination with WAY100635 (0.5 mg/kg; i.p, n= 5) given at T0 on 5-HT release in the DR (D) or ventral hippocampus (F). Data are
mean ± SEM of Area Under the Curve reflecting extracellular 5-HT concentrations ([5-HT]ext) over the 0–150min post-treatment injections in
the DR (E) or the ventral hippocampus (G). Statistics: Student’s unpaired t-test: *p < 0.05; **p < 0.01; ***p < 0.001. One sample t-test compared
to hypothetical value (0): #p < 0.05; ##p < 0.01.

H. Martin et al.

6

Molecular Psychiatry



Fig. 3 The anxiolytic like effect of intranasal insulin delivery relies on the central serotonergic system. Immobility time in the FST (A),
latency to feed in the NSF (B), time spent in light box of the L/D (C), time spent in the open arms of the EPM (D) and time in the center (E, left
panel) and locomotor activity in the OF (E, right panel) in response to intranasal 2 IU or vehicle delivery in naïve mice. F Time spent in the open
arms of the EPM in response to intra-DR injection of insulin (100 µIU) or vehicle in naïve mice. Time spent in the open arms of the EPM in naïve
mice pre-treated with pCPA (300mg/kg/day for three consecutive days; G), in control and SeIRKO animals (H) or naïve mice pre-treated with
WAY100635 (1mg/kg; I) in response to intranasal insulin 2 IU or vehicle delivery. Data are represented as mean ± SEM. Statistics: Student’s
unpaired t-test: *p < 0.05; **p < 0.01.
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would activate inhibitory interneurons leading to inhibition of
5-HT neurons. Thus, such model of regulation would support the
possibility that the excitatory effects of insulin in presence of
WAY100635 on DR 5-HT neuronal activity and extracellular 5-HT
levels (in the DR and hippocampus) involves, at least in part, a
disinhibition of this long neuronal feedback loop. From these
data, one could wonder why such 5-HT1A receptors-dependent
mechanism is not observed during patch-clamp recordings
ex vivo. Studies have suggested that in ex-vivo patch-clamp
conditions the 5HT1AR-inhibition tone cannot be assessed due to
the depletion of endogenous 5-HT synthesis and release [39–41].
The effect of intranasal insulin on anxiety has been previously

investigated [27]. In agreement with the literature we show that
insulin exerts anxiolytic effects. Yet, neuronal circuits under-
pinning such behavioral outcome have not been unraveled. Even
if we cannot rule out the involvement of extra-DR neurons, the
anxiolytic-like effect of intra-DR administration of insulin supports
a role of the serotonergic system in the central effect of brain
insulin. Going one step further, using pharmacological and
genetic-based approaches, we confirm that anxiolysis induced
by intranasal insulin relies, at least in part, on the serotonergic
system. Indeed, both 5-HT depletion and selective deletion of the
IR in 5-HT neurons result in a lack of anxiolytic-like effect of
intranasal insulin. Interestingly, we found that intranasal insulin
significantly reduces 5-HT level in the vHP, the amygdala, and the
NAc. Importantly, decrease in 5-HT levels or lesion of serotonergic
projections to the amygdala have been shown to mitigate anxiety-

like behavior [42, 43]. Thus, such a drop in 5-HT in response to
intranasal insulin is consistent with the associated anxiolytic-like
effect. In addition, we also show that blocking decreased 5-HT
levels using the 5HT1AR antagonist WAY100635 prevents the
anxiolytic effect of intranasal insulin administration. It is note-
worthy that we cannot generalize the effect of insulin to all the
behavioral tasks since our results clearly show that it produces
anxiolytic effects in the EPM and in the OF while it fails to do so in
the light-dark test. These paradigms rely on competition between
spontaneous exploratory behavior and the innate avoidance of
open or illuminated areas respectively. Since evidence suggests
the existence of a high level of specialization at the level of
microcircuits and cell populations involved, it is tempting to
speculate that there is an overlap of the neuronal networks
recruited during these tasks [44]. Nevertheless, the testing
conditions are somewhat different with mice subjected to a dim
lightening in the EPM/OF and a choice between a brightly-lit and
dark compartment in the light-dark. A recent study demonstrates
that light-dark preference behavior engages complex regulation
due to the emotional valence of light [45]. Thus, even if the tests
probe the same anxious behavior, the variations in experimental
conditions strongly suggest that insulin could trigger a circuit
specifically recruited during the EPM and the OF.
Our data show that intranasal injection of insulin promotes

anxiolytic-like effects. Interestingly, we did not find any
antidepressant-like effects in response to acute intranasal insulin
administration in the FST or in the TST. According to the Research

Fig. 4 HFD feeding impairs the insulin response of the 5-HT system. A Pet1-cre-mCherry mice were fed a HFD for 16 weeks prior to ex-vivo
electrophysiology experiments. Quantification of firing rate and representative trace of cell-attached mode recording before and after insulin
(300 nM) perfusion of DR 5-HT neurons. Time spent in the open arms of the EPM (B), time spent in the center of the OF (C, left panel) and
locomotor activity in the OF (C, right panel) of HFD-fed mice in response to intranasal insulin 2 IU or vehicle delivery. Data are represented as
mean ± SEM. Statistics: Student’s unpaired t-test.

H. Martin et al.

8

Molecular Psychiatry



domain criteria (RDoC) approach [46], we can assume that the
acute effect of insulin might be involved in the anxiety dimension
of MDD, a core symptom of the disease. However, in animal
models of T2D induced by a HFD, both anxiety- and depressive-
like symptoms have been reported [5–7, 47]. In these models,
insulin resistance has been found in several discrete brain areas
including the hippocampus, the ventral tegmental area, and or the
striatum [48, 49]. Here, we provide the first evidence that such
resistance also targets DR 5-HT neurons after HFD feeding and
that such impairment likely explains our previous observation that
5-HT neurons display a lower electrical activity in response to a
HFD [7]. Thus, we could hypothesize that insulin resistance at the
level of 5-HT neurons takes a major part in the development of
anxiety-like symptoms whereas decreased insulin sensitivity in
other neuronal populations would rather promote depressive-like
symptoms.
Clinical data show that antidepressant response efficacy is not

optimal in patients with T2D as only one third presents an
adequate treatment response following the first antidepressant

trial [50]. Add-on treatment strategy represents a relevant
approach to improve antidepressant response [51]. Interestingly,
the insulin-sensitizer agent metformin has been shown to
potentiate the antidepressant effect of fluoxetine [52]. Thus, in a
translational perspective, we investigated whether acute intrana-
sal insulin could also potentiate fluoxetine antidepressant efficacy.
In STD-fed animals, we observed that intranasal insulin indeed
increases the antidepressant-like response of fluoxetine. However,
the anxiogenic response of fluoxetine was not reversed by insulin.
Although the reason of this lack of potentiating effect in the EPM
remains unknow, it is possible that 1/ the fluoxetine effect is too
strong to be reversed by insulin; 2/ the neuronal networks
involved in the anxiogenic effect of fluoxetine are different from,
those mobilized by insulin. Clinical investigations are needed to
support our data suggesting that enhancing insulin signaling
represents an original therapeutic approach for patients with MDD
presenting, or not, comorbid metabolic disorders associated
to T2D.
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Essential omega-3 fatty acids tune microglial
phagocytosis of synaptic elements in the mouse
developing brain
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A. Sere1, A. Aubert1, V. De Smedt-Peyrusse1, C. Lecours7, K. Bisht7, L. Fourgeaud8, S. Gregoire9, L. Bretillon 9,

N. Acar9, N. J. Grant10, J. Badaut 11, P. Gressens3,12, A. Sierra 6, O. Butovsky 2,13, M. E. Tremblay 7,

R. P. Bazinet5, C. Joffre1, A. Nadjar 1✉ & S. Layé1✉

Omega-3 fatty acids (n-3 PUFAs) are essential for the functional maturation of the brain.

Westernization of dietary habits in both developed and developing countries is accompanied

by a progressive reduction in dietary intake of n-3 PUFAs. Low maternal intake of n-3 PUFAs

has been linked to neurodevelopmental diseases in Humans. However, the n-3 PUFAs

deficiency-mediated mechanisms affecting the development of the central nervous system

are poorly understood. Active microglial engulfment of synapses regulates brain develop-

ment. Impaired synaptic pruning is associated with several neurodevelopmental disorders.

Here, we identify a molecular mechanism for detrimental effects of low maternal n-3 PUFA

intake on hippocampal development in mice. Our results show that maternal dietary n-3

PUFA deficiency increases microglia-mediated phagocytosis of synaptic elements in the

rodent developing hippocampus, partly through the activation of 12/15-lipoxygenase (LOX)/

12-HETE signaling, altering neuronal morphology and affecting cognitive performance of the

offspring. These findings provide a mechanistic insight into neurodevelopmental defects

caused by maternal n-3 PUFAs dietary deficiency.
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L
ipids are one of the main constituents of the central nervous
system (CNS). Among these, arachidonic acid (AA, 20:4n-6)
and docosahexaenoic acid (DHA, 22:6n-3) are the principal

forms of the long chain (LC) polyunsaturated fatty acids, omega-6
and omega-3 (referred to as n-6 or n-3 PUFAs) of the grey matter.
These two LC PUFAs are found predominantly in the form of
phospholipids and constitute the building blocks of brain cell
membranes1. AA and DHA are either biosynthesized from their
respective dietary precursors, linoleic acid (LA, 18:2n-6), and α-
linolenic acid (ALA, 18:3n-3), or directly sourced from the diet
(mainly meat and dairy products for AA, fatty fish for DHA)2. In
addition, AA and DHA are crucial for cell signaling through a
variety of bioactive mediators. These mediators include oxylipins
derived from cyclooxygenases (COX), lipoxygenases (LOX), and
cytochrome P450 (CYP) pathways1 that are involved in the reg-
ulation of inflammation and phagocytic activity of immune cells3–6.
An overall increase in the dietary LA/ALA ratio and a reduction in
LC n-3 PUFA intake, as found in the Western diet, leads to reduced
DHA and increased AA levels in the brain7.

DHA is essential for the functional maturation of brain
structures8. Low n-3 PUFA consumption globally has raised
concerns about its potential detrimental effects on the neurode-
velopment of human infants9 and the incidence of neurodeve-
lopmental diseases, such as Autism Spectrum Disorder (ASD)
and schizophrenia10.

To understand the mechanisms by which n-3/n-6 PUFA
imbalance affects CNS development, we investigated the impact
of maternal dietary n-3 PUFA deficiency on offspring’s microglia,
the resident immune cells involved in CNS development and
homeostasis11. Microglia are efficient phagocytes of synaptic
material and apoptotic cells, which are key processes in the
developing brain12. Specifically, once neuronal circuits are
established, microglia contribute to the refinement of synaptic
connections by engulfing synaptic elements in early post-natal
life, in a fractalkine- and complement cascade-dependent man-
ner13–15. This refinement is important for behavioral adaptation
to the environment16.

We have previously reported that a maternal dietary n-3 PUFA
deficiency alters the microglial phenotype and reduces their
motility in the developing hippocampus17. Therefore, we inves-
tigated the effect of maternal (i.e. gestation and lactation) n-3
PUFA deficiency on microglial function and its consequences on
hippocampal development. Using multidisciplinary approaches,
we reveal that maternal exposure to an n-3 PUFA deficient diet
impairs offspring’s microglial homeostatic signature and phago-
cytic activity, underpinning excessive synaptic pruning and sub-
sequent behavioral abnormalities. N-3 PUFA deficiency drives
excessive microglial phagocytosis of synaptic elements through
the oxylipin 12/15-LOX/12-HETE pathway and is a key
mechanism contributing to microglia-mediated synaptic remo-
deling in the developing brain. These results highlight the impact
of bioactive fatty acid mediators on brain development and
identify imbalanced nutrition as a potent environmental risk
factor for neurodevelopmental disorders.

Results
Maternal dietary n-3 PUFA deficiency alters the morphology of
hippocampal neurons and hippocampal-mediated spatial
working memory. The hippocampus plays an essential role in
learning and memory, with the neurons of the CA1 region required
for spatial working memory. Therefore, we assessed the effects of
maternal dietary n-3 PUFA deficiency on neuronal morphology in
the offspring hippocampus CA1 using Golgi-Cox staining at post-
natal day (P)21. Dendritic spine density of Golgi-stained CA1
pyramidal neurons was significantly decreased in n-3 deficient mice

compared to n-3 sufficient mice (Fig. 1a, b). This was associated
with a decrease in the length of dendrites, whereas the complexity
of dendritic arborization was unchanged (Fig. 1a, b). Western blot
analyses on whole hippocampi showed a significant decrease in the
expression of the post-synaptic scaffold proteins PSD-95 and
Cofilin, but not of SAP102, in n-3 deficient vs. n-3 sufficient mice
(Fig. 1c, d). AMPA and NMDA subunit expression levels were
unaffected (Supplementary Fig. 1A, B). In the Y-maze task, a
hippocampus-dependent test assessing spatial working memory,
P21 n-3 deficient mice were unable to discriminate between the
novel and familiar arms of the maze, unlike the n-3 sufficient mice
(Fig. 1e). These data show that maternal n-3 PUFA deficiency
disrupts early-life (P21) spine density, neuronal morphology and
alters spatial working memory.

Maternal dietary n-3 PUFA deficiency increases microglia-
mediated synaptic loss. As microglia phagocytose pre- and post-
synaptic elements to shape neural networks13,14, we used electron
microscopy (EM) to analyze, at high spatial resolution,
microglia–synapse interactions in the hippocampal CA1 region of
n-3 deficient vs. n-3 sufficient mice (Fig. 2a, b). At P21, i.e. at the
peak of hippocampal synaptic pruning18, we found significantly
more contacts between Iba1-positive microglial processes and the
synaptic cleft and more dendritic spine inclusions within those
processes in n-3 deficient mice (Fig. 2b). Microglial processes
from n-3 deficient mice contained more inclusions within
endosomes such as spines and other cellular elements, along with
a reduced accumulation of debris in the extracellular space, thus
suggesting an increase in phagocytic activity16 (Fig. 2a, b). This
was not due to changes in microglial process size, as diet did not
affect process morphology (Supplementary Fig. 2A). In addition,
confocal imaging and 3D reconstruction of microglia showed that
PSD95-immunoreactive puncta within Iba1-positive microglia
were more abundant in the hippocampus of n-3 deficient mice,
corroborating the EM data (Fig. 2c, d). To provide further sup-
port to this increase in microglial phagocytosis, we stimulated
ex vivo hippocampal microglia from n-3 deficient vs. n-3
sufficient P21 mice with pHrodo E.Coli bioparticles. The
pHrodo dye-labelled E. coli becomes fluorescent upon entering
acidic phagosomes, enabling the assessment of phagocytic activity
of microglia. The results revealed that the percentage of phago-
cytic microglia is significantly higher in n-3 deficient mice across
the time points studied (Fig. 2e, f and Supplementary Fig. 2B).
Increased microglial phagocytosis in the hippocampus was not a
compensation to a decrease in microglial density, as there were no
differences in microglial density assessed by stereological count-
ing in the different hippocampal sub-regions, including the CA1
(Supplementary Fig. 2C, D).

Enhanced microglial phagocytic activity was also not linked to an
increase in cell death, as the volume of the hippocampus, number of
neurons and astrocytes, number of apoptotic cells and expression of
pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 were
not different between diets (Supplementary Fig. 3A–F). Further-
more, it is unlikely that n-3 PUFA deficiency-induced increase in
phagocytosis resulted from brain infiltration of peripherally-derived
macrophages. This is consistent with the observation that maternal
n-3 PUFA deficiency did not modulate the number of CD11b-high/
CD45-high cells within the whole brain (Supplementary Fig. 3G)
and that the blood-brain barrier was intact in both diet groups as
revealed by the expression of Claudin-5 and GFAP as well as IgG
extravasation (Supplementary Fig. 3H–M).

Maternal dietary n-3 PUFA deficiency dysregulates microglial
homeostasis. During brain development, microglia display a
unique transcriptomic signature that supports their physiological
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functions, including in synaptic refinement19. Therefore, we
investigated whether and how n-3 PUFA deficiency modulates
the homeostatic molecular signature of microglia isolated from n-
3 deficient vs. n-3 sufficient mouse brains. Using a Nanostring-
based mRNA chip containing 550 microglia-enriched genes20,
154 of these genes were found to be significantly down-regulated
and 41 genes up-regulated in microglia from n-3 deficient mice
whole brains (Fig. 2g, j and Table 1). Among the 40 genes
reported to be unique to homeostatic microglia by20, 20 were
significantly dysregulated, indicating that maternal n-3 PUFA
deficiency alters homeostatic functions of microglia (Fig. 2g). We
next sought to define the diet-specific microglial phenotype by
assessing patterns of gene co-expression using unbiased network
analysis software, Miru21. The utility of identifying gene expres-
sion patterns and transcriptional networks underpinning com-
mon functional pathways in microglia has been previously
described22. Using a Markov clustering algorithm to non-
subjectively subdivide our data into discrete sets of co-expressed
genes, we found three major clusters of genes that were differ-
entially regulated in n-3 deficient mice (Fig. 2i, j). The mean
expression profiles of these three clusters showed that clusters 1
(microglial homeostatic signature) and 2 (fatty acid uptake,
transport and metabolism) contained genes whose expression was
relatively lower in the n-3 deficient group as compared to n-3
sufficient group. In contrast, cluster 3 (innate immune response
and inflammation) contained genes with relatively greater

expression in n-3 deficient mice (Fig. 2j). These results show that
an n-3 PUFA deficient diet dysregulates microglial homeostasis
and increases microglial immune and inflammatory pathways
during development.

Fatty acid changes in microglia, not in synaptic elements,
exacerbate phagocytosis after maternal dietary n-3 PUFA
deficiency. N-3 PUFA deficient diets cause fatty acid alterations
in whole brain tissue23, yet it is unclear to what extent individual
cell types or cell compartments incorporate these changes. To
assess this, we profiled the fatty acid composition of microglia
and synaptosomes isolated from n-3 sufficient and n-3 deficient
mice (Fig. 3a, b). We observed that maternal n-3 PUFA deficiency
significantly altered the fatty acid profile of both microglia and
synaptosomes, with an increase in n-6 fatty acids and a decrease
in n-3 fatty acids (Fig. 3a, b). In particular, DHA was decreased in
microglia from n-3 deficient mice (Fig. 3a), while C22:5n-6 (or
DPA n-6), the n-6-derived structural equivalent of DHA, was
increased as a marker of n-3 PUFA deficiency24 (Fig. 3a). Total
AA was not significantly modified by the diet in microglia
(Fig. 3a), unlike total AA levels in the whole hippocampus
(Supplementary Fig. 4). In synaptosomes, total AA and DPA n-6
levels were significantly increased while total DHA level was
significantly decreased and DPA n-6 inversely increased, as
observed in microglia (Fig. 3b). In synaptosomes, more fatty acids
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b Quantification of spine density, total dendritic length and total number of junctions in n-3 deficient and n-3 sufficient animals. For spine counting, n= 12
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were significantly modified by the diet, such as the saturated fatty
acid (SFA) stearic acid (18:0) and docosanoic acid (C22:0), and
the monounsaturated fatty acids (MUFA) C16:1 n-7, C16:1 n-9,
C18:1 n-9, and C20:1 n-9. Overall, our results show that n-3 and
n-6 PUFA profiles of both microglia and synaptosomes are
altered by low maternal n-3 PUFA intake, displaying similarities
and discrepancies (Fig. 3a, b).

To directly evaluate the effect of microglial and synaptosome
fatty acid alterations on microglial phagocytic activity, we
developed an ex vivo assay in which we exposed freshly isolated
n-3 sufficient or n-3 deficient microglia to n-3 sufficient or n-3
deficient pHrodo-labelled synaptosomes (Fig. 3c). We measured
microglial phagocytic activity based on the level of cellular
accumulation of pHrodo fluorescence (Fig. 3c). Phagocytosis was
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significantly increased in microglia from n-3 deficient mice,
independent of the fatty acid profile of the synaptosome (Fig. 3c).
These data show that both microglial and synaptosome fatty acid
profiles are modified by maternal n-3 PUFA deficiency, but
changes in microglial fatty acid composition drive the exacerba-
tion of microglia-mediated synaptic loss.

Maternal n-3 PUFA deficiency alters neuronal morphology and
working spatial memory in a complement-dependent manner.
Recently, the classical complement cascade has been described
as a key mediator of microglia synaptic refinement in the
developing brain25. Moreover, our EM data revealed more
spine inclusions within microglia and more contacts between
these cells and the synaptic cleft (Fig. 2a, b). Thus, we explored
the implication of the complement cascade in the exacerbation
of microglia-mediated synaptic refinement observed in n-3
deficient mice.

The complement system acts as a recognition mechanism by
which C1q, the initiating protein of the cascade, tags synapses to
be removed. C1q-tagging leads to the cleavage of C3 and
subsequent deposition of C3a and C3b, which activates CD11b
and C3aR respectively on microglia and triggers synaptic
elimination by microglial phagocytosis25,26. C1q immunostaining
was significantly increased in both the hippocampus CA1 and DG

in n-3 deficient mice (Fig. 4a). Protein expression levels of CD11b
(a subunit of CR3) was slightly, yet significantly increased in the
DG in n-3 deficient mice (Fig. 4b). CD11b gene expression was
also enhanced in the whole hippocampus in these mice
(Supplementary Fig. 5). Our analyses also revealed a robust
increase of C3aR immunostaining in the whole hippocampus of
n-3 deficient mice, corroborating microglia transcriptomic data
(Figs. 4c and 2g and Table 1). The C3aR-positive cells were
uniformly distributed throughout the hippocampus, including the
CA1. Expression levels of Cx3cr1, Cx3cl1 and Tgfb, all involved in
microglia-mediated synaptic pruning13,27, were found to be
increased in the whole hippocampus of n-3 deficient mice
(Supplementary Fig. 5). Finally, we quantified the C3 protein on
freshly extracted hippocampus synaptosomes from n-3 deficient
and n-3 sufficient mice using an ELISA assay. We found higher
amounts of C3 under n-3 PUFA deficiency (Fig. 4D). These
findings indicate that low n-3 PUFA intake alters the develop-
mental expression of complement cascade proteins both in
microglia and at the synapse.

To test whether proper neuronal function could be restored by
acting on the complement pathway in vivo, we antagonized CR3
activation in n-3 deficient mice. We first confirmed that a CR3
antagonist XVA-143, blocked n-6 PUFA (AA) induced increases
in phagocytosis in vitro (Supplementary Fig. 6A–D). We then
administered the CR3 antagonist, XVA-14328 in vivo in the
hippocampus four days before assessing the expression of the
post-synaptic protein PSD95 at P21. Antagonizing CR3 prevented
PSD-95 expression decrease in the hippocampus of n-3 deficient
mice (Fig. 4e). Injection of XVA-143 also restored optimal
memory abilities in n-3 deficient mice in the Y-maze task
(Fig. 4f). These results show that complement activation increases
microglia-mediated synaptic refinement when dietary n-3 PUFAs
are low. Thus, a global increase in C3/CR3 interaction may
account for the altered neuronal function observed in the
hippocampus of n-3 deficient mice.

Enhancement of microglia-mediated synaptic refinement by
maternal PUFA deficiency is phosphatidyl serine recognition-
independent. Microglia possess a number of phagocytic
receptors to eliminate neuronal elements, notably by binding to
externalized phosphatidyl serine (PS) at the surface of neu-
rons29. Since PUFAs are the main constituents of membrane
phospholipids, we assessed whether microglial phagocytic
activity was enhanced through PS recognition (Supplementary
Fig. 7). First, we showed that cell-surface PS, stained with

Fig. 2 Maternal n-3 PUFA deficiency increases microglial phagocytosis and gene expression profile. a, b Representative images (a) and quantification

(b) of EM data from the CA1 region of n-3 sufficient and n-3 deficient mice. s spine, m microglial processes, t terminals, * extracellular debris, ma

myelinated axons. Arrowheads point to synaptic clefts. Scale bars= 1 μm. Two-tailed unpaired Student’s t-test; t= 5.24, **p= 0.0063, cleft; t= 3.366,

*p= 0.0282, spine inclusions; t= 2.601, p= 0.06, cellular inclusions; t= 2.119, p= 0.1015, extracellular digestion. c Three-dimensional reconstructions of

PSD95-immunoreactivity (red) outside (arrowheads) or colocalized with (arrows) microglial cells (green). d Quantification of PSD95 and Iba1

immunoreactivity colocalization in the CA1 region of n-3 deficient and n-3 sufficient group. Means ± SEM; n= 4–6 mice per group. Two-tailed unpaired

Student’s t-test; t= 2.583, *p= 0.032. e Representative bivariate dot plots of isolated microglial cells gated on CD11b+/CD45low expression from n-3

sufficient and n-3 deficient mice. f FACS analysis of phagocytic uptake of pHrodo-labeled E. Coli bioparticles by CD11b+ microglial cells from both dietary

groups after 180min of incubation (expressed as the percent of cells that are CD11b+ and PE positive). Means ± SEM; n= 3–4 per condition. Two-way

ANOVA; diet effect: F(1, 20)= 5.628, *p= 0.028; time effect, F(3,20)= 10.04, p= 0.0003; Interaction, F(3,20)= 0.1771, p= 0.91. The area under the

curve is presented as an independent graph in c. Two-tailed unpaired Student’s t-test, t= 1.289, p= 0.25. g Heatmap of significantly up or downregulated

genes in each dietary group. Each lane represents one animal (n= 4 or 6 per group). The 20 homeostatic microglia unique genes that were significantly

affected by the diet are labelled. h Number of microglial genes that are up-regulated, down-regulated or not regulated by the diet. i A transcript-to-

transcript correlation network graph of transcripts significantly differentially expressed by diet groups was generated in Miru (Pearson correlation threshold

r≥ 0.85). Nodes represent transcripts (probe sets), and edges represent the degree of correlation in expression between them. The network graph was

clustered using a Markov clustering algorithm, and transcripts were assigned a color according to cluster membership. j Mean expression profile of all

transcripts within clusters 1, 2, and 3 where each point represents an animal and the average gene expression of all genes within that cluster for that animal.

Source data are provided as a Source data file.

Table 1 Composition of the diets (g/kg diet).

Ingredient Amount

Casein 180

Cornstarch 460

Sucrose 230

Cellulose 20

Fata 50

Mineral mixb 50

Vitamin mixc 10

aFor detailed composition, see Table 2.
bComposition (g/kg): sucrose, 110.7; CaCO3, 240; K2HPO4, 215; CaHPO4, 215; MgSO4,7H2O,

100; NaCl, 60; MgO, 40; FeSO4,7H2O, 8; ZnSO4,7H2O, 7; MnSO4,H2O, 2; CuSO4,5H2O, 1;

Na2SiO7,3H2O, 0.5; AlK(SO4)2,12H2O, 0.2; K2CrO4, 0.15; NaF, 0.1; NiSO4,6H2O, 0.1; H2BO3, O.1;

CoSO4,7H2O, 0.05; KIO3, 0.04; (NH4)6Mo7O24,4H2O, 0.02; LiCl, 0.015; Na2SeO3, 0.015;

NH4VO3, 0.01.
cComposition (g/kg): sucrose, 549.45; retinyl acetate, 1; cholecalciferol, 0.25; DL-α-tocopheryl

acetate, 20; phylloquinone, 0.1; thiamin HCl, 1; riboflavin, 1; nicotinic acid, 5; calcium

pantothenate, 2.5; pyridoxine HCl, 1; biotin, 1; folic acid, 0.2; cyanobalamin, 2.5; choline HCl,

200; DL-methionin, 200; p-aminobenzoic acid, 5; inositol, 10.
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annexin-V, was unchanged between diets in the hippocampus
(Supplementary Fig. 7A). We also quantified the expression
levels of the microglial PS-binding protein milk fat globule
EGF factor 8 (MFG-E8), which binds and activates a vitro-
nectin receptor (VNR), TAM receptor tyrosine kinases (MER

and Axl), triggering receptor expressed on myeloid cells-2
(TREM2) and CD3329,30. Only MFG-E8 expression level was
significantly increased by maternal n-3 PUFA dietary defi-
ciency (Supplementary Fig. 7B–G). We administered a block-
ing peptide cRGD which inhibits the interaction between
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MFG-E8 and VNR vs a scrambled control (sc-cRGD), to n-3
deficient vs n-3 sufficient mice animals and quantified the
expression of the post-synaptic protein PSD-95. Blocking
MFG-E8 action on microglia did not prevent the reduction in

PSD-95 expression in the hippocampus of n-3 deficient mice
(Supplementary Fig. 7H). These results indicate that modula-
tion of the microglial phagocytic capacity by early-life PUFAs
is PS recognition-independent.

Fig. 3 Maternal dietary n-3 PUFA deficiency exacerbates microglial phagocytosis of synaptic elements by predominantly impacting microglia. a Fatty

acid composition of microglial cells sorted from n-3 sufficient and n-3 deficient mice. Means ± SEM; n= 4 mice per group. Insert: higher magnification of

low expressed fatty acids. Two-tailed unpaired Student’s t-test; t= 3.37, *p= 0.015, C10:0; t= 4.852, **p= 0.0028, C12:0; t= 2.473, *p= 0.0482, C14:1

n-7; t= 9.646, ***p < 0.0001, DPA n-6; t= 2.558, *p= 0.043, ALA; t= 2.972, *p= 0.0249, DHA; nd not detected. b Fatty acid composition of

synaptosomes sorted from n-3 sufficient and n-3 deficient mice. Means ± SEM; n= 4 mice per group. Insert: higher magnification of low expressed fatty

acids. Two-tailed unpaired Student’s t-test; t= 2.82, *p= 0.047, C17:0; t= 3.05, *p= 0.038, C18:0; t= 5.05, **p= 0.0072 C18:1 n-9; t= 2.99, *p= 0.04,

C18:2 n-6; t= 26, ***p < 0.0001, C20:2 n-6; t= 3.57, *p= 0.023, C22:4 n-6; t= 12.68, ***p= 0.0002, DPA n-6; t= 4.49, *p= 0.011, C20:5 n-3; t= 7.12,

**p= 0.0021, DHA; nd not detected. c FACS analysis of phagocytic uptake of pHrodo-labeled synaptosomes (sorted from n-3 sufficient or n-3 deficient

mice) by CD11b+ microglial cells (sorted from n-3 sufficient or n-3 deficient mice). Analyses were performed 2 h post-synaptosomes application. On FACS

plots: x-axis= (pHrodo intensity (PE intensity), y-axis= SSC. Means ± SEM; n= 8 per condition. Two-way ANOVA: microglial fatty acid status effect,

F(1,28)= 19.77, ***p= 0.0001; synaptosomes fatty acid status effect, F(1,28)= 1.63, p= 0.2123; interaction, F(1,28)= 0.2826, p= 0.599. Source data are

provided as a Source data file.
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Fig. 4 Maternal n-3 PUFA deficiency exacerbates microglia-mediated shaping of neuronal networks in a complement-dependent manner.

a–c Representative images and quantification of C1q, CD11b, and C3aR immunostaining in coronal sections of n-3 deficient and n-3 sufficient mice

hippocampus. Scale bar= 100 μm. Means ± SEM; n= 3–13 mice per group. Two-tailed unpaired Student’s t-test; t= 1.553, p= 0.135, CD11b CA1; t= 2.114,

*p= 0.466, CD11b DG; t= 0.5495, *p= 0.0223 C1q CA1; t= 3.938, **p= 0.0056, C1q DG; t= 4.91, **p= 0.0027, C3aR, total hippocampus. d Protein

quantification (ELISA) reveals that synaptosomes from n-3 deficient mice express more C3 than n-3 sufficient animals. Means ± SEM; n= 7–8 mice per

group; Two-tailed unpaired Student’s t-test; t= 2.097, p= 0.0562. e Quantification of PSD95 protein expression in n-3 sufficient vs n-3 deficient mice

treated with XVA-143 or its vehicle. Means ± SEM; n= 5–8. Two-way ANOVA followed by Bonferroni post hoc test: diet effect, F(1,21)= 11.89, p= 0.0024;

treatment effect, F(1,21)= 0.1436, p= 0.708; interaction, F(1,21)= 5.977, p= 0.0234; n-3 sufficient vs n-3 deficient, **p < 0.01. f Time spent in novel vs

familiar arm in the Y maze task in n-3 sufficient vs n-3 deficient mice treated with XVA-143 or its vehicle. Means ± SEM; n= 9–10 mice per group. Paired

t-test: n-3 sufficient group, **p= 0.0019; n-3 deficient group, p= 0.357; n-3 sufficient+ XVA-143 group, **p= 0.0013; n-3 deficient+ XVA-143 group,

**p= 0.0099. Source data are provided as a Source data file.
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Maternal n-3 PUFA deficiency alters microglial PUFA meta-
bolism in the offspring. Our data suggest that n-3 PUFA
deficiency specifically drives exacerbated microglial phagocy-
tosis (Fig. 3). We, therefore, assessed the mechanisms by which
microglial PUFA metabolism was driving their phagocytic
activity. Microglia isolated from n-3 deficient mice had higher
levels of free, unesterified, AA, and lower quantities of free
EPA, as determined by high-performance liquid chromato-
graphy with tandem mass spectrometry (LC-MS-MS) (Fig. 5a).
When unesterified from the cellular membrane, free PUFAs are
rapidly converted to bioactive mediators (or oxylipins) with
potential effects on microglial cells1,31,32. Interestingly,
microglia from n-3 deficient animals presented greater levels of
AA-derived bioactive mediators and lower amounts of DHA-
and EPA-derived mediators (Fig. 5b). Four AA-derived oxyli-
pins were significantly increased by maternal n-3 PUFA defi-
ciency: trioxilins TRXA3 and TRXB3, 8-HETE, 12-HETE,
while three EPA-derived species were significantly decreased:
+/−11-HEPE, 15S-HEPE, and LTB5. The DHA-derived
17SHDoHE was also reduced (p= 0.0957) (Fig. 5c). Hence,
we show the post-natal microglia oxylipin signature in the

context of low maternal n-3 PUFA intake and how it is mod-
ified by the dietary content in n-3 PUFAs.

Activation of a 12/15-LOX/12-HETE signaling pathway
increases microglial phagocytic activity under maternal n-3
PUFA deficiency. Using pharmacological approaches, we con-
tinued to dissect the molecular mechanisms linking n-3 PUFA
deficiency and microglial phagocytosis of dendritic spines by
assessing the oxylipins identified above. We first tested the
potential role of AA, EPA, and DHA free forms and their
bioactive metabolites identified in Fig. 5 (except trioxilins TRXA3
and TRXB3, which are not commercially available) on microglial
phagocytosis in vitro. We applied synaptosomes that were con-
jugated to a pH-sensitive dye (pHrodo), as a surrogate of synaptic
refinement processes on cultured microglia (Fig. 6a). Twenty-
four-hour application of AA on microglial cells significantly
increased their phagocytic activity towards synaptosomes
(Fig. 6b). These observations confirmed our data showing that
AA increased phagocytosis of latex beads by primary microglial
cells (Supplementary Fig. 6A, B). Conversely, incubation with
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Fig. 5 Maternal n-3 PUFA deficiency alters fatty acid profile in microglia. a Quantification of free (unesterified) forms of AA, EPA, and DHA levels in

microglia. Means ± SEM; n= 4 mice per group. Two-tailed unpaired Student’s t-test; t= 3, *p= 0.024, free AA; t= 6.12, ***p= 0.0009, free EPA; t=

1.149, p= 0.2942, free DHA. b Heat map of all AA-, EPA-, and DHA-derived intracellular mediators expressed by microglia. c AA- EPA- and DHA-derived

mediators that are significantly modulated by early-life n-3 PUFA deficient diet. Means ± SEM; n= 4 mice per group. Two-tailed unpaired Student’s t-test;

t= 2.693, *p= 0.0359, TRXA3; t= 2.867, *p= 0.0286, TRXB3; t= 3.028, *p= 0.0231, 8-HETE; t= 2.886, *p= 0.0278, 12-HETE; t= 3.656, *p= 0.0106,

+/−11-HEPE; t= 3, *p= 0.024, 15S-HEPE; t= 3, *p= 0.024, LTB5; t= 1.975, p= 0.0957, 17S-HDoHE. Source data are provided as a Source data file.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19861-z

8 NATURE COMMUNICATIONS |         (2020) 11:6133 | https://doi.org/10.1038/s41467-020-19861-z | www.nature.com/naturecommunications

www.nature.com/naturecommunications


DHA significantly decreased phagocytosis (Fig. 6b), while EPA
and DPA n-6 had no effect when compared to controls (Fig. 6b).
Then, we applied PUFA bioactive mediators for 30 min before
applying pHrodo synaptosomes and studied the kinetics of pha-
gocytosis over the following 120 min. We show that the AA-
derived 12-HETE significantly increased microglia phagocytosis
of synaptosomes while 8-HETE had no effect (Fig. 6c). None of

the EPA- and DHA-derived bioactive mediators affected primary
microglia phagocytic activity (Fig. 6d). For all conditions, the
percentage of phagocytic cells is significantly higher at 120 min
post-treatment (Fig. 6c, d).

AA is metabolized into 12-HETE via the 12/15-LOX enzyme
and its activity is blocked by baicalein, which reduces 12-HETE
production33,34. We then tested whether inhibiting 12/15-LOX
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activity was able to restore normal phagocytic activity in n-3
PUFA deficient microglial cells. We used an ex vivo assay in
which we exposed freshly sorted n-3 sufficient or n-3 deficient
microglia to pHrodo synaptosomes with or without the 12/15-
LOX inhibitor baicalein (Fig. 6e). We show that baicalein
significantly reduced synaptosome phagocytosis by n-3 deficient
microglia (Fig. 6f). Injection of baicalein persistently restored
optimal memory abilities in n-3 deficient mice in the Y-maze task
(Fig. 6g), without altering anxiety level (Supplementary Fig. 8A).
Baicaelin had no effect in n-3 sufficient mice (Supplementary
Fig. 8B). These results confirm that the 12/15-LOX/12-HETE
pathway is active in n-3 deficient microglia to increase their
phagocytic activity towards synaptic elements. In addition,
baicalein improves memory deficits in n-3 PUFA deficient mice.

The 12/15-LOX/12-HETE signaling pathway acts upstream of
the complement cascade. We finally assessed the relationship
between 12/15-LOX/12-HETE signaling pathway and the
expression of genes from the complement cascade under n-3
PUFA deficiency. We exposed freshly sorted n-3 sufficient or n-3
deficient microglia to the 12/15-LOX inhibitor baicalein or its
vehicle and quantified the expression level of CD11b and C3aR
mRNAs, 2 h later (Fig. 7a). We show that c3ar gene expression
was increased in n-3 deficient microglia while the expression of
cd11b was not significantly modulated by the diet. This is in line
with our immunostaining experiments in which CD11b was
moderately increased under n-3 PUFA deficiency, only in the DG,
while C3aR was robustly increased in the whole hippocampus
(Fig. 4b). Baicalein significantly reduced C3aR expression in n-3
deficient microglia, while it had no effect on CD11b (Fig. 7b, c).
These results suggest that in non-stimulated n-3 deficient
microglia, the 12/15-LOX/12-HETE signaling pathway is impli-
cated in the maintenance of a high C3aR tone, while the activity
of CD11b (as shown in Fig. 4e, f) is likely to depend on other
mechanisms.

Once activated, the expression of most immune receptors is
dampened as part of a global regulatory mechanism35. We thus
examined the relationship between the 12/15-LOX/12-HETE
signaling pathway and the complement cascade in the condition
of stimulation of microglia with synaptosomes. We exposed
freshly sorted cells to pHrodo synaptosomes in the presence of
baicalein or its vehicle and quantified the expression level of
cd11b and c3ar (Fig. 7d). The expression level of CD11b was
significantly increased by baicalein in n-3 deficient microglia,
whereas inhibiting the 12/15 LOX enzyme did not affect C3aR
mRNA expression (Fig. 7e, f). This suggests that once microglia
phagocyte synaptosomes, the 12/15-LOX/12-HETE signaling
pathway inhibits CD11b expression while allowing phagocytosis
of neuronal material (Fig. 6f). We finally studied the expression
levels of BLT2 and GPR31, the two principal 12-HETE receptors

(Supplementary Fig. 9A). While GPR31 was expressed by the
cells, BLT2 gene expression was almost not measurable in
microglia in vitro. Hence, we then focused on the expression of
GPR31 in vivo, on freshly isolated n-3 deficient and n-3 sufficient
microglia, treated with vehicle or baicalein, in the absence or
presence of synaptosomes. We could not find any significant
modification of GPR31 mRNA expression level in any of the
conditions tested (Supplementary Fig. 9B, C). Further experi-
ments are needed to decipher whether 12 HETE effect on
phagocytosis is mediated by GPR31.

Altogether, our data suggest that the 12/15-LOX/12-HETE
signaling pathway modulates microglial phagocytosis under n-3
PUFA deficiency, partly by regulating the expression of the C3a
and C3b receptors.

Discussion
The phagocytic activity of microglia during development is cru-
cial in shaping neuronal networks, and dysfunction of this activity
contributes to neurodevelopmental disorders15. Here we show
that low maternal n-3 PUFA intake-induced modification of
microglia fatty acid composition is a potent driver leading to
exacerbation of spine phagocytosis in the offspring. This process
is complement-dependent, a mechanism that has been repeatedly
reported to be the molecular bridge of microglia phagocytosis of
spines14,27,36. Our data also reveal that n-3 PUFA deficiency
alters the shaping of hippocampal neurons and spatial working
memory in pups. Finally, we identified a previously unknown
function of 12-HETE, a LOX metabolite of AA, in the regulation
of microglial phagocytosis. This microglial 12/15-LOX/12-HETE
pathway is also likely to contribute to alterations in spine density
and connectivity observed in synaptopathies and neurodevelop-
mental disorders37. Considering that n-3 PUFAs also determine
the offspring’s microglia homeostatic molecular signature and
fatty acid profile, our study suggests that the maternal nutritional
environment is essential for proper microglial activity in the
developing brain. These findings further support the importance
of dietary n-3 PUFAs in the neurodevelopmental trajectory,
pointing to their role in microglia-spine interactions.

Previous clinical and epidemiological studies revealed a rela-
tionship between dietary n-3 PUFA content, brain development,
and the prevalence of neurodevelopmental disorders38. The n-3
PUFA index, which reports the level of n-3 PUFAs (EPA+DHA)
in erythrocytes and that is used as a biomarker for cardiovascular
diseases, is now also considered a biomarker for several neuro-
development diseases such as ASD39, attention deficit hyper-
activity disorder (ADHD)40 and schizophrenia41. The lack of n-3
PUFA during pregnancy and early post-natal life could partici-
pate in the etiology of these diseases. Since these essential fatty
acids are necessary for healthy brain development, low dietary
supply or impairment of their metabolism is suggested to be

Fig. 6 Maternal n-3 PUFA deficiency exacerbates microglial phagocytic activity towards synapses by activating the 12/15-LOX/12-HETE signaling

pathway. a Experimental setup. b FACS analysis of phagocytic uptake of pHrodo-labeled synaptosomes by CD11b+ microglial cells in primary culture

exposed to PUFAs. Means ± SEM; n= 5–6 per condition. Two-tailed unpaired Student’s t-test; ***p= 0.0005, AA; *p= 0.0118, DHA; p= 0.55, EPA; p=

0.153; DPA n-6. c, d FACS analysis of phagocytic uptake of pHrodo-labeled synaptosomes by CD11b+microglial cells in primary culture exposed to n-6 AA-

derived (c) or n-3 EPA- and DHA-derived (d) lipids. Means ± SEM; n= 6–14 per condition. AA derivatives: Two-way ANOVA: time effect, F(1,33)= 171.8,

***p < 0.0001; treatment effect, F(2,33)= 5.538, **p= 0.0084; interaction, F(2,33)= 0.686, p= 0.51. EPA and DHA derivatives: Two-way ANOVA: time

effect, F(1,64)=57.25 ***p < 0.0001; treatment effect, F(2,64)= 1.462, p= 0.239; interaction, F(2,64)= 1.904, p= 0.157. e Experimental setup. f FACS

analysis of phagocytic uptake of pHrodo-labeled synaptosomes by freshly sorted n-3 deficient and n-3 sufficient CD11b+ microglial cells, exposed to

baicalein or its solvent. Analyses were performed 2 h post-synaptosomes application. Two-way ANOVA: microglia fatty acid status effect, F(1,51)= 12.6

***p= 0.0008; treatment effect, F(1,51)= 16.06, p= 0.0002; interaction, F(1,51)= 0.1912, p= 0.6638. g Time spent in novel vs familiar arm in the Y maze

task in P21 and P30 n-3 deficient mice treated with baicalein or its vehicle. Means ± SEM; n= 10 (P21) or 5 (P30) mice per group. Paired t-test: P21: n-3

deficient group, p= 0.5; n-3 deficient+ baicalein group, p= 0.11; P30: n-3 deficient group, p= 0.57; n-3 deficient+ baicalein group, *p= 0.029. Source

data are provided as a Source data file.
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involved in the etiology of several psychiatric diseases, including
neurodevelopmental disorders1. Indeed, decreased DHA levels
have been reported in several brain regions of patients diagnosed
with such disorders42. Low n-3 PUFA index is also associated
with reduced brain size or connectivity, as well as to reduced
cortical functional connectivity during an attentional task43. Of
special interest is the limbic system as the hippocampus activity in
Humans has been reported to be altered in subjects with low n-3
PUFA status and consistently altered in animal models of n-3
PUFA deficiency44,45. Hippocampal alterations are reported in
several neurodevelopmental disorders, including ASD, that could
account for a neurodevelopmental compensatory mechanism to
preserve cognitive domains46. Preterm infants display lower brain
DHA concentrations as compared to term infants on the same
ALA fortified diet47. Very low birth weight is a high-risk factor
for both n-3 PUFA deficiency and neurodevelopmental disorders/
cognitive impairments48. These children display improved
recognition memory at 6-months of age when supplemented with
LC n-3 PUFA49 while the brain structure was unchanged later in
life (8 years old)50. Whether the pathophysiology of cognitive
alterations, a common feature of neurodevelopmental disorders,
may be linked to inadequate bioavailability of n-3 PUFA in the
hippocampus is of high interest in part due to the increasing
knowledge on the role of nutrition in psychiatric disorders and in
particular ASD, ADHD and schizophrenia.

Overall, this knowledge suggests the use of specific dietary
supplementation with n-3 PUFA as an environmental modifiable
factor. Indeed, dietary supplementation or increase intake of food
rich in n-3 PUFA could counteract the adverse effect of low n-3
PUFA intake. Our data shed light on an oxylipin-dependent
mechanism underlying these clinical observations.

Our data are in line with previous studies showing that the 12/
15-LOX/12-HETE pathway is altered in several pathological
conditions in macrophage/microglia and especially in inflam-
matory conditions. Human macrophages incubated with 12-
HETE showed induced gene expression after lipopolysaccharide
(LPS) application51. Indeed, 12-HETE in macrophages was
shown to activate extracellular signal-regulated kinase 1/2 (ERK1/
2) and nuclear factor kappa-light-chain-enhancer of activated B
cells (NFκB) via GPR3152. In humans, it was found that the
expression of 12/15-LOX was increased in CD68-positive acti-
vated microglia53. Moreover, 12/15-LOX and Gpr31 receptor
gene expression is increased in microglia along with aging22 and
in DAM/MGnD54. Here, no change in gpr31 gene expression was
observed in microglia treated with 12-HETE in vitro or exposed
to a n-3 PUFA deficient diet in vivo. However, downstream
analysis of GPR31 activation after 12-HETE application or
expression should be tested.

Previous studies conducted in rodents and primates showed
that early-life dietary n-3 PUFA deficiency impairs learning and
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Fig. 7 The 12/15-LOX/12-HETE signaling pathway controls gene expression of the complement pathway. a Experimental setup. b, c Quantification of

cd11b and c3ar mRNA expression in freshly sorted n-3 deficient and n-3 sufficient microglia, treated with baicalein or its vehicle. Means ± SEM; n= 4–6 per

group. Two-way ANOVA: cd11b: diet effect, F(1,15)= 0.57, p= 0.46; treatment effect, F(1,15)= 1.37, p= 0.26; interaction, F(1,15)= 2.48, p= 0.14;

c3ar: diet effect, F(1,18)= 1.36, p= 0.26; treatment effect, F(1,18)= 1.52, p= 0.23; interaction, F(1,18)= 4.36, *p= 0.051. d Experimental setup.

e, f Quantification of cd11b and c3ar mRNA expression in freshly sorted n-3 deficient and n-3 sufficient microglia, exposed to synaptosomes for 2 h

and treated with baicalein or its vehicle. Means ± SEM; n= 8 per group. Two-way ANOVA followed by Bonferroni post hoc test: cd11b: diet effect, F(1,28)=

0.16, p= 0.19; treatment effect, F(1,28)= 0.92, **p= 0.0028; interaction, F(1,28)= 0.072, p= 0.36; n-3 deficient+ vehicle vs n-3 deficient+ baicalein,

*p= 0.014; n-3 deficient+ vehicle vs n-3 deficient+ baicalein, *p= 0.029; c3ar: diet effect, F(1,28)= 0.35, **p= 0.0034; treatment effect, F(1,28)=

0.0043, p= 0.72; interaction, F(1,28)= 0.0019, p= 0.81. Source data are provided as a Source data file.
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memory in adulthood55,56. Here, we show that perinatal n-3
PUFA deficiency-induced memory deficits occur as soon as
weaning. This corroborates observations in humans that prenatal
and cord blood n-3 PUFA levels are positively correlated with
later-life cognitive abilities in infants57. In our study, cognitive
alterations were associated with a decrease in dendritic length,
whereas the complexity of dendritic arborization was unchanged,
supporting the previous reports58. A significant decrease of post-
synaptic scaffold proteins PSD-95 and Cofilin in the hippo-
campus of n-3 deficient mice at weaning, suggests an early
alteration of synaptic plasticity(Madore et al., 2014). This is in
line with a previous study showing that loss of PSD-95 is inversely
correlated with DHA dietary supply in a mouse model of Alz-
heimer’s disease59 suggesting that PSD-95 expression depends on
DHA levels in a broader context than just neurodevelopment. N-
3 PUFA deficiency-mediated dendritic arborization alteration has
been associated with functional defects of neuronal networks in
the adult hippocampus and cortex60,61 and atypical whole-brain
functional community structure62, a surrogate of cognitive defi-
cits63. Finally, our finding of abnormal hippocampal neuronal
spine density in n-3 PUFA deficient mice at weaning corroborates
data previously found58.

Lipid changes driving metabolic alterations in microglia and
their impact on phagocytosis in the developing brain are under-
studied. Knowing that microglia are now regarded as key con-
trollers of synaptic architecture due to their phagocytic
activity13,14,16, we show that specific fatty acid mediators drive
microglia phagocytic activity toward synapses. Our findings of a
decrease in n-3 PUFAs and increase in n-6 PUFAs in the whole
hippocampus, microglia, and synaptosomes of n-3 deficient mice
is consistent with a large body of literature24,64. It is well estab-
lished that in response to n-3 PUFA deficiency, brain DHA
decreases and is replaced by DPA n-624,64. We have previously
shown that microglia from n-3 deficient dams have higher levels
of DPA n-665. While the mechanisms of this replacement at the
level of the microglia are not clear, in whole brain, the uptake of
DPA n-6 from the plasma free pool increases dramatically66.

Oxylipins are involved in the regulation of inflammation and
phagocytic activity of immune cells1. Their production is largely
influenced by n-3 PUFA dietary supply, including in the brain32.
Using LC-MS-MS, we examined their role in microglial phago-
cytic activity during development. We show that n-3 PUFA
deficient microglia have a unique oxylipin profile, linked to
altered free forms of AA, EPA, and DHA. AA and its LOX-
derived mediator 12-HETE promote microglia phagocytosis of
synaptosomes. While there is no data available in the literature on
microglia, this pathway has already been described as essential in
the clearance of apoptotic cells by peripheral macrophages during
inflammation67. Therefore, we predict that the 12/15-LOX
enzyme is involved in AA-mediated increase in microglia pha-
gocytosis in vitro. Conversely, DHA (but not its LOX derivative,
17S-HDOHE) decreased microglial phagocytosis in vitro. Pre-
vious work reported that DHA inhibits microglia phagocytic
activity of myelin both in vivo and in vitro68 and normalizes
inflammation-induced microglial phagocytic activity of spines
in vitro69. Hence, it is likely that DHA dampens microglial
phagocytosis via a repressive effect on synaptosome phagocytosis
and/or a decrease in pro-inflammatory factors expression, in
accordance with previous work showing its anti-inflammatory
activity both in vitro and in vivo70–73. Additionally, recent work
found that DHA decreases microglia phagocytic activity of myelin
debris in the spinal cord after injury through mir-12468, a non-
coding nucleotide involved in synaptic plasticity. In macrophages,
mir-124 has been shown to regulate actin-related protein 2/3
(ARP2/3), which is involved in the formation of the phagocytic
cup74. This is in line with results showing that DHA reduced LPS-

induced phagocytic activity of microglia, through a reduction of
filopodia75.

12-HETE is produced by the 12/15 LOX enzyme and conver-
sion of AA by 12-HETE is enhanced in n-3 PUFA deficient
microglia in the context of brain injury, autoimmune and neu-
rodegenerative diseases53. 12/15 LOX is also expressed in the
developing human brain by CD68-positive microglia and oligo-
dendrocytes53. We show that blocking activity of 12/15-LOX by
baicalein34 attenuates the excessive n-3 PUFA deficient microglia
phagocytic activity, which is coherent with the role of this enzyme
in mediating phagocytic activity of apoptotic cells by macro-
phages67. Hence, we describe a cell-specific fatty acid profile of
microglia and provide a comprehensive description of the pro-
cesses involved in n-3 PUFA deficiency-induced microglial
alterations, including 12/15-LOX/12-HETE pathway as the
molecular trigger enhancing the phagocytic activity of microglia
toward spines.

We further deciphered the relationship between the 12/15-
LOX/12-HETE pathway and the complement system. Our data
reveal that the phagocytic capacity of microglia is increased only
when the cells are n-3 deficient, even though C3 is overexpressed
on n-3 deficient synaptosomes. These data suggest that both
opsonization of synapses and recognition of C3 by its microglial
receptors are required to trigger phagocytosis. This confirms a
plethora of reports on the complement-dependent phagocytosis
in the immune system. It is already well described that there is
little to no ingestion of opsonized elements without phagocyte
activation76. Conversely, CR3-mediated phagocytosis is depen-
dent on receptor conformational changes, lateral diffusion, and
clustering, processes that require activating stimuli77). Hence,
binding of C3 to the complement receptors can be considered as
the recognition (“find-me”) mechanism of spines to be removed
by microglia, as previously shown in other experimental
contexts14,78, while activation of the 12/15-LOX/12-HETE path-
way is the triggering signal for phagocytosis by microglia. This is
coherent with the observation that the complement cascade
classically interacts with inflammatory pathways to control the
activity of phagocytes79.

Interestingly, C3a, that binds to microglial C3aR, is usually
considered as a chemoattractant signal, attracting immune cells
including microglia toward the structures to be cleared, while
C3b, that binds to CR3 (CD11b+ CD18) opsonizes the target to
be removed79. Our data show that the 12/15-LOX/12-HETE
pathway controls the basal expression of C3aR in n-3 deficient
microglia, suggesting that it may control the capacity of microglia
to reach the target. However, the 12/15-LOX/12-HETE pathway
does not regulate the gene expression of CD11b, which is in line
with the observations that CD11b activation is more dependent
on conformational changes and redistribution in the cellular
membrane rather than on transcriptional regulation77. As for
CD11b activity, our data suggest that the 12/15-LOX/12-HETE
pathway is involved in the homeostatic down-regulation of
CD11b expression once the opsonized elements have been
recognized by microglia. Overall, our data suggest that the 12/15-
LOX/12-HETE pathway is activated upstream of the complement
cascade, controlling the gene expression level and activity of this
latter. We also found that 12/15-LOX/12-HETE pathway mod-
ulates microglial phagocytic activity as baicalein reduces synap-
tosomes engulfment. More experiments should be conducted to
decipher the interplay of 12/15-LOX/12-HETE and the comple-
ment pathways in the phagocytic activity of n-3 deficient
microglia.

Deficits in microglia-mediated synaptic refinement lead to
dysfunctional neuronal networks and behavioral abnormalities
resembling some aspects of neurodevelopmental disorders15,80,81.
Here, we show that n-3 PUFA deficient microglia display an
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altered homeostatic molecular profile at weaning with features
similar to neurodegenerative microglia, previously reported as
more phagocytic54. We further identified the complement system,
and not PS exposure, as the molecular mechanism driving spine
phagocytic activity upon n-3 PUFA deficiency. This is consistent
with previous work showing that in the hippocampus, PS-
dependent and complement-independent trogocytosis of pre-
synaptic elements remodels neuronal network during normal
brain development82,83 while complement-dependent phagocy-
tosis of synapses is promoted in models of brain diseases
presenting neuronal network abnormalities, including neurode-
velopmental disorders13,14,38. Of note, neither PS recognition nor
the complement cascade seem to be involved in synaptic refine-
ment in n-3 sufficient mice. This suggests that (1) other
mechanisms of microglia-mediated synaptic refinement are in
place in the hippocampus of these animals or (2) microglia-
mediated synaptic refinement is not prominent in the hippo-
campus of these animals. Microglia use a plethora of recognition
mechanisms for phagocytosis of neuronal elements/dead bod-
ies33,84 but few studies have addressed the microglia-spine
interaction in the developing hippocampus. On the other hand,
several mechanisms, including microglia-independent processes
such as neuronal macroautophagy or phagocytosis by astrocytes,
control synaptic pruning in the developing brain, though the
proportion of synaptic pruning relying on microglia in the
developing hippocampus is not known85. Our data suggest that
synaptic pruning mechanisms in the developing hippocampus of
n-3 sufficient mice may favor microglia-independent processes.

Overall, our data also describe a role for the 12/15-LOX/12-
HETE oxylipin pathway as a crucial metabolic signaling axis in
the regulation of n-3 PUFA deficient microglia activity. We also
delineate that maternal dietary n-3 PUFA deficiency drives
microglia in the offspring into a complement-dependent phago-
cytic phenotype, aberrantly reducing synaptic elements, which
drive hippocampal synaptic network dysfunction and spatial
working memory deficit. Our findings not only support the
necessity of adequate n-3 PUFA status during brain develop-
ment86, but also reveal that maternal lipid nutrition, by mod-
ulating microglial fatty acid metabolism and sensing, can be an
important determinant of neurodevelopmental synaptopathies
such as ASD. Regarding the clinical implications, these data
highlight the relevance of diagnosing DHA/EPA deficits in
expectant mothers and in early-life. We provide knowledge on
highly targetable cellular and molecular pathways linking
maternal nutrition and neurodevelopmental disorders. Indeed,
specific dietary strategies can enhance PUFA status in micro-
glia65, being promising avenues for the prevention and treatment
of neurodevelopmental disorders.

Methods
Animal experiments were carried out according to the Quality Reference System of
INRA and approved by the local ethical committee for care and use of animals
(#APAFIS 4198and 15533). Male and female CD1 mice 8-week old were purchased
from Janvier Labs (Le Gesnest St Isle, France) and were SPF-housed in temperature
and humidity-controlled cages on a 12 h light/dark cycle with food and water ad
libitum. The use of CD1 mice, an outbred strain, implies intrinsic inter-individual
differences which we consider as an asset, considering the translational perspective
of our research.

Diet. After mating, CD1 females were single housed and randomly assigned to
either a n-3 deficient or a n-3 sufficient diet, both containing 5% fat, in the form of
sunflower oil (rich in LA, the “n-3 deficient diet”) or a mixture of different oils of
which rapeseed oil (rich in ALA, the “n-3 sufficient diet”) throughout gestation and
lactation20 (Tables 2 and 3). The composition of the standard chow diet is closer to
the n-3 deficient diet in terms of LA, total n-6 PUFA, total PUFAs, while it is more
similar to the n-3 sufficient diet in terms of LA/ALA ratio and ALA. Hence, we
used the n-3 sufficient diet as our control as it more consistently contains higher
levels of n-3 PUFAs and lower levels of n-6 PUFAs than the n-3 deficient diet. The
content of proteins, carbohydrates, and lipids varies as well (3.1% of lipids in the

standard chow vs 5% in the n-3 sufficient diet). All experiments were performed on
the offspring from n-3 deficient and n-3 sufficient dams at post-natal day (P) 21.
Pups from different dams were used for each measurement to avoid any cage effect.
Each mother had 2–3 litters and was put back on a standard diet for a minimum of
one month between each litter.

Drugs. Cyclo(Arg-Gly-Asp-D-Phe-Val) (cRGD; Bachem, H-2574) and its control,
scrambled, peptide c(RADfV) (or sc-cRGD; Bachem, H-4088) were dissolved in
acetic acid (1N) and further diluted into aCSF to a final concentration of 1 mM. A
volume of 1 µl of cRGD or sc-cRGD was injected in the CA1 region of the hip-
pocampus, bilaterally, at P14. Animals were euthanized at P21 and processed for
Western blot analysis.

XVA-143 (kindly provided by Hoffmann-La Roche) was dissolved in aCSF at 5
mM. In all, 1 µl was injected bilaterally in the CA1 region of the hippocampus at
P17. Animals were used at P21 for behavioral and biochemical analyses. For
primary microglial cell cultures, XVA-143 was applied 30 min before beads
incubation at a final concentration of 1 µM.

Baicalein (Sigma-Aldrich, #465119) was applied at a final concentration of 20
μM in 0,2% DMSO for ex vivo experiments. For behavioral assessment, baicalein
was injected intraperitoneally at a concentration of 20 mg/kg.

Cortex fatty acid composition. Fatty acid composition was studied in the cortex
(not hippocampus) of animals as: (1) cortex and hippocampus fatty acid compo-
sition vary similarly under the diets used in this study; (2) to reduce the number of
animals. Cortical fatty acids were extracted according to the method of Folch, fatty
acids were transmethylated according to the method of Morrison and Smith and
fatty acid methyl esters (FAMEs) were analyzed on a FOCUS GC gas chromato-
graph (Thermo Electron Corporation) equipped with a split injector and a flame
ionization detector.

Microglia isolation and sorting. Brains were homogenized in Hanks’ Balanced
Salt Solution (HBSS), pH 7.4 passing through a 70 μm nylon cell strainer.
Homogenates were centrifuged at 600 g for 6 min. Supernatants were removed and
cell pellets were re-suspended in 70% isotonic Percoll (GE-Healthcare, Aulnay sous
Bois, France). Single cell suspensions were prepared and centrifuged over a 37%/
70% discontinuous Percoll gradient (GE Healthcare) at 2000g for 20 min, mono-
nuclear cells were isolated from the interface. For each brain extraction ~3 × 105

cells were isolated. Cells were washed and in order to sort resident microglia from
recruited myeloid cells, we used a monoclonal antibody that recognizes FCRLS,
which is expressed on microglia, but not on infiltrating myeloid cells (Butovsky
et al.20). Isolated cells were stained with rat anti-FCRLS [clone 4G11, 3 mg ml1,
validated in Butovsky et al.20] and then followed by a secondary detection using an
anti-rat IgG PE (Biolegend).

Cells were sorted using a FACS Aria 5-Blue 2-Violet 2-Red laser configuration
(BD Biosciences).

Table 2 Fatty acid composition of the diets (% wt of total

fatty acids).

Diets Deficient Sufficient Standard chow

(A04)

16:0 7.3 22.6 20.3

18:0 4.1 3.3 2.2

Other saturated FAs 1.6 1.8 1.8

Total saturated FAs 13.0 27.7 24.3

18:1n-9 28.1 57.9 19.3

18:1n-7 0.9 1.5 1.5

Other

monounsaturated FAs

0.2 0.4 3.9

Total

monounsaturated FAs

29.4 60.0 24.7

18:2n-6 (LA) 57.4 10.6 45.9

Other n-6 PUFAs n.d. n.d. 0.3

Total n-6 PUFAs 57.4 10.7 46.2

18:3n-3 (ALA) 0.2 1.6 3.3

20:5 n-3 n.d. n.d. 0.6

22:5 n-3 n.d. n.d. 0.1

22:6 n-3 n.d. n.d. 0.8

Total n-3 PUFAs 0.2 1.6 4.8

Total PUFAs 57.6 12.3 51.0

LA/ALA 287 6.6 13.9

FAs fatty acids, PUFAs polyunsaturated fatty acids, LA linoleic acid, ALA α-linolenic acid, n.d. not

detected (under the limit for the detection by gas chromatography, <0.05%).
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Table 3 List of all genes that are significantly modulated by maternal n-3 PUFA deficiency.

Up-regulated genes Ratio

n-3 deficient/

n-3 sufficient

Ccl3 50,2 Slco2b1 0,55 Ttr 0,35

Ccl4 18,9 Golm1 0,55 BMP6 0,35

Rasgef1b 9,5 A430107D22Rik 0,55 NOX1 0,34

Cd83 5,4 D830030K20Rik 0,54 Nav2 0,34

Atf3 5,3 Vat1l 0,54 Mmp12 0,34

Ccrl2 4,7 LOC100038847 0,54 Hist1h2ac 0,34

C3ar1 4,4 Ifi202b 0,54 Siglec1 0,33

Ccl2 4,1 Rgmb 0,54 Plxna1 0,32

Ppp1r15a 3,5 Ccr5 0,54 Fcrls 0,32

Nlrp3 3,0 ADAM17 0,54 Slco4a1 0,31

Apoe 3,0 Ppp1r9a 0,53 Cbr3 0,31

Rgs1 2,9 Rnf180 0,53 Slc46a1 0,31

Trim47 2,8 FcgrIIIa (CD16a) 0,53 Upk1b 0,29

Adamts1 2,8 P2ry12 0,53 Khdrbs3 0,29

Dab2 2,7 CD200R 0,52 Tnfrsf17 0,29

Klhl38 2,6 Gpr165 0,52 TREM1 0,28

1810011O10Rik 2,6 Fgd2 0,52 ll7r 0,28

CEBPB 2,5 Trem2 0,51 Ak1 0,28

Myc 2,4 P4ha1 0,51 BMP7 0,28

Cd14 2,4 Gtf2h2 0,51 WNT5A 0,27

Fos 2,3 Zfp691 0,51 Kitl 0,24

Il1a 2,3 Tmem144 0,51 Chi3l1 0,22

Rgl1 2,2 Plxna4 0,51 Cfb 0,21

Fosb 2,2 Itgax 0,51 Arg1 0,20

Manba 2,2 Bend6 0,51 Olfml3 0,18

Npl 2,1 Csf3r 0,51 Gal3st4 0,17

cathepsin 2,0 SEMA3C 0,50

Rhob 2,0 Bco2 0,50

Ltc4s 2,0 MPO (myeloperoxidase) 0,50

Egr1 2,0 ENSMUSG00000079376 0,50

Fth1 1,9 Erf 0,50

Abca1 1,9 Tmc7 0,49

Jun 1,9 4933406P04Rik 0,49

Socs3 1,8 Mmp2 0,48

Junb 1,7 Tmem204 0,48

SREBP1 1,7 Tlr3 0,48

Tlr2 1,6 Spnb4 0,47

Il1rl2 1,5 Scoc 0,47

Ctsl 1,5 B930046C15Rik 0,47

9030625A04Rik 1,4 Asph 0,47

SRA1 1,4 WNT7A 0,47

Pycard 0,46

Down-regulated genes Sall1 0,46

Icam1 0,82 Pros1 0,46

HIST1H2AB 0,76 Garnl3 0,46

Ryk 0,75 Fabp5 0,45

Grm1 0,75 MR 0,45

Rtn1 0,75 Camk2n1 0,44

Tfeb 0,74 B4galt4 0,44

Map3k7 0,72 Slc2a5 0,44

Slc24a3 0,71 Il21r 0,43

Qdpr 0,70 IL34 0,43

ADAM10 0,68 Atp8a2 0,43

Cxxc5 0,67 Jam2 0,43

Ckb 0,67 Myo1b 0,42

Ttc28 0,66 Gpr56 0,42

Tmem100 0,66 Ebf3 0,42

Nfia 0,65 Olfml2b 0,42

Tm9sf4 0,65 Fgfr1 0,42

Snn 0,64 Tmem119 0,42

Abi3 0,64 Scamp5 0,42

Epn2 0,64 Fads1 0,41

Sema4d 0,63 Psd 0,41

Map2k1 0,62 Tmeff1 0,41
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Cell culture and treatments. For in vitro phagocytic assays, primary mixed glial
cell cultures were prepared from the cortices of P0–1 CD1 mice. After dissection in
0.1 M PBS with 6% glucose and 2% penicillin–streptomycin (Gibco, Cergy Pon-
toise, France) and removal of the meninges, the cortices were chopped and sub-
sequently mechanically dissociated. The suspension was diluted in low glucose
DMEM (31885, Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin–streptomycin. Microglia were isolated from primary mixed glial cultures
on DIV14 using a reciprocating shaker (45 min at RT) and repeated rinsing with
their medium using a 10 mL pipette. Media was subsequently removed, microglia
pelleted via centrifugation (504 g × 10min) and following resuspension maintained
in DMEM at a concentration of 4 × 105 cells/mL in six-well culture plates. Cells
were then treated for 24 h in serum-free medium containing 50 µmol/L fatty acid-
free bovine serum albumin (BSA) added either with DHA, AA, DPAn-6 or EPA 30
µmol/L in 0.1% ethanol or 0.1% ethanol. For oxylipins, 30 min prior to the pha-
gocytosis assay, culture medium was replaced by serum-free DMEM containing
100 nM of the given lipid in 0.03% ethanol, or 0,03% ethanol.

Phagocytic assay. Ex vivo assays: the phagocytic capacity of microglia was
determined by the level of pHrodo™ Red fluorescence accumulated in the cells.
First, we used pHrodo-conjugated E.Coli bioparticles. A suspension of 2.5 × 105

sorted microglia cells in 100 μL of RPMI/1% BSA was incubated with bioparticles
in an incubator at 37 °C and 5% of CO2 for each time point. Cells were then
pelleted by centrifugation at 1000×g for 10 min at 4 °C, resuspended in 200 μL of
RPMI/1 %BSA and stained with CD11b-APC [clone M1/70, eBioscience] and rat
CD45-PerCP-Cy™5.5 [clone 30-F11, BDBiosciences] antibodies for quantification
by flow cytometry. We also developed a model using pHrodo-conjugated synap-
tosomes as a substrate for the phagocytosis. Synaptosomes were prepared from P21
mice hippocampus, and labeled with pHrodo Red, succinimidyl ester (Thermo
Fisher Scientific, P36600) according to manufacturer instructions. Synaptosomes
were resuspended at a concentration of 10 mg/ml in DMEM. Microglia were plated
at a density of 5.10^5 cells/well in 24-well plates and received 150 μg of synapto-
somes for 120 min in an incubator at 37 °C and 5% CO2. When needed, baicalein
was applied at a final concentration of 20 μM in 0,2% DMSO 90 min prior to the
beginning of the assay (i.e. the addition of synaptosomes). Cells were collected by
gentle trypsin treatment, rinsed and resuspended in PBS/1%BSA buffer to be
stained with CD11b-V450 [clone M1/70, BDBiosciences], CD45 PerCP Cy5.5
[Clone 30-F11, BDBiosciences], Ly6G-APC [clone 1A8, BDBiosciences] and Ly6C-
APC-Cy™7 [clone AL-21, BDBiosciences] both for negative exclusion and analysis
by cytometry. After selection of the CD11b+/CD45low, cells were gated on PE
channel for quantification of pHrodo fluorescence.

Experiments in Figs. 3c and 6f have been performed on the same batches in
order to spare animals. Hence, data used for Fig. 3c control groups are a randomly
chosen subset of Fig. 6f’s data.

In vitro, two different substrates where used: FCS-coated Yelloworange
fluorescent carboxylated microspheres (Fluoresbrite® YO Carboxylate
Microspheres 3.00 µm, Polysciences Europe GmbH, #19393-5) or the pHrodo-
conjugated synaptosomes as described above. To quantify their phagocytic index,
primary microglial cell cultures were incubated with a suspension of microspheres
at a concentration of 1.1 × 107 microspheres/ml for 30 min at 37 °C, intensively
washed, and finally fixed with 4% paraformaldehyde. Cells were stained with anti-
Iba1 antibodies. A blinded experimenter counted beads per cell using NIS Elements
AR 3.26 software. To measure phagocytic activity by cytometry, cells were
incubated for 60 or 120 min with 150 µg of synaptosomes per well. Medium was
removed and cell collected following trypsin treatment, pelleted, rinsed in PBS/1%
BSA, and stained with CD11b-FITC [clone M1/70, BDBiosciences] antibody for
cytometry analysis.

FACS data were acquired using an LSR Fortessa 2-Blue 6-Violet 3-Red 5-YelGr
laser configuration (BD Biosciences). Diva 8.0 (BD Biosciences) and FlowJo 10.5
(FlowJo, LLC) were used for data analyses.

Microglia fatty acid analysis. Fatty acid analyses requiring lots of material, we
pooled microglia from 4 brains for n= 1. Based on our experience, we sort 400,000
cells out of the brain of P21 mice, hence measurements were made on around 1.6
million microglia. It is noted in ng/sample in the legend.

Fatty acids: Extraction and quantification of total fatty acids by GC-FID:
Microglia from 3 to 4 brains per sample were lysed in 100% methanol and
extracted via from the Folch method (2:1:0.8 chloroform: methanol: 0.88% KCl)
and analyzed by a Varian-430 gas chromatograph (Varian, Lake Forest CA).

Lipid mediators: Isolation and quantification of brain eicosanoids and
docosanoids by LC-MS-MS: Pooled microglia extracted from 3 to 4 brains per
sample were lysed in 15% methanol and stored at −80 °C prior to analysis. One ng
of internal standard mixture was added to each sample, and lipid mediators were
extracted, analyzed by LC-MS-MS and quantified as previously described87.

Synaptosomes preparation and fatty acid quantification. Synaptosomes were
prepared from P21 mice hippocampus88. The two hippocampi of each animal were
dissected and placed in 1 mL of ice-cold iso-osmolar buffer. The tissues were
homogenized with 2 cm3 rotating potter with 12 strokes at 900 rpm. The homo-
genate was centrifuged at 1000×g for 5 min at 4 °C, the supernatant was collected in
a new tube and centrifuged at 12,500 × g for 8 min at 4 °C. The supernatant was
removed and the pellet resuspended with 1 mL of ice-cold iso-osmolar buffer. The
discontinuous sucrose gradients were prepared in ultracentrifuge tubes with ice-
cold 1.2 M sucrose solution and 0.8 M sucrose solution. The resuspended pellet was
placed on top of the sucrose gradient. The centrifugation at 50,000 × g for 1 h at
4 °C provided a visible layer at the interface of sucrose gradients. This fraction

Table 3 (continued)

Up-regulated genes Ratio

n-3 deficient/

n-3 sufficient

Zfpm1 0,62 Ptprm 0,41

Rbbp9 0,62 Tlr5 0,40

Adora3 0,62 Adamts16 0,40

Ang 0,61 Eng 0,40

Gpr34 0,61 CD36 0,39

Rtn4rl1 0,61 Itga9 0,39

Bin1 0,60 Gpr40 0,39

Acp2 0,60 Tspan18 0,39

Epb4.1l2 0,60 Ecscr 0,39

Cttnbp2nl 0,60 Cntn1 0,39

Itgb5 0,59 WNT2 0,39

Sgce 0,58 Gp9 0,38

D18Ertd653e 0,58 Arhgap22 0,37

Gm10790 0,57 Pon3 0,37

Tjp1 0,57 Plxdc2 0,37

Spsb1 0,57 Tanc2 0,37

C3 0,57 Rab6b 0,36

Lair1 0,57 Kcnd1 0,36

Tppp 0,57 Csmd3 0,36

IL6ST 0,56 NRG1 0,36

Cx3cr1 0,56 Capn3 0,35

Siglech 0,56

Only genes with P < 0.05 are considered significant.
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(synaptosomes) was collected with a syringe. Synaptosomes were then rinsed with
100 mM pH 8.5 sodium bicarbonate buffer and stored for further experiments.

Fatty acid quantification was run as already explained for the cortex fatty acid
composition (see above).

RNA isolation and Nanostring RNA counting. Total RNA was extracted from
isolated microglia using mirVanaTM miRNA isolation kit (Ambion) according to
the manufacturer’s protocol. We performed nCounter multiplexed target profiling
of 542 microglial transcripts (MG550). MG550 encompasses 400 unique and
enriched microglial genes we have identified previously20 and additional 150
inflammation-, inflammasome- and phagocytosis-related genes. In all, 100 ng of
total RNA per sample were used in all described nCounter analyses according to
the manufacturer’s protocol20.

Network analysis. To investigate gene coexpression relationships between groups,
a pairwise transcript-to-transcript matrix was calculated in the software tool Miru
(Kajeka, UK) from the set of differentially expressed transcripts using a Pearson
correlation threshold r= 0.85. A network graph was generated where nodes
represent individual probe sets (transcripts/genes), and edges between them cor-
relation of expression pattern with Pearson correlation coefficients above the
selected threshold. The graph was clustered into discrete 6 groups of transcripts
sharing similar expression profiles using the Markov clustering algorithm
(inflation 2.2).

Electron microscopy. Mice were anesthetized with sodium pentobarbital (80 mg/
kg, i.p.) and perfused with 0.2% glutaraldehyde in 4% PFA. Transverse sections of
the brain (50 µm thick) were cut in PBS (50 mM at pH 7.4) using a vibratome and
stored at −20 °C in cryoprotectant solution (30% glycerol and 30% ethylene glycol
in PBS).

Sections were washed in PBS and quenched with 0.3% H2O2 in PBS for 5 min
and then with 0.1% NaBH4 for 30 min at room temperature (RT), washed in
Tris–buffered saline (TBS; 50 mM at pH 7.4) and processed freely-floating for
immunoperoxidase staining. Sections were pre-incubated for 1 h at RT in a
blocking solution of TBS containing 10% fetal bovine serum, 3% bovine serum
albumin, and 0.01% Triton X100, before overnight incubation at 4 °C in rabbit
anti-Iba1 antibody (1:1000; Wako Pure Chemical Industries) and rinsed in TBS.
After incubation for 1.5 h at RT in goat anti-rabbit IgGs conjugated to biotin (1:200
in blocking solution; Jackson Immunoresearch) and for 1 h with ABC Vectastain
mix (1:100 in TBS; Vector Laboratories), the labeling was revealed using
diaminobenzidine (DAB; 0.05%) and hydrogen peroxide (0.015%) in TBS. After
immunostaining, sections were post-fixed flat in 1% osmium tetroxide and
dehydrated in ascending concentrations of ethanol. They were treated with
propylene oxide, impregnated in Durcupan (EMS) overnight at RT, mounted
between ACLAR embedding films (EMS), and cured at 55 °C for 72 h. Areas of
CA1 stratum radiatum were excised from the embedding films and re-embedded at
the tip of resin blocks. Ultrathin (65–80 nm) sections were cut with an
ultramicrotome (Leica Ultracut UC7), collected on bare square-mesh grids, and
examined at 80 kV with a FEI Tecnai Spirit G2 transmission electron microscope.

Pictures were randomly taken at 9300X in the CA1 stratum radiatum of each
animal, for a total surface of ~2000 µm2 of neuropil captured per animal, using an
ORCA-HR digital camera (10 MP; Hamamatsu). Cellular profiles were identified
according to criteria previously defined89. For quantitative analysis, each captured
Iba1-positive microglial process was analyzed. A phagocytic index was compiled by
summing up the vacuoles and endosomes containing cellular materials such as
membranes, axon terminals with 40-nm synaptic vesicles and dendritic spines with
a postsynaptic density, on a microglial process basis16. Images were analyzed using
the AMT Image Capture Engine Software 601.384.

Immunohistochemistry. Mice were deeply anesthetized with isoflurane and
transcardially perfused with PBS followed by 4% PFA. Brain was removed, post-
fixed in PFA overnight at 4 °C and cryoprotected in 30% sucrose at 4 °C. Immu-
nohistochemistry experiments were performed on free-floating coronal 30 μm
cryostat slices. The following antibodies were used: 1:1000 rabbit anti-Iba1 (Wako,
#019-19741), 1:100 mouse anti-PSD95 (www.anticorps-en-ligne.fr, ABIN1304920),
1:500 rat anti-CD11b (AbD Serotec, #MCA711), 1:500 rabbit anti-C1q (Abcam,
#ab182451), 1:20 mouse anti-C3aR (Hycult biotech, #HM1123), 1:1000 rabbit anti-
GFAP (Dako, Z03334), 1:1000 mouse anti-NeuN (Millipore, #MAB377),1:200
rabbit anti-Annexin V (Abcam, #ab14196), 1:500 mouse anti-claudin 5 (Life
Technologies: Invitrogen), 1:500 IRDye 800 conjugated affinity purified goat-anti-
mouse IgG (Rockland, Gilbertsville, PA). Primary antibodies were visualized with
appropriate secondary antibodies conjugated with Alexa fluorophores (Invitrogen)
and counterstained with DAPI or with biotin. When biotinylated, secondary
antibodies were revealed using the streptavidin-biotin-immunoperoxidase techni-
que, giving a black precipitate.

Image analysis. Densitometry: Individual images were analyzed with Fiji or Image
J software (Image J, open source), using the following procedure: (1) user-defined
thresholding value applied to each image, (2) calculation of area of staining from
background for each protein of interest. Final values are represented as a surface

area in pixel values. Control sections for all studies in which primary or secondary
antibodies were omitted resulted in negative staining (not shown).

Stereological analysis: Iba1- and GFAP-immunoreactive cell numbers and
volume of the hippocampus were thoroughly determined in the hippocampus with
the unbiased stereological sampling method based on optical dissector
stereological probe.

Apoptotic cells counting: The number of apoptotic cells (cells with pycnotic/
karryorhectic morphology) was estimated using unbiased stereology methods, and
is reported as cells/mm3.

Quantitative real-time PCR. Total RNA was extracted from hippocampi using
TRIzol (Invitrogen, Life TechnologiesTM). RNA purity and concentration were
determined using a Nanodrop spectrophotometer (Nanodrop technologies, Wil-
mington, DE). In all, 2 μg of RNA was reverse transcribed to synthesize cDNA using
Superscript III (Invitrogen, Life TechnologiesTM) and random primer according to
the manufacturer’s protocol. Quantitative PCR were performed on 384-well plates
using epMotion 5070 (Eppendorf). 10 µl of cDNA diluted 1:5 (20 ng/µl) were
amplified by real-time PCR. Primer references: C1qa Mm00432142_m1; C3
Mm00437838_m1; TREM2 Mm00451744_m1; CD11b Mm01271262_m1 (for
in vitro experiments); CD33 Mm00491152_m1; CX3CR1 Mm00438354_m1;
CX3CL1 Mm00436454_m1; TGFb Mm03024053_m1; beta-2 microglobulin
Mm00437762_m1 (housekeeping gene) (Life Technologie). For in vivo quantifica-
tion of CD11b mRNA expression, we used SYBR Green technology. Ten µl of
cDNA diluted 1/60 (1.66 ng/µL) were amplified by real-time PCR. Primers
sequences: CD11b Forward AATGATGCTTACCTGGGTTAT GCT/Reverse TGA
TAC CGA GGT GCTCCTAAAAC; Housekeeping gene beta-2 microglobulin:
Forward CTGATACATACGCCTGCAGAGTTAA/Reverse GATC
ACATGTCTCGATCCCAGTAG. For all experiments, the difference between target
and housekeeping gene Ct values (ΔCt) was calculated to normalize for differences
in the amount of total nucleic acid added to each reaction and in the efficiency of
the RT step. The expression of target gene (linear value) normalized to the
housekeeping gene was determined by 2−(ΔCt).

Droplet digital (dd)PCR. Total RNA was extracted using the RNeasy® micro Kit
(Qiagen, Germany) according to the manufacturer’s protocol. The integrity of the
RNA was checked by capillary electrophoresis using the RNA 6000 Pico Labchip
kit and the Bioanalyser 2100 (Agilent Technologies, Massy, France), and quantity
was estimated using a DS.11 (DeNovix, USA). The RNA integrity number (RIN)
was above 7,5. cDNA was synthesized from 6 ng of total RNA using Qscript XLT
cDNA supermix (QuantaBio). Quantitative PCR was used for the choice of the
reference gene and perfomed using a LightCycler® 480 Real-Time PCR System
(Roche, Meylan, France). Quantitative PCR reactions were done using transcript-
specific primers, cDNA, and LightCycler 480 SYBR Green I Master (Roche) in a
final volume of 10 μl. For the determination of the reference gene, the Genorm
method was used. The elongation factor 1-alpha 1 (Eef1a1) and peptidylprolyl
isomerase A (Ppia) genes were used as reference genes.

ddPCR was used for the quantification of the interest genes. PCRs were prepared
with cDNA and the required QX200 ddPCR EvaGreen Supermix (Bio-Rad) with a final
concentration of 150 nM for each transcript-specific primer to a final volume of 20 µl.
Each reaction was loaded into a sample well of an 8-well disposable cartridge (Bio-Rad)
followed by 70 µl of droplet generator oil (Bio-Rad), which was added to the oil wells of
the cartridge. Droplets were formed in the QX200 droplet generator (Bio-Rad). Droplets
were then transferred to a 96-well PCR plate, heatsealed with foil in a PX1 PCR Plate
Sealer Bio-Rad and amplified with an Eppendorf Nexus Gradient master cycler (95 °C
primary denaturation/activation for 5min, followed by 45 cycles of 95 °C for 30 sec and
61 °C for 1min, followed by 4 °C 5mn and a final 90 °C heat treatment for 5min).
PCRs were analyzed with the QX200 droplet reader (Bio-Rad) and data analysis was
performed with QuantaSoft software (version 1.7; Bio-Rad). qPCR primer sequences:
Eeflal (GenBank NM_010106): Forward TGAACCATCCAGGCCAAATC, Reverse:
GCATGCTATGTGGGCTGTGT; Ppia (GenBank NM_008907): Forward
CAAATGCTGGACCAAACACAA, Reverse: GCCATCCAGCCATTCAGTCT; C3ar1
(GenBank NM_009779): Forward TCCCATCTCTCCCTACTTTGCA, Reverse:
TGTTTTAGGCACACCATGGTAAA; Itgam (GenBank NM_001082960): Forward
CTCATCACTGCTGGCCTATACAA, Reverse: GCAGCTTCATTCATCATGTCCTT;
Gpr31b (GenBank NM_001013832): Forward GCTGCAGTGTCCAGCAAGC,
Reverse: TGTACTGTGCAGGCAGGTGAG.

Golgi staining. Brains were processed for Golgi-Cox staining using the FD Rapid
Golgi Staining kit (FD Neurotechnologies, Inc). Brains were left in the staining
solution for 12 days, frozen in isopentane solution and kept at −80 °C until sec-
tioning and coloration. The brains were cryostat-cut at a thickness of 100 μm.
Sections were mounted on gelatin-coated slides and analyzed using a motorized
Leica DM5000 microscope at ×63 magnification. The images were acquired using a
CCD Coolsnap camera and Metamorph software. For analysis, we randomly
selected pyramidal neurons from the CA1 region of the dorsal hippocampus that
were fully penetrated by the Golgi coloration and distinguishable from other
neurons (n-3 deficient mice had less usable neurons than n-3 sufficient mice).
Spine density in these neurons was determined by counting the number of spines
on at least 3 basal and 3 apical dendritic segments of 10 μm in length. Segments
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from dendrites situated as far from the cell body as possible, with no overlap with
other dendrites were randomly selected. Primary dendrites were never used for
analysis as their thickness hampers detection of spines. Spine density was calcu-
lated per 10 μm and averaged across the different segments in the same neuron.
Images were processed with Mercator Pro 7.9.11.

Western blotting. Brains were carefully placed on a glass plate over dry ice to
collect hippocampi that were immediately frozen and stored at − 80 °C until use.
Samples were homogenized in lysis buffer plus anti-phosphatase solution (Tris/HCl
20 mM pH 7.4 with EDTA 1mM, MgCl2 5 mM, dithiothreitol 1 mM, Na ortho-
vanadate 2 mM, protease inhibitors cocktail 1X and Na fluoride 1 mM). Homo-
genates were centrifuged 10 min at 2200 × g to remove nuclei. Supernatants were
stored at −80 °C. Protein contents were determined by Bio-Rad protein assay
according to the manufacturer’s protocol (Bio-Rad) and then heated to 100 °C for
5 min in Laemmli sample buffer (2% sodium dodecyl sulfate and 5%
dithiothreitol).

Equal quantities of proteins (20 μg/well) were electrophoresed onto an 8% or
12% polyacrylamide gel with a 4% stacking gel. Proteins were blotted on PVDF
membranes (Immobilon, Millipore, Paris, France). Membranes were saturated by
incubation with 5% milk in TBS and Tween 0.1% for 1 h. Blots were probed
overnight at 4 °C with 1:1,000 rabbit anti-PSD95 (Cell signaling Technology, 3450
S), 1:500 rabbit anti-Bax (Santa cruz, SC-493), 1:500 rabbit anti-Bcl2 (Santa Cruz
Biotechnology, SC-492), 1:1,000 mouse anti-Mer (R&D systems, AF591), 1:1,000
mouse anti-Axl (R&D systems, AF854), 1:1,000 rabbit anti-ERK1/2 (Cell Signaling
Technology, 137F5), 1:500 goat anti-MFG-E8 (R&D systems, AF2805), 1:1000
rabbit anti-GluA1 (Santa Cruz Biotechnology, SC-28799), 1:1000 rabbit anti-GluA2
(Santa Cruz Biotechnology, SC-7611), 1:1000 goat anti-GluN2A (Santa Cruz
Biotechnology, SC-1468), 1:1000 goat anti-GluN2B (Santa Cruz Biotechnology, SC-
1469), 1:1000 rabbit anti-GluN1 (Santa Cruz Biotechnology, SC-31556), 1:5000
rabbit anti-SAP102 (Synaptic System, 124213), 1:300 mouse anti-cofilin (Abcam,
Ab-54532), 1:5000 rabbit anti-actin (Cell Signaling Technology, 4967), 1:5000
rabbit anti-GAPDH (Cell Signaling Technology, 2118S). After washing in TBS-
Tween, membranes were incubated with the secondary antibody coupled to Horse
Radish Peroxidase (HRP, Southern Biotechnology Associates, Birmingham, AL,
USA) diluted in TBS-Tween supplemented with 3% milk, for 2 h at room
temperature. Membranes were washed and the complex was detected with an ECL
kit (ElectroChemoLuminescence, Amersham, Orsay, France). Optical density
capture of the signal obtained was performed with the Syngene Chemigenius2
apparatus (Synoptics, Cambridge, UK). Intensity of the signal was quantified using
GeneTools software (Synoptics, Cambridge, UK).

C3 ELISA assay. The level of C3 protein located on synaptosomes was measured
using the Mouse C3 (Complement Factor 3) ELISA Kit (Genway Biotech GWB-
7555C7). Synaptosomes were prepared using the hippocampi of 2 mice per sample.
After extraction, synaptosomes were lysed using sonication in TB. Quantifications
were performed according to manufacturer instructions, in duplicates and by
loading 5 μg of proteins extract per well, and using the following software Wallac
1420 instrument Workout 2.5 (PerkinElmer).

Y maze task. P21-old mice were handled daily and weighed before and during
behavioral experiments. Sessions were recorded with a ceiling-mounted video
camera and analyzed using Smart software (Panlab, Barcelona, Spain). The Y-maze
was used to assess spatial working memory90. Each arm was 34 cm long, 8 cm wide,
and 14 cm high. The floor of the maze was covered with corn cob litter, which was
mixed between each trial to remove olfactory cues. Visual cues were placed in the
testing room and kept constant during the whole test. In the first trial, one arm was
closed with a guillotine door and mice were allowed to visit two arms of the maze
for 5 min. After a 30-min to 3 h inter-trial interval (ITI), mice were placed back in
the start arm and allowed free access to the three arms for 5 min. Start and closed
arms were randomly assigned for each mouse. When required, baicalein was
injected intraperitoneally at a concentration of 20 mg/kg, at P14, P17, and 30 min
prior the first trial (at P21 or P30 depending on the experiments). Data are pre-
sented as the time spent exploring the novel and the familiar arms during the
second trial.

Statistical analyses. For most experiments, experimental groups were compared
using Student t-test or non-parametric Mann-Whitney test (when equality of
variance or normality failed). We used the Grubbs’ test, also called the ESD method
(extreme studentized deviate), to determine whether the most extreme value in the
list is a significant outlier from the rest. Paired t-tests were used for Y-maze
experiments (familiar vs novel arm for each experimental group). A two-way
ANOVA was used for XVA-143, cRGD, and baicalein experiments (except Y-
maze), ex vivo and in vitro phagocytic activity. All data were expressed as means ±
standard error of the mean (SEM). A p < 0.05 was considered as statistically sig-
nificant. Statistics were performed using GraphPad Prism 7.0.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All data supporting the findings are provided
within this paper and its supplementary information. Fatty acids derivatives data are
available on Metabolights. Our study is identified as MTBLS1952. Transcriptomic data
are available in the GEO database. Accession number: GSE158181.
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adaptations in brain circuits that underlie

compulsive behavior.
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SUMMARY

Energy-dense food alters dopaminergic (DA) trans-

mission in the mesocorticolimbic (MCL) system

and can promote reward dysfunctions, compulsive

feeding, and weight gain. Yet the mechanisms by

which nutrients influence the MCL circuitry remain

elusive. Here, we show that nutritional triglycerides

(TGs), a conserved post-prandial metabolic signa-

ture among mammals, can be metabolized within

the MCL system and modulate DA-associated be-

haviors by gating the activity of dopamine receptor

subtype 2 (DRD2)-expressing neurons through a

mechanism that involves the action of the lipoprotein

lipase (LPL). Further, we show that in humans, post-

prandial TG excursions modulate brain responses to

food cues in individuals carrying a genetic risk for

reduced DRD2 signaling. Collectively, these findings

unveil a novel mechanism by which dietary TGs

directly alter signaling in the reward circuit to regu-

late behavior, thereby providing a new mechanistic

basis bywhich energy-rich dietsmay lead to (mal)ad-

aptations in DA signaling that underlie reward deficit

and compulsive behavior.

INTRODUCTION

Feeding results from a complex and dynamic integration of sig-

nals reflecting metabolic needs, but also cognitive, appetitive,

and emotional drives, which collectively contribute to adaptive

strategies to maintain caloric intake and body weight. The

Context and Significance

The release of dopamine in the reward circuit is involved in the hedonic and motivational aspects of feeding. In susceptible

individuals, the hedonic drive to consume palatable food can contribute to the obesity epidemic by promoting compulsive

eating beyond metabolic needs. However, the physiological basis linking nutritional inputs to reward deficits is still unclear.

In this work, we show that dietary triglycerides (TGs) can alter cell-type-specific processes within the reward circuit, thereby

regulating food reward-related behaviors. This finding allows to directly bridge plasma lipids with the activity of dopamine-

sensitive neurons in the reward circuit, hence providing new insights in the understanding of why and how lipid-rich food or

chronically elevated plasma lipids may promote reward deficits and compulsive behaviors.
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mesocorticolimbic dopamine (MCL-DA) circuitry encodes the

reinforcing and motivational properties of food (Dallman et al.,

2005; Di Chiara and Imperato, 1988; Volkow et al., 2012). DA

neurons in the ventral tegmental area (VTA) and substantia nigra

pars compacta represent a major source of DA in the dorsal and

ventral striatum, where DA binds to receptors located on striatal

medium-sized spiny neurons (MSNs). The DA receptors are

G-coupled receptors associated with the Gsa/olf protein for the

D1 family (DRD1), or with the Gi protein for the D2 family

(DRD2), thus forming two distinct populations, notably the

DRD1- and DRD2-MSNs (Baik, 2013; Gerfen et al., 1990; Jack-

son and Westlind-Danielsson, 1994), which also dynamically

integrate inputs from prefrontal cortex, thalamus, and limbic

structures. DA release and signaling within the MCL system

plays a pivotal role in reward prediction errors (Schultz, 2016),

associative learning (Frank and Fossella, 2011), motor-planning,

decision-making, and the attribution of incentive salience to

reward-related stimuli (Berridge, 2009).

Converging lines of evidence have now clearly established

that both overconsumption of palatable food and metabolic

syndrome (obesity) drive maladaptive modifications within

the MCL system. These dysfunctions lead to impulsivity

(Adams et al., 2015; Babbs et al., 2013; Guo et al., 2014),

altered hedonic and motivational drive, uncontrolled craving,

and, ultimately, compulsive and addictive-like feeding (John-

son and Kenny, 2010; Michaelides et al., 2012; Vucetic and

Reyes, 2010; Wang et al., 2001). For instance, high-fat-diet-

induced impulsivity in rodents correlates with the magnitude

of reduction in DRD2 but not DRD1 signaling (Adams et al.,

2015), and genetic downregulation of striatal DRD2 leads to

a reward-deficit state and compulsive eating in rats exposed

to high-fat food (Johnson and Kenny, 2010). In humans,

body mass index (BMI) is associated with striatal DRD2 redis-

tribution and opportunistic eating behavior (Guo et al., 2014).

Additionally, the inheritable genetic polymorphism TaqIA A1,

which correlates in humans with a �30%–40% decrease of

striatal DRD2 abundance, creates a favorable substrate for

uncontrolled feeding and obesity (Ritchie and Noble, 2003;

Stice et al., 2015; Stice et al., 2008). Several observations sug-

gest that nutritional fat might directly alter DA transmission

independently of adiposity and BMI. Indeed, high-fat diet

was shown to reduce DRD2 expression and DA turn-over,

leading to decreased reward-seeking behaviors (Davis et al.,

2008; Hryhorczuk et al., 2016; South and Huang, 2008),

reduced cognitive function (Farr et al., 2008), and increased

impulsivity (Adams et al., 2015). Triglycerides (TGs) represent

a major source of available lipid substrates, and the transient

increase of TG-rich particles after a meal is a naturally occur-

ring physiological phenomenon. However, TGs are chronically

high in obesity (Ruge et al., 2009). Post-prandial plasma TG

levels predict body weight gain and uncontrolled feeding in ro-

dents (Karatayev et al., 2009) and promote cognitive impair-

ments in obese mice (Farr et al., 2008). In humans, brain imag-

ing studies have highlighted a correlation between circulating

TGs and neuronal response to food reward (Sun et al.,

2014). Several experiments using radio-labeled FFAs (free

fatty acids) or TGs confirmed that both TGs and TG-rich par-

ticles cross the blood-brain barrier, being transported and

locally metabolized in the brain (Banks et al., 2018; Cansell

et al., 2014). Collectively, these observations suggest that

plasma TGs potentially act on DA signaling substrates to

modulate reward. Finally, the rate-limiting enzyme of TG meta-

bolism, the lipoprotein lipase (LPL), is expressed in rodents’

brains (Ben-Zeev et al., 1990; Bessesen et al., 1993; Eckel

and Robbins, 1984; Goldberg et al., 1989; Paradis et al.,

2004). The activity of central LPL has been associated with

body weight control and reward-drive behavior (Cansell

et al., 2014; Picard et al., 2013; Wang et al., 2011). These ob-

servations raise the possibility that post-prandial LPL-medi-

ated hydrolysis of TG-rich particles in the MCL could play a

role in high-fat-diet-induced adaptations within the reward cir-

cuitry (Berland et al., 2016).

Here, we provide evidence supporting a key role of dietary

TG-induced adaptations in DRD2-expressing neurons. First,

in both human and mouse brains, Lpl mRNA is present

in the mesocorticolimbic structures, including in VTA DA neu-

rons and striatal MSNs. Second, using in vivo brain-specific

TG delivery and ex vivo whole-cell patch-camp recordings,

we provide multiple lines of evidence indicating that circulating

TGs act within the reward system to gate the excitability

and cellular responses of DRD2-expressing neurons. Third,

central TGs can act as a direct reinforcer and regulate

reward-seeking and other dopamine-dependent behaviors.

Fourth, we use functional magnetic resonance imaging

(fMRI) to show that TG levels are associated with altered re-

gion-specific brain activity to food-related cues. Importantly,

and in line with our mouse data, these associations are sensi-

tive to genetic variations affecting DRD2-dependent signaling.

Collectively, these findings reveal a previously unappreciated

mechanism by which dietary TGs can act directly in the

MCL system to regulate DRD2-expressing neurons’ activity

and reward-seeking behaviors.

RESULTS

The TG-Processing Enzyme Lipoprotein Lipase Is

Expressed inBothMouse andHumanMesocorticolimbic

Structures

Pioneering studies have shown that Lpl mRNA is expressed in

rodent brains (Ben-Zeev et al., 1990; Bessesen et al., 1993;

Goldberg et al., 1989; Paradis et al., 2004). Here, we wondered

whether Lpl mRNA was present in reward-related structures,

namely the dorsal striatum (DS), the nucleus accumbens (NAc),

and the VTA. Using fluorescent in situ hybridization we observed

that Lpl mRNA co-localizes with a large portion of Drd1- and

Drd2-expressing MSNs in the DS (Figure 1A) and the NAc, as

well as in VTA Th-neurons (Figure S1B). Lpl mRNA expression

data from available single-cell RNA sequencing atlas (Zeisel

et al., 2018) or cell-type transcriptomic characterization of

striatal neurons (Doyle et al., 2008) revealed that, in midbrain

and striatal structures, Lpl mRNA was enriched in VTA DA

neurons compared to local inhibitory neurons (Figure S1C),

and in striatal DRD1- and DRD2-MSNs compared to striatal

cholinergic interneurons (Figure 1B). In addition, expression

data from the rodent and human Allen Brain Atlas (Hawrylycz

et al., 2012; Lein et al., 2007) revealed that Lpl mRNA is ex-

pressed in the MCL of both species (Figures S1A and S1D).
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Figure 1. Striatal TG Metabolism Decreases Amphetamine-Induced Behavioral and Molecular Adaptations

(A) Representative photomicrographs and semiquantitative analysis of RNAscope fluorescence in situ hybridization (FISH) signal for Lipoprotein lipase (Lpl, red),

dopamine receptor 1 and 2 (Drd1 green,Drd2 violet) in the dorsal striatum (DS). DAPI (blue) was used to identify cells. Scale bars: 20 mm. The white lines represent

(legend continued on next page)
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Striatal TG Metabolism Decreases Amphetamine-

Induced Behavioral and Molecular Adaptations

To decipher the central action of TGs respecting the physiological

route by which nutrients access the brain, mice were perfused

with TGs through an indwelling catheter into the carotid artery in

thedirectionof thebrain (Cansell etal., 2014).Here,we investigated

whether TGs, or any derivedmetabolites, could be detected in the

mouse striatum. C57Bl6/J mice received a 6 h saline or TG perfu-

sion (0.1 ml/min, Figure S2A), after which striata were dissected

out for lipidomic analysis. Brain TG delivery significantly increased

striatal content ofTGsandmetabolites (FigureS2B,TableS1, stria-

tal FFAsandglycolipidscontent inDataS1andS2), henceconfirm-

ing that our experimental setting efficiently reproduces blood-to-

brain TG entry and access to MCL structures.

Next, we investigated whether TGmodulate the molecular ac-

tivations induced by amphetamine (3 mg/kg). As we previously

described (Cansell et al., 2014), TGs blunted the hyperlocomotor

effects of amphetamine (Figure 1C), but also reduced the cellular

c-Fos response evoked by amphetamine in both dorsal striatum

and NAc (Figures 1D and 1E). In order to have amore global view

of central TG-responsive structures, we also performed whole-

brain c-Fos immunostaining using the iDISCOmethod (immuno-

labeling-enabled 3D imaging of solvent-cleared organs) coupled

with light sheet microscopy (Figure 1F). Whole-brain heatmaps

of c-Fos signal revealed a modulatory action of brain TG delivery

on neural responses to amphetamine in anatomically distinct

structures. In particular, whereas brain TG delivery enhanced

neural responses to amphetamine in fronto-cortical regions, a

blunted c-Fos induction was observed in several subcortical

areas (Figure 1G). In line with the pattern of c-Fos activation,

amphetamine-induced activation of the ribosomal protein S6

(rpS6 phosphorylation, Ser235/236), a marker of translational ac-

tivity, was also dramatically decreased in the prefrontal cortex

(mPFC), dorsal striatum, and the NAc (Figures 1H and 1I). Alto-

gether, these results show that brain TG delivery inhibits

amphetamine-induced neuronal activation and protein transla-

tion in reward-related structures.

TGs Exert Modulatory Actions onto Dopamine Signaling

and Behaviors

The above-mentioned results reveal that TGsmay alter the ability

of MSNs to integrate DA-dependent signals. We thus explored

whether central TG sensing was accompanied by alterations of

key molecular pathways known to shape MSNs activity and be

strongly modulated by DA (Beaulieu and Gainetdinov, 2011).

Western blot analysis of striatal tissues revealed that brain TG

delivery decreased p70S6K and rpS6 phosphorylation, at both

mitogen-activated protein kinases (MAPK)-dependent (Ser235/

236) and mammalian target of rapamycin (mTOR)-dependent

(Ser240/244) sites, as well as extracellular signal-regulated kinase

(ERK1/2) phosphorylation (Figures 2A and 2B). In addition, we

found a reduction of phosphorylated DARPP-32Thr34, a direct

protein kinase A (PKA)-dependent target. Interestingly, we also

observed reduced levels of tyrosine hydroxylase (TH) phosphor-

ylation, indicating a reduction in TH activity in the DA terminals

that innervate the striatum (Lew et al., 1999; Salvatore et al.,

2016) (Figures 2A and 2B).

Because DA signaling in MSNs can also trigger the PKB/Akt-

GSk3 pathway, we explored Akt/GSK-3b signaling phosphoryla-

tion as a proxy for b-arrestin recruitment (Figures 2C and 2D).

Akt phosphorylation remained unchanged at Thr308, but was

significantly decreased at Ser473, while GSK-3b phosphorylation

at Ser9 was reduced (Figures 2E and 2F), indicating that this

signaling pathway is activated following TG delivery (Beaulieu

et al., 2004, 2005; Peterson et al., 2015). Indeed, a significant

modulation of key phospho-proteins (p-rpS6, p-ERK1/2,

p-DARPP-32, p-TH, and p-GSK-3b) was also observed following

multiple comparison corrections (see Table S5). Altogether,

these results reveal that striatal TG sensing modulates

MSNs signaling by decreasing canonical PKA-, MAPK-, and

mTOR-dependent signaling while promoting b-arrestin-depen-

dent Akt/GSK-3b signaling.

Next, to explore whether brain TG delivery exhibits an action

on either DRD2- or DRD1-dependent behaviors, we assessed

the consequences of brain TG delivery on behavioral and

cellular responses triggered by pharmacological manipulation

of DRD1 and DRD2 receptors. The hyperlocomotion triggered

by a first or second injection of the DRD1 agonist SKF38393

(10 mg/kg) was similar between saline- or TG-perfused mice

(Figure 2G). However, brain TG delivery was still fully efficient

in reducing amphetamine-induced hyperlocomotion assessed

on the same animals after the 2 consecutive days of

SKF38393 treatment (Day 3, Figure 2H). Consistently, DRD1-

dependent increase in striatal c-Fos remained unaffected by

the cellular limits. Filled and empty arrows within representative photomicrographs indicate co-expression or absence, respectively, of Lpl according to the

presence of Drd1 (green arrows) and Drd2 (violet arrows) transcripts.

(B) Translating ribosome affinity purification (TRAP) technique (Doyle et al., 2008) reveals a specific enrichment of LplmRNA in medium spiny neurons (MSNs) as

compared to cholinergic neurons in the striatum. Each immunoprecipitation (IP) is compared to the average of unbound (UB) samples from the same tissue to

calculate a ratio of IP/UB as a measure of enrichment. IP/UB are represented for cholinergic, DRD1-, and DRD2-expressing MSNs.

(C) Amphetamine (Amph)-induced locomotor activity (LMA) and cumulative LMA after a 6-h saline (Sal, n = 5) or TG (TG, n = 5) central perfusion followed by

amphetamine administration (3 mg/kg). Statistics: *p < 0.05 Sal versus TG.

(D and E) Representative confocal photomicrographs and quantification of c-Fos-positive cells in the dorsal striatum (DS) and the nucleus accumbens (NAc) of

animals infused with saline and injected with saline (Sal, n = 3) or amphetamine (Sal+Amph, n = 6) and animals infused with TG and injected with amphetamine

(TG+Amph, n = 5). Scale bars: 50 mm. Statistics: ***p < 0.001 Sal versus Sal+Amph or Sal versus TG+Amph; ###p < 0.001 Sal+Amph versus TG+Amph).

(F and G) Representative pictures showing whole-brain c-Fos-based signal and heatmaps quantification of brain structures in which central TG perfusion (TG/

AMPH, n = 5) negatively or positively affect amphetamine-induced c-Fos response compared to controls (Sal/AMPH, n = 5). ARH: Arcuate hypothalamic nucleus,

BA: Bed nucleus of the accessory olfactory tract, MA: Magnocellular nucleus, PL: Prelimbic area, VTA: Ventral tegmental area, Mop: Primary motor area, NOD:

Nodulus (X), SSP: Primary somatosensory area, SUT: supratrigeminal nucleus, FRP2/3: Frontal pole, layer 2/3. Statistics: *p < 0.05 TG+Amph versus Sal+Amph.

(H and I) Representative confocal photomicrographs and quantification of phosphorylated ribosomal protein S6 (Ser235/236)-positive cells in the medial prefrontal

cortex (mPFC), dorsal striatum (DS), and nucleus accumbens (NAc) of animals infusedwith saline and injected with saline (Sal, n = 3) or amphetamine (Sal+Amph,

n = 6) and animals infused with TG and injected with amphetamine (TG+Amph, n = 5). Statistics: ***p < 0.001 Sal versus Sal+Amph; ###p < 0.001 TG+Amph versus

Sal+Amph), ##p < 0.01 TG+Amph versus Sal+Amph). For statistical details, see Table S5.
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Figure 2. Central TG Delivery Blunts DRD2-Dependent Striatal Signaling Pathways

(A and B) Protein quantifications (A) and representative western blots (B) of signaling cascades classically downstream to dopamine receptors in the striatum after

a 6-h central delivery of triglycerides (TG, n = 9) or saline (Sal, n = 9). Nomenclature: p70S6K (p70 ribosomal S6 kinase), rpS6 (ribosomal protein S6), t-rpS6 (total-

(legend continued on next page)
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central TG delivery on a separate cohort of mice (Figures 2K

and 2M).

In sharp contrast, brain TG delivery drastically reduced the

cataleptic response triggered by two well-characterized DRD2

antagonists: haloperidol (0.5 mg/kg) or raclopride (0.6 mg/kg)

(Figures 2I and 2J). As previously described (Bertran-Gonzalez

et al., 2008), pharmacological blockade of DRD2 robustly

increased the number of c-Fos- and rpS6-Ser235/236-positive

neurons (putative DRD2-MSNs) in saline-treated animals, while

this molecular response was dramatically reduced in mice

receiving brain TG delivery (Figures 2L, 2N, S3A, and S3B).

These results demonstrate that within the striatum, TGs prefer-

entially impact DRD2-neuronal responses, possibly by reducing

DRD2 signaling and/or DRD2-neurons excitability.

Triglycerides Alter Excitability of DRD2-MSNs

The behavioral and cellular pharmacological responses

mentioned above point to a particular role for DRD2-expressing

neurons in sensing and/or responding to circulating TGs. To

explicitly test this hypothesis, we usedwhole-cell path-clamp re-

cordings to determine active and passive membrane properties

of both DRD1-MSNs (in Drd1a-tdTomato transgenic mice) and

DRD2-MSNs (in Drd2-eGFP transgenic mice) in response to

bath application of vehicle or triglyceride triolein at a concentra-

tion (4 mM, 0.35 mg/dl) within the physiological range of cere-

brospinal TGs (0.65 ± 0.06 mg/dl, Banks et al., 2018). We as-

sessed neuronal excitability in both the dorsal striatum and

the NAc, and MSNs were recognized according to (1) fluores-

cence (tdTomato or eGFP, Figure 3A), (2) hyperpolarized resting

membrane potentials, and (3) characteristic spiking profiles

in response to current injections such as a marked inward recti-

fication of the I/V relationship (Figure 3B).

Strikingly, in both striatal and accumbal structures, bath-

applied triolein (�15–20 min, 4 mM) further hyperpolarized the

resting membrane potential (RMP) (Figures 3C and 3E) and

increased the action potential rise time in DRD2-MSNs without

significant influence in DRD1-MSNs (Figures 3D and 3F). Other

parameters (for full list, see Tables S2 and S3) such as the mem-

brane time constant and the action potential half width were

modulated by triolein in striatal DRD2-MSNs (Figure S4, Table

S2). Altogether, these results demonstrate that TGs selectively

reduce the excitability of DRD2-MSNs.

To test whether DRD2-MSNs show reduced activity in vivo,

we used fiber photometry to record real-time calcium transients

in DRD2 neurons of behavingmice. Prior work has demonstrated

that DRD2-MSNs are transiently activated during action initiation

(Cui et al., 2013). We thus used Cre-dependent expression of

GCaMP6f in Drd2-Cre mice together with brain TG delivery in

mice placed into a novel environment (new cage) (Figures 3G

and 3H). We first used separate groups of C57BL/6 mice to

assess the exact time window at which brain TG delivery started

to inhibit spontaneous locomotor activity following exposure to

a new cage. We found that the increase in exploratory drive to

a new cage was similar between saline- or TG-perfused animals

within the first�10 min, becoming significantly reduced over the

following 60min (Figure S5). Therefore, in order to fully dissociate

the action of TGs onto spontaneous locomotor activity from

their effects on DRD2-MSNs calcium activity to novelty-induced

exploration, we chose a 3-min window of exploration, which

corresponds to the most intense period of activity in both

experimental groups (Figure S5). Since DRD2-MSNs are tran-

siently activated during action initiation (Cui et al., 2013),

GCaMP-encoded calcium fluorescence was measured during

the first 50 s of exploration. Transfer to a new cage was associ-

ated with a rapid and significant increase in DRD2-neurons cal-

cium activity in saline-perfused mice (Figure 3I). Such increase

was not significant in TG-perfused animals (Figure 3J). We

then decided to analyze the dynamics of calcium transients

during different temporal intervals (10 s/bin) of exploration

(Figure 3K) and observed that the initial increase in exploration-

evoked calcium signal in DRD2 neurons (B2 versus B1, TG-

mice) decayed more rapidly in TG-perfused animals compared

to control mice (Figure 3L). These in vivo results agree with

the reduced excitability of DRD2-MSNs following ex vivo TG

application, and further indicate that central TG delivery gates

striatal DRD2-MSNs responses during behavior.

Triglycerides Dynamically Influence Dopamine Neuron

Activity

The above-mentioned results reveal that TGs rapidly influence

DRD2-MSNs by modulating their activity and associated behav-

ioral outputs. However, Lpl is also expressed in VTA DA neurons

(Figure S1), thereby raising the question whether TGs may also

modulate DA neurons. To test this hypothesis, we performed

single-unit recordings of VTA DA neurons in anaesthetized

mice during acute (<30 min) and long-term (6 h) brain TG deliv-

ery. We found that 10 min (Figure 4A) acute brain TG delivery

did not affect the in vivo electrical activity of VTA DA neurons

(Figure 4A). However, prolonged TG perfusion (5–6 h) led to a

significant decrease in DA-neurons firing rate and burst activity

ribosomal protein S6), ERK (Extracellular-signal Regulated Kinase), DARPP-32 (32 kDa dopamine and cAMP regulated phosphoprotein), TH (tyrosine hydrox-

ylase), t-TH (total-Tyrosine hydroxylase). Statistics: *p < 0.05, **p < 0.01 and ***p < 0.001 TG versus Sal.

(C and D) Post-synaptic molecular signaling induced by DA in MSNs (C) and DRD2-specific signaling (D).

(E and F) Protein quantification (E) and representative western blots (F) of the Akt/GSK-3b pathway in the striatum. Nomenclature: GSK-3b (glycogen synthase

kinase 3b). Statistics: *p < 0.05 and **p < 0.01 TG versus Sal.

(G and H) Locomotor activity (LMA) induced by the DRD1 agonist SKF38393 (10 mg/kg) (G) and by amphetamine (3 mg/kg) (H) on 3 consecutive days after 6 h of

central delivery of saline (Sal, n = 6) or triglycerides (TG, n = 6). Statistics: *p < 0.05 TG+AmphDay3 versus Sal+AmphDay3.

(I and J) Quantification of immobility time and area under the curve (AUC) induced by administration of haloperidol (0.5 mg/kg) (I) or raclopride (0.6 mg/kg) (J) after

6 h of central delivery of saline (Sal, n = 13 for haloperidol, n = 7 for raclopride) or triglycerides (TG, n = 15 for haloperidol, n = 7 for raclopride). Statistics: haloperidol

(**p < 0.01 TG+Halo versus Sal+Halo), raclopride (***p < 0.001 TG+Raclo versus Sal+Raclo).

(K–N) Representative confocal photomicrographs in the dorsal striatum (K and L) and quantification of c-Fos-positive cells (M andN) 1 h after administration of the

DRD1 agonist SKF38393 (K andM) or the DRD2 antagonist haloperidol (L and N) in saline- (Sal/SKF, n = 6, Sal/Halo, n = 5) and TG-perfused mice (TG/SKF, n = 5,

TG/Halo, n = 5) compared to saline-treated animals (Sal/Sal, n = 3). Scale bars: 50 mm. Statistics: SKF38393 (***p < 0.001 Sal+SKF or TG+SKF versus Sal),

haloperidol (***p < 0.001 Sal+Halo versus Sal, ###p < 0.001 TG+Halo versus Sal+Halo). For statistical details, see Table S5.
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Figure 3. Nutritional TGs Gate D2R-MSNs Activity In Vitro and In Vivo

(A) Drawing indicates the sagittal slice used for whole-cell patch-clamp recording in Drd1a-tdTomato and Drd2-eGFP transgenic mice. Confocal images show

DRD1-MSNs (red) and DRD2-MSNs (green) in the dorsal striatum (DS). Scale bars: 50 mm.

(legend continued on next page)

Cell Metabolism 31, 773–790, April 7, 2020 779



(Figure 4B). This decrease in DA-neurons activity is consistent

with the decreased phosphorylation of TH (Lindgren et al.,

2001) observed in the striatum of TG-perfused mice (Figures

2A and 2B). These data show that sustained increase in TGs

can reduce VTA DA-neurons activity in anaesthetized mice.

Next, we compared the consequences of acute and long-term

(6 h) brain TG delivery on amphetamine-induced hyperlocomo-

tion. Our results reveal that acute brain TG delivery decreased

amphetamine-induced hyperlocomotion to a similar extent as

observed following long-term brain TG delivery (Figures 4C

and 4D). This result supports a mechanism by which central

actions of TGs occur first in striatal structures, with later impacts

on midbrain DA neurons.

Central Triglycerides Can Act as Reinforcer and

Modulate Food-Seeking Behavior

Given the time-dependentmodulatory action of TGsontopre- and

post-synaptic components of the reward system, we next

explored the rewarding properties of short- and long-term brain

TG delivery. We first used the conditioned-place preference test

(CPP) to assess whether short-term brain TG delivery could be re-

inforcing. We used an unbiased apparatus-biased protocol in

which animals were first allowed to explore two defined compart-

ments (pre-test) before enduring 8 days of conditioning sessions.

The least-preferred compartment (pre-test) was associatedwith a

1-h brain TG delivery or saline control (Figure 5A). Following con-

ditioning, animals were allowed to explore the two compartments

during the post-test session. Importantly, the pre- and post-test

sessions were performed without any central TG administration,

so that exploration of the complete apparatus was not affected

by the treatment. Animals conditioned with 1-h brain TG delivery

displayed a significant preference for the compartment associ-

ated with TGs (Figure 5B). This result shows that central detection

of TGs can serve as a direct positive reinforcer.

In order to further establish the reinforcing properties of

centrally delivered TGs, we next used a self-administration

paradigm for intracarotid TG delivery. Since self-administration

paradigms generally require rapid perception of the reinforcer,

we used a faster delivery of central TGs (each active nose-

poke led to delivery of 10 ml intracarotid TG bolus over 60 s

compared to 0.1–0.3 ml/min prior). We first verified that the

increased rate of TG perfusion did not perturb general brain

hemodynamics. Using photoacoustic imaging, we found no

major modifications in oxygenated hemoglobin and cerebral

blood flow at rates of 1 or 10 ml/min (data not shown). Thus, an-

imals were placed in operant chambers equipped with two

nose-poke holes, the active hole being paired with central

infusion of TGs or saline, and the inactive hole without conse-

quence (Figure 5C). While TG and saline groups exhibited

equivalent discrimination scores, mice receiving TG infusions

performed more active nose-poke visits in both food-sated

and 24-h-deprived conditions compared to control animals

(Figure 5D). These similar results observed in both sated and

food-deprived conditions support the idea that the positive

reinforcement of centrally detected TGs is not solely contingent

on caloric demands.

Overall, both the CPP and self-administration data support the

hypothesis that short-term TGs can act in the brain to support

positive reinforcement.

Because plasma TGs typically rise during the post-prandial

period, TGs acting on the mesocorticolimbic circuit may modify

food perception and/or reward properties; for example, serving

as a sating or reward signal. Therefore, we next explored

whether brain TG delivery could modulate the reinforcing prop-

erties of high-fat high-sucrose diet (HFHS).We used aCPP para-

digm similar to that described above, but each conditioning

chamber was now paired to either regular or HFHS food. Before

food-conditioning sessions, mice received long-term brain

TG delivery or saline (6 h) (Figure 5E). Compared to controls,

TG-mice spent significantly more time in the HFHS-paired

compartment during the post-test session (Figure 5F). Notably,

in this experiment, mice were not food-restricted in order to

maximize reward-driven food preference over metabolic de-

mands, perhaps explaining why HFHS pairing was not sufficient

to drive a strong place preference in saline-perfused mice.

Interestingly, cumulative HFHS consumption during the condi-

tioning session was significantly greater in saline group

compared to TG group (5.51 kcal ± 0.34 versus 4.30 ± 0.34 in

saline versus TG group respectively, p = 0.0039), thereby

indicating that the TG group required less palatable food to

produce a CPP. These results reveal that central TG sensing

potentiates the reinforcing aspects of palatable food and, since

a stronger preference was achieved with less HFHS consump-

tion, brain TG delivery may enhance reward sensitivity by

lowering the threshold at which reward and/or satiety is

achieved.

(B–F) Characteristic voltage response of a striatal MSN to a series of 500-ms current pulses with current steps increasing by 10 pA (B). Resting membrane

potential (RMP) in dorso-striatal (C) and accumbal (E) DRD1- (red) and DRD2-MSNs (green) with (TG) and without (Veh) bath-applied triolein (4mM). Statistics: *p <

0.05 and ***p < 0.001 TG versus Veh. Traces indicate one action potential in striatal (D) and accumbal (F) DRD2-MSNs with (TG, green trace) and without (Veh,

black trace) bath-applied triolein. Histograms indicate the action potential rise time (in ms) in dorso-striatal (D) and accumbal (F) DRD1- (red) and DRD2-MSNs

(green). Statistics: *p < 0.05 TG versus Veh.

(G) Drawing indicates the behavioral protocol used to elicit environmental stimuli-evoked calcium transients. HC = homecage, NC = new cage.

(H) Confocal image of cell-type-specific expression of GCaMP6f in the dorsal striatum of Drd2-Cre mice. Scale bars: 1 mm (mosaic, DAPI/GCaMP6f) and 150 mm

(inset, GCaMP6f).

(I and J) Dynamics of averaged calcium traces in saline- (I) and TG-perfused mice (J) over a period of 100 s (50 s in the home cage and 50 s in the new cage). Time

0 corresponds to the moment when the animal is placed in the new cage (NC). Data are represented as the percent change in fluorescence over the mean

fluorescence (% DF/F). Histograms (I and J) indicate the overall % DF/F in both home cage (HC) and new cage (NC) in saline- and TG-perfused mice. Statistics:

*p < 0.05 NC versus HC in saline-perfused mice.

(K) Temporal dynamics of evoked calcium events (% DF/F) during exploration of the new cage (0 to 50 s) with temporal subdivision in bins (B1 to B5, each bin is

10 s).

(L) Curves show averaged calcium signals (saline in black and TG in red) during each temporal bin. Statistics: ***p < 0.001 (B2 and B3 versus B1 for saline-mice),

*p < 0.05 (B4 versus B1 for saline-mice) and ���p < 0.001 (B2 versus B1 for TG-mice). For statistical details, see Table S5.
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Finally, we explored how brain TG delivery modulates food

consumption in a context of altered reward sensitivity in a

compulsive binge-eating behavioral model (Kessler et al.,

2016; Valdivia et al., 2015). Ad libitum-fed mice were exposed

to intermittent, restricted access (1 h/day) to fat and sugar

mixture (10% sucrose and 20% lipids from Intralipid) for

10 days. In that setting, mice rapidly maximized their intake

during the first 5 days (Figure 5H). We first observed that

a 9-day binge regimen led to a significant decrease in Lpl

mRNA expression in the NAc but not in the dorsal striatum

(Figure 5G), while no major modifications in Drd1 or Drd2

mRNA expressions were detected in either region. We then

tested whether centrally delivered TGs were able to modulate

binge-like behavior. On day 10 of our binge protocol, mice
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Figure 4. Centrally Delivered TGs Exert a

Time- and Dose-Dependent Action on Pre-

Synaptic Dopaminergic Neurons

(A) Data show single-cell extracellular electrophys-

iological recordings of dopaminergic neurons in the

VTA of anaesthetized animals receiving Sal or TG

injections through the carotid artery, with a follow-

up of neuronal frequency and firing for 10 min.

Histograms display the maximum frequency re-

corded for each neuron and the maximal spike in

burst.

(B) Animals were centrally infused for 6 h with Sal or

TG then anaesthetized, and dopaminergic neurons

of the VTA were recorded. Data show representa-

tive traces of DA-neurons recordings as well as

average frequencies and spikes observed during

the recordings. Statistics: *p < 0.05 TGlong versus

Sal for each independent comparison.

(C) Locomotor activity (LMA) profile and cumulative

LMA following amphetamine (3 mg/kg) administra-

tion in animals receiving brain delivery of acute TG

(n = 8), long-term TG (n = 7), or saline (n = 9). Sta-

tistics: C ***p < 0.001 (TGacute or TGlong versus Sal

groups), D **p < 0.01 (TGacute or TGlong versus Sal

groups). For statistical details, see Table S5.

received a 6-h brain TG delivery or saline

prior to access to the palatable drink (Fig-

ure 5H). TG-perfused mice reduced binge

consumption by �50% (Figure 5H). This

result shows that central TGs can oppose

compulsive eating in line with a putative

role for TG sensing in enhancing reward

sensitivity such that animals require less

palatable food. It is also possible that

increased TGs may counterbalance the

decreased Lpl expression in NAc.

Lpl Gates DRD2-MSN Excitability

and Reward-Associated Behavior

Using complementary approaches, we

next explored neuronal TG sensing by

directly manipulating LPL in the reward

system. Using virally Cre-delivered strat-

egy, we deleted Lpl in the ventral striatum

(NAc) and the midbrain (VTA) of Lpllox/lox

mice (Figures 5I and 5M). Disruption of Lpl in the nucleus accum-

bens (NAc-LplD/D; or control mice referred to as NAc-Lpllox/lox)

led to increased operant responding for food rewards (Figures

5J–5L), as previously reported (Cansell et al., 2014). Strikingly,

disruption of Lpl in the midbrain (VTA-LplD/D, Figure 5M)

had the opposite consequence and decreased operant perfor-

mance for food-pellet rewards (Figures 5N–5P). These results

suggest that TG sensing may play opposite roles at pre- and

post-synaptic sides of the dopamine circuit, underscoring the

complexity of bimodal actions of TGs on the reward system.

Since our data point toward DRD2 neurons as privileged

targets for TG sensing, and since TGs reduce DRD2-MSNs

excitability, we investigated the functional role of LPL as a regu-

latory component of DRD2-expressing neurons activity. We
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Figure 5. Central TG Sensing Is Reinforcing and Modulates Food Reward

(A) Experimental design of the conditioned place preference (CPP) using central TG delivery as reinforcer. On day 1, animals are put in the middle of the cage and

explore freely the two compartments of the apparatus for 15 min. The following days of conditioning sessions (1 h each session), the animals learn to associate

(legend continued on next page)
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generated mice lacking the Lpl gene in DRD2 neurons by

crossing Drd2Cre/+ and Lpllox/lox mice (Drd2Cre/+::Lpl+/+ and

Drd2Cre/+::Lplf/f) (Figure 6A). These mice then received intra-

NAc injections of AAV-hSyn-DIO-mCherry to allow Cre-depen-

dent expression of mCherry in DRD2-expressing neurons.

Ex vivo patch-clamp recordings were then performed on NAc

mCherry-positive DRD2-MSNs to measure neuronal modifica-

tions triggered by the cell-type-specific deletion of Lpl in DRD2

neurons (Figures 6B and 6C). Analysis of active and passive

membrane properties (for complete list, see Table S4) revealed

that Lpl deletion in DRD2-MSNs did not significantly affect

resting membrane potential (Figure 6D) or rheobase (Figure 6E),

but was associated with a slight increase in membrane resis-

tance (Figure 6F) and a close-to-significant (p = 0.051) increase

in the delay to first spike (Figure 6G). These results point toward

an increased excitability of DRD2-MSNs in Drd2Cre/+::Lplf/f

animals.

Given the critical role of the excitatory glutamatergic cortico-

accumbal transmission in controlling the activity of MSNs, we

also recorded the occurrence of spiking activity of DRD2-

MSNs following stimulation ofmPFC fibers (Figure 6B).We found

that deletion of Lpl in DRD2 neurons was associated with an

increased probability to spike in response to cortical stimulation

(Figure 6H), further revealing that if their ability to sense TGs is

impaired, these neurons become more excitable.

We next explored the behavioral consequences of Lpl

deletion in DRD2 neurons. Conditional knockout (KO) mice

(Drd2Cre/+::Lplf/f, cKO) displayed enhanced reward-seeking

behavior and increased breaking-point values in operant condi-

tioning (Figures 6I and 6J), altered amphetamine-induced

locomotor activity (Figure 6K), and decreased cataleptic

response to haloperidol (Figure 6L) compared to control mice.

Overall, these results clearly establish a key role for LPL onto

DRD2-expressing cells as a modulator of DRD2-MSNs excit-

ability and DA-dependent behaviors.

Finally, we tested the integrity of TG sensing in Drd2Cre/+::Lplf/f

mice. Control (Drd2Cre/+::Lpl+/+) and cKO (Drd2Cre/+::Lplf/f) mice

were equipped with intracarotid catheter and perfused with

saline or TGs. We found that the decreased locomotor response

caused by brain TG delivery was absent in cKOmice (Figure 6M),

thereby further strengthening the close association between

LPL in DRD2 neurons and the ability to detect TGs.

Importantly, genetic deletion of Lpl in DRD2 neurons did not

alter spontaneous locomotor activity, body composition, or

basal metabolic efficiency (Figure S6), thus indicating that the

above-mentioned behaviors are not the confounding conse-

quence of altered homeostatic functions. Altogether, these

data establish a key role for LPL in DRD2-expressing cells in

gating DRD2-MSNs excitability and DRD2/DA-dependent

behaviors.

In Humans, Post-Prandial Change in Tryglycerides Are

Associated with Brain Responses to Food Cues and

Depends on DRD2-Associated Genotype

We reasoned that since Lpl mRNA share overlapping expres-

sion in common territories of the rodent and human brain (Fig-

ure S1), post-prandial TGs might influence brain responses to

food cues in these regions in a DRD2-dependent manner. We

used fMRI to measure BOLD responses to food and non-food

aromas in fasted versus fed nutritional states and tested

whether differential responses were associated with post-

prandial TGs (Figure 7A) in participants carrying a copy of the

A1 allele of the TaqIA polymorphism (Felsted et al., 2010; Stice

et al., 2008), amutation known to robustly affect DRD2 signaling

(Barnard et al., 2009; Jönsson et al., 1999; Ritchie and No-

ble, 2003).

We first tested whether internal states or perceptual ratings

of the odors differed depending on odorant (food versus non-

food), nutritional conditions (hungry, fixed meal, or ad libitum

meal), or genotype (A1+ versus A1�). Effects are summarized

in Figure S7. Next, the effect of time, nutritional condition,

genotype, and the interaction among these factors on the con-

centrations of TGs were tested using a mixed-design ANOVA.

There was a significant effect of condition (F(2,54) = 8.00, p =

0.001) and an interaction between nutritional condition and

time (F(2,54) = 10.15, p < 0.001) on TG levels, but no three-way

interactions. Post hoc analysis revealed that TG levels signifi-

cantly increased following the meal in the fixed meal condition

one or another compartment to central delivery of saline (Sal) or triglycerides (TG). After 8 days of conditioning (four sessions in each compartment), animals freely

explore the two compartments for 15 min. The analysis considers the time spent in the brain TG delivery- or saline-associated compartments before and after

conditioning.

(B) Preference score of CPP and difference of time spent in the conditioned sites between post-test and pre-test between reinforced and non-reinforced

compartments. Statistics: **p < 0.01 TG-Post versus TG-Pre, #p < 0.05 TG-Post versus Sal-Post, post-pre (*p < 0.05 TGPost-Pre versus SalPost-Pre).

(C) Experimental design of nose-poke-associated self-administration of saline (Sal, n = 5) or triglycerides (TG, n = 13).

(D) Active nose-pokes and nose-pokes discrimination (distinction between active and inactive nose-pokes, %) are shown in ad libitum and food-deprived

conditions. Statistics: *p < 0.05 TG versus Sal.

(E) Experimental design of CPP using palatable food as reinforcer in mice that received a 6-h central perfusion of saline (Sal, n = 8) or triglycerides (TG, n = 9) prior

to conditioning sessions. Conditioning consisted in 8 alternated sessions with standard diet (SD) or high-fat high-sucrose (HFHS) diet access for 30 min.

(F) Preference score of CPP and difference of time spent in the palatable food-associated compartment between post-test and pre-test between reinforced and

non-reinforced compartment. Statistics: preference score (***p < 0.001 TG-Post versus TG-Pre, #p < 0.05 TG-Post versus Sal-Post), post-pre (*p < 0.05 TGPost-Pre

versus SalPost-Pre).

(G) Quantitative real-time PCR quantifications of Lpl, Drd1, Drd2 mRNA abundance relative to HKG in dorsal striatum and NAc of mice after a binge-eating

protocol consisting of 9 days of intermittent access to palatable fat and sugar beverage. Statistics: NAc Lpl **p < 0.01 binge versus control mice.

(H) When animal reached a maximum intake (day 9, D9), on D10 they were centrally infused (6 h) with saline (Sal, n = 4) or triglycerides (TG, n = 5) before the

intermittent access to the palatable drink. The graph shows palatable drink consumption on D9 and D10, prior or after central infusions respectively. Statistics:

**p < 0.01 D10 versus D9 for TG-group.

(I–P) Viral delivery of eGFP or Cre-eGFP in the NAc (I, NAc-Lpllox/lox, n = 6; NAc-LplD/D, n = 4) or the VTA (M, VTA-Lpllox/lox, n = 6; VTA-LplD/D, n = 5) of Lpllox/loxmice.

Operant behavior performances in fixed ratio sessions (J and N, FR1: fixed ratio 1), progressive ratio (K and O, PR: progressive ratio), and breaking point (L and P).

Statistics: ***p < 0.001, **p < 0.01 and *p < 0.05. For statistical details, see Table S5.
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Figure 6. Lpl in DRD2 Neurons Controls Excitability and Behavioral Responses to DA-Associated Behaviors

(A) Genetic strategy to delete Lpl from DRD2 neurons: Drd2Cre/+::Lpl+/+ mice (control, Ctr) and Drd2Cre/+::Lplf/f mice (cKO).

(B) Drawing illustrates the sagittal slice used for cortical stimulation and patch-clamp recordings in Drd2Cre/+::Lpl+/+ and Drd2Cre/+::Lplf/f transgenic mice, all

injected with an AAV-hSyn-DIO-mCherry in the nucleus accumbens (NAc).

(legend continued on next page)
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(p = 0.009), but not in the ad libitummeal condition (p = 0.08), and

that TG levels decreased over the course of the hungry session

(p = 0.001) (Figure S7). Since plasma TG excursion was only sig-

nificant in the fixedmeal condition, we focused our imaging anal-

ysis on the data from the fixed neuroimaging scan.

TG excursion was unrelated to BOLD responses to food

versus non-food odors in hungry versus fixed scans in the re-

gions of interest (ROIs) or at the whole-brain level for the group

considered as a whole (i.e., collapsing across genotype). How-

ever, when genotype (A1+ versus A1�) was included in the

model, a significant effect emerged in the vmPFC at 3, 56,

and �5 (p = 0.04 following family-wise error [FWE] correction

for multiple comparisons across the number of voxels in the

ROI and Bonferroni correction for the number of ROI tests per-

formed) (Figure 7B). Importantly, this analysis included FFAs,

glucose and insulin excursions, as well as fullness, hunger, and

liking ratings as covariates, indicating that post-prandial TGs

are unique modulators of vmPFC activity in this experimental

setting. Further analysis of independent effects in the A1� and

A1+ groups revealed that this interaction arose from a significant

positive association in A1+ at 0, 56, and�5 (p = 0.02) and a weak

non-significant negative association in A1� (Figure 7C). Note

also that since the extent of TG excursions did not differ in A1+

versus A1�, this differential effect cannot be attributed to indi-

rect effects of genotype on TG excursions, but rather should

result from the effect of this gene variant on DRD2. Collectively,

these data strongly support our hypothesis than in humans,

circulating TGs are associated with brain response to food

cues in the vmPFC in a DRD2-dependent manner.

DISCUSSION

Excessive consumption of energy-dense food increases the

vulnerability to develop uncontrolled craving, compulsive

feeding, and ultimately excessive body weight gain (Kenny

et al., 2013; Rothemund et al., 2007; Stice et al., 2008; Volkow

et al., 2013). However, the possibility of a direct action of circu-

lating TGs on key reward-encoding brain structures has been

largely unappreciated. In this work, we demonstrate that circu-

lating post-prandial TGs exert an integrative andmultimodal reg-

ulatory action onto pre- and post-synaptic neurons of the reward

system through an LPL-dependent mechanism.

Bridging Dietary Inputs to Reward Circuit through

Triglyceride Sensing

The presence of TG lipases, including LPL, is required to allow

cellular FFA entry upon TG hydrolysis. Here, we provide

evidence that in the MCL, Lpl mRNA expressions exhibit a

certain degree of enrichment in midbrain VTA DA neurons and

striatal DRD1- and DRD2-MSNs (Figures 1A, 1B, and S1), which

confer upon these cells the ability to detect and metabolize TGs.

Using brain-specific intracarotid TG delivery, we discovered

that nutritional TGs exert time- and dose-dependent actions on

VTA DAneurons (long-term exposure) and post-synaptic striatal

neurons (short- and long-term exposures). Central TG delivery

preferentially dampened DRD2- but not DRD1-related cellular

and behavioral responses. This privileged sensitivity of DRD2-

expressing neurons to TGs was further supported by (1)

ex vivo-patch clamp recordings revealing that bath-applied

TGs reduced the excitability of DRD2- but not DRD1-MSNs (Fig-

ures 3 and S4), and genetic deletion of Lpl in DRD2-expressing

cells resulted in increased neuronal excitability (Figures 6A–

6H); and by (2) in vivo recordings where brain TG delivery

decreased striatal DRD2-neurons calcium events to environ-

mental cues (Figures 3G–3L).

Consistent with a role for TG sensing in the reward circuit,

central TG delivery produced reinforcement on its own (Figures

5A–5D) and modulated the reinforcing aspects of palatable

food (Figures 5E–5H). Using loss of function approaches we

determined that the action of centrally detected TG relies, at

least in part, on the integrity of the LPL in the DA reward circuit

and onto DRD2-expressing cells (Figures 5 and 6). Altogether,

these results unravel a functional role of LPL-mediated TG

sensing onto DRD2 neurons (pre- and post-synaptic neurons)

in the control of DA-associated behaviors.

Interestingly, the fact that brain TG delivery could produce

positive reinforcement (CPP paradigm) while decreasing

motivational drive to lever press for food rewards may appear

contradictory at first glance. However, several studies have re-

ported a similar degree of dichotomy between appetitive

learning and motivational drive following manipulation of

DRD2-MSNs. Indeed, pharmacological inhibition of DRD2-

MSNs by activation of DRD2-coupled Gi signaling was sufficient

to promote place preference (White et al., 1991). On the other

hand, inhibition of DRD2-MSNs in striatal and accumbal regions

was reported to decrease motivation to work for food rewards

(Soares-Cunha et al., 2016, 2018) while increasing reward rein-

forcement (Carvalho Poyraz et al., 2016; Durieux et al., 2009;

O’Neal et al., 2019).

Hence, the ability of TGs to directly decrease DRD2-MSNs

excitability in both dorsal striatum and NAc (Figures 3 and S4)

would be predicted to similarly produce two opposite outputs

of increased reinforcement and decreased motivation. Whether

this mechanism might be instrumental in establishing a

set-point of ‘‘reward-like sensitivity’’ is indeed a matter of

debate, although it is tempting to speculate that acute and/or

chronic brain exposure to circulating TGs could be a funda-

mental mechanism by which excessive high-fat food intake or

(C–G) Representative picture of a recordedmCherry-positive accumbal DRD2-MSN (C). Histograms indicate the resting membrane potential (RMP in mV, D), the

rheobase (in pA, E), the membrane resistance (in MOhm, F) and the delay to first spike (in ms, G) of mCherry-positive accumbal MSNs in both genotypes,

Drd2Cre/+::Lpl+/+ (black) versus Drd2Cre/+::Lplf/f (red) transgenic mice.

(H) Curves indicate the probability to trigger a spike (in %) in recorded mCherry-positive MSNs following increasing cortical stimulations in both genotypes.

Statistics: *p < 0.05 and **p < 0.01 Drd2Cre/+::Lplf/f versus Drd2Cre/+::Lpl+/+ mice.

(I and J) Operant conditioning performances of Drd2Cre/+::Lpl+/+ and Drd2Cre/+::Lplf/f transgenic mice during the active lever press (I). Cumulative active lever

press, rewards, and breaking point (J). Statistics: *p < 0.05 Drd2Cre/+::Lplf/f versus Drd2Cre/+::Lpl+/+ mice.

(K–M) Locomotor activity (LMA) to amphetamine (3 mg/kg) (K), immobility response to the DRD2 antagonist haloperidol (0.5 mg/kg) during the catalepsy test (L),

and spontaneous 6-h locomotor activity (LMA) following central saline or TG delivery (M). Statistics: ***p < 0.001, *p < 0.05. For statistical details, see Table S5.
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obesity-associated hypertriglyceridemia would ultimately lower

reward sensitivity and drive compulsive feeding. Another non-

mutually exclusive possibility would be that, as observed in our

experiments, sustained TG exposure, by decreasing midbrain

DA-neurons firing, would consequentially decrease motivational

drive and reward sensitivity. Hence, a common general mecha-

nism would be that, by binding to DRD1 (Gs-coupled receptors)

and DRD2 (Gi-coupled receptors) receptors, dopamine would

lead to activation of DRD1-MSNs and inhibition of DRD2-

MSNs, in virtue of their segregated cellular location. By inhibiting

DRD2-MSNs, TGs may then result in promoting positive rein-

forcement, thus bypassing a direct dopamine action onto

DRD2-MSNs. These dopamine- and TG-dependent mecha-

nisms may occur on the same cell-types (DRD2-MSNs for

instance), but through potentially distinct molecular and meta-

bolic paths, which at the moment remain unknown.

The inhibition of DA-neurons firing within the VTA following

long-term TG perfusion agrees with this scenario. For instance,

disinhibition of GABAergic ventral pallidal (VP) neurons by TG-in-

hibited GABAergic DRD2-MSNs would ultimately drive to inhibi-

tion of VTA DA neurons as previously described in the literature

(Soares-Cunha et al., 2016, 2018). As a consequence, this ana-

tomo-functional interconnectivity would then lead to a backup-
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Figure 7. Post-Prandial TGs Control Human

Brain Responses to Food Cues in a DRD2-

Dependent Manner (TaqIA Polymorphism

Carriers)

(A) Experimental protocol for fMRI studies and odor

stimulation.

(B) Blood oxygen level dependent (BOLD) re-

sponses to food versus non-food odors in Hungry

versus Fixed conditions correlates with meal-

induced changes in TG differentially as a function of

genotype in the ventromedial prefrontal cortex

(vmPFC) at 3, 56, and �5 (p = 0.04 following FWE

correction for comparison across the voxels in the

vmPFC ROI and subsequent Bonferroni correction

for the number of ROIs tested. Note that this anal-

ysis includes all covariates (changes in plasma

glucose, insulin and FFA, and changes in internal

state and odor perception ratings).

(C) Scatterplots showing the correlation with plasma

TG and A1/A2 genotype in the vmPFC. For statisti-

cal details, see Table S5.

like system that may drive to a stop signal.

This is in line with our results which show

(1) reduced cellular excitability of D2R-

MSNs following brief application of TG,

(2) no in vivo impairment in DA-neurons

firing following acute delivery of TGs, and

(3) reduced in vivo firing of DA neurons

following long-term delivery of TG.

It is worth mentioning that our current

data cannot clearly and univoqually

discriminate between a time- and dose-

dependent action of TG directly onto VTA

neurons and the hypothetical inhibition of

midbrain DA neurons as the consequence

of inhibited DRD2-projecting neurons to

the VP. Further studies are required to fully depict the exact se-

quences of such dynamically orchestrated mechanisms.

Molecular Mechanisms and Physiological Implication of

Tryglyceride-Mediated Modulation of DRD2 Neurons

We found that central administration of TGs dampens key striatal

molecular pathways, notably the MAPK-, mTOR-, and PKA-

dependent pathways, indicative of reduced DA-coupled

signaling (Figures 2A and 2B). These molecular events are sup-

ported by our patch-clamp recordings, which reveal cell-type-

specific TG-induced alterations of active and passive membrane

properties exclusively in DRD2-MSNs (Figures 3 and S4). In fact,

since these signaling pathways play a strong modulatory role on

glutamate receptors, voltage-dependent ion channels and tran-

scription factors (for review, see Nagai et al., 2016 and Surmeier

et al., 2007), it is formally possible that their modifications, as

observed following TG delivery, will alter DRD2-MSNs excit-

ability and neuronal responses. Another non-mutually exclusive

hypothesis—by which TGs could modulate DRD2-neurons ac-

tivity—could involve b-arrestin, mediating DRD2 internalization,

and activation of the protein kinase B/Akt, b-arrestin 2, and pro-

tein phosphatase 2 (PP2A) complex (Beaulieu et al., 2005). This

complex has been shown to operate in striatal DRD2-MSNs
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independently of cAMP pathway through the Akt/GSK-3b

cascade (Beaulieu et al., 2004, 2005). In our hands, brain TG de-

livery activated b-arrestin signaling pathway as indicated by the

phosphorylation status of both AktSer473 and GSK3bSer9 (Figures

2E and 2F) while decreasing canonical DRD2 signaling. Hence,

centrally detected TGs could exert a biased action onto DRD2

neurons by decreasing canonical GPCR-coupled cascades

while enhancing DRD2-b-arrestin signaling.

Of note, synthetic b-arrestin-biased DRD2 ligands (Allen et al.,

2011) were shown to oppose amphetamine-induced hyperloco-

motion to a similar extent to what we observed with brain TG de-

livery (Allen et al., 2011).

Altogether, these molecular and cellular adaptations, beside

supporting the reduced cellular excitability of DRD2 neurons,

also provide amechanistic explanation for the altered behavioral

responses to amphetamine and other dopaminergic agents (ra-

clopride and haloperidol) in the presence of increased circu-

lating TGs.

Importantly, the action of TGs onto DRD2-MSNs activity will

inevitably mitigate DRD2-MSNs responsiveness to various in-

puts including those mediated by DA through its DRD2

receptors.

This is specifically enlightening given that defective DRD2

abundance and signaling has been repeatedly associated with

conditions of hypertriglyceridemia such as high-fat feeding or

obesity (Adams et al., 2015; Alsiö et al., 2010; Guo et al., 2014;

Kenny et al., 2013; Volkow et al., 2008). Interestingly, while these

studies provide focal attention onto DRD2, none of them pre-

clude the possibility that DRD2-cells activity would be impaired

in pathophysiological conditions associated with overfeeding.

In that view, it remains formally possible that the consequence

onto DRD2 signaling (i.e., internalization or recycling) might ulti-

mately be the result of altered DRD2-MSNs neural activity.

Finally, we also describe that, in humans, the effect of themeal

on brain responses to food versus non-food aromas in the

vmPFCwas directly proportional to post-prandial TG excursions

and that this effect was genotype-dependent, with A1+ carriers

showing a strong positive association between changes in

BOLD responses and changes in TGs. On the contrary, non-car-

riers (A1�) exhibited a weak non-significant negative correlation

(Figure 7). We did not observe effects in the ventral striatum.

However, BOLD responses reflect the activity evoked by inputs

into a region, which is consistent with the intimate connection of

the vmPFC with the reward system. Importantly, our model co-

varied out the potential confounding effects of meal-induced

changes in FFAs, glucose, and insulin, as well as changes in rat-

ings of internal state or odor perception. We can therefore

conclude that in humans, as we report in mice, post-prandial

TGs regulate brain responses to food cues in a DRD2-dependent

manner.

In conclusion, this study reveals that dietary TGs can directly

alter MCL circuit functions and influence reward reinforcement

and food-seeking behaviors by gating DRD2-MSNs activity

and associated DA-encoded behaviors. Although we do not fully

decipher the precise causal molecular events underlying how di-

etary lipids gate DRD2-neurons activity, this work provides, for

the first time, converging evidence at the behavioral, cellular,

molecular, and translational level to directly bridge dietary TG in-

puts to DRD2 neurons as well as DA-encoded reward events.

These integrative and orchestrated events might provide new

avenues for therapeutic innovations in compulsive feeding and

obesity-associated pathologies.

Limitations of Study

Although our study reveals a novel cell-type-specific action of

nutritional TGs on the reward system, the molecular underpin-

nings by which TGs gate the activity of DRD2-expressing neu-

rons remain to be depicted. Indeed, such mechanisms could

encompass intracellular lipids metabolism or byproducts

signaling, direct membrane G-coupled fatty acid receptors or

generation of bioactive lipids. Another functional limitation is

the use of DRD2-Cre-mediated Lpl knockdown, which does

not fully allow us to specify the involvement of midbrain or striatal

DRD2-expressing neuron in TG sensing, as Lpl deletion will

occur in both structures. In addition, when trying to isolate the

role of post-prandial lipids, we did not consider other energy-

related signals that could potentially participate in the overall

response. For lipidomic analysis, we chose not to perform multi-

ple comparison analysis, but all raw lipidomic data are available

in the Supplemental Information. In our translational approach,

the study carried out in humans shows a correlation between

brain responses to food cues and plasma TG levels; however,

we could not directly test for other reward-driven behaviors nor

assess for the isolated action of TGs following intravenous

perfusion.
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anti-goat Dylight488 Vector labs RRID: AB_2336400

IgG-HRP anti-mouse Dako RRID: AB_2636929

HRP anti-rabbit Cell Signaling Technology RRID: AB_2099233

Rabbit pAb anti c-Fos (Ab-5) (4-17) Calbiochem RRID: AB_2106755

anti-rabbit Cy5 AffiniPure Jackson Immunoresearch RRID: AB_2338013

Bacterial and Virus Strains

AAV 2/9 CBA.nIs myc Cre.eGFP The backbone was kindly provided

by Richard Palmiter (Univ. of

Washington, Seattle, USA).

N/A

AAV2/9.CMV.GFP viral production facility of the

UMR INSERM 1089 (Nantes, France)

N/A

pAAV.hSyn.eGFP.WPRE.bGH gift from James M. Wilson Addgene viral prep #105539-AAV9

pAAV.CMV.HI.eGFP-Cre.WPRE.SV40 a gift from James M. Wilson Addgene viral prep #105545-AAV9

pAAV-hSyn-DIO-mCherry a gift from Bryan Roth Addgene viral prep #50459-AAV8

pAAV.Syn.Flex.GCaMP6f.WPRE.SV40 was a gift from Douglas Kim Addgene viral prep #100833-AAV9

Diets, food cues

Chow Diet Safe diets A03

High-Fat high-Sucrose Brogaarden 31797 D12451 Research Diet

Sucrose pellets TestDiet, Richmond, USA N/A

Food odour ‘chocolate cookie’ Bell Labs Flavors and Fragrances 6002335

Food odour ‘strawberry and cream’ Bell Labs Flavors and Fragrances 6106524

Food odour ‘honeysuckle’ Chey N-3 from Firmenich, Inc 039831

Food odour ‘lilac’ Bell Labs Flavors and Fragrances 31731066

Chemicals

Haloperidol hypochloride Tocris 931

SKF38393 hydrobromide Tocris 0922

Raclopride Tocris 1810/10

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Intralipid 20% Fresenius Kabi France N/A

Amphetamine Sigma Aldrich A5880

Deposited Data

Lpl expression in the mouse human & brain was

extracted from Brain Allen Institute in situ-hybridization

and microarray data (Hawrylycz et al., 2012)

http://mouse.brain-map.org/ N/A

Single Cell RNA seq analysis of Lpl enrichment was

extracted from Zeisel et al., 2018

http://mousebrain.org/genesearch.html N/A

RNA seq database frol Lpl expression was extracted

and reanalyzed from from Doyle et al. (2008)

https://www.ncbi.nlm.nih.gov/pubmed/

19013282

https://www.ncbi.nlm.nih.gov/geo/

geo2r/?acc=GSE13379

N/A

Experimental Models: Organisms/Strains

C57BL/6J mice Janvier N/A

B6.129S4-Lpltm1Ijg/J (Lpl lox/lox mice) Jackson Labs https://www.jax.org/strain/006503

Tg(Drd2-cre)ER44Gsat/Mmucd mice Gensat http://www.informatics.jax.org/allele/

MGI:3836635

Tg(Drd2-EGFP)S118Gsat mice Gensat http://www.informatics.jax.org/allele/

MGI:3843608

Drd1a-Cre (Tg(Drd1-cre) EY262Gsat

(to generate Drd1a-tdTomato)

Gensat http://www.informatics.jax.org/allele/

MGI:3836631

Ai14(RCL-tdT)-D mice

(to generate Drd1a-tdTomato)

Jackson Labs https://www.jax.org/strain/007908

Oligonucleotides

Drd1 probe for RNA scope RNAscope� Probe - form Advanced

Cell Diagnostic

Mm-Drd1-C2 461901-C2

Drd2 probe for RNA scope RNAscope� Probe - Cell Diagnostic Mm-Drd2-C3 406501-C3

Lpl for RNA scope RNAscope� Probe - Cell Diagnostic Mm-Lpl 402791

Th for RNA scope RNAscope� Probe - Cell Diagnostic Mm-Th-C3 317621-C3

TaqIA A1 forward

5‘-CCCTTCCTGAGTGTCATCA-3‘)

Invitrogen N/A

TaqIA A1 reverse

5‘-CGGCTGGCCAAGTTGTCT-3‘)

Invitrogen N/A

Drd1 for RT-PCR quantification forward primer

50-tctggtttacctgatccctca-30

N/A

Drd1 for RT-PCR quantification reverse primer

50-gcctcctccctcttcaggt-30
N/A

Drd2 for RT-PCR quantification forward primer

50-tgaacaggcggagaatgg-30
N/A

Drd2 for RT-PCR quantification reverse primer

50-ctggtgcttgacagcatctc-30
N/A

Lpl RT-PCR quantification forward primer

50-CACAGTGGCCGAGAGCGAGAA-30
N/A

Lpl RT-PCR quantification reverse primer

50-gctGAGTCCTTTCCCTTCTGCAG-30
N/A

Rpl19 HKG RT-PCR quantification forward primer

50- GGGCAGGCATATGGGCATA-30
N/A

Rpl19 HKG RT-PCR quantification reverse primer

50- GGCGGTCAATCTTCTTGGATT-30

N/A

Software and Algorithms

Phenomaster TSE Systems GmbH N/A

TSE system for operant behavior TSE Systems GmbH N/A

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Serge

Luquet (serge.luquet@univ-paris-diderot.fr)

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals Studies

All animal experiments were performed with approval of the Animal Care Committee of the University Paris Diderot-Paris 7 (CEB-25-

2016) or the University Bordeaux Committee (CEEA 50, number Apafis #3265-2015121811059640v6). Ten-week-old male mice

C57BL/6J (25-30 g, Janvier, Le Genest St Isle, France) were individually housed in a room maintained at 22 ± 1�C with light

from 07:00 to 19:00 h. Regular chow diet (3 438 kcal/kg, protein 19%, lipid 5%, carbohydrates 55%, reference #U8959

version 63 Safe, Augy, France) and water were provided ad libitum, unless stated otherwise. All the behavioral experiments were

performed during the light cycle, unless stated otherwise. All transgenic mouse lines were obtained from Jackson laboratory or

Gensat/MMRRC: Lipoprotein lipase Lpllox/lox mice (strain B6.129S4-Lpltm1Ijg/J, n� 006503), Drd2-Cre mice (STOCK Tg(Drd2-cre)

ER44Gsat/Mmucd), Drd2-eGFP mice (Tg(Drd2-EGFP)S118Gsat). Drd1a-tdTomato mice were generated by crossing Drd1a-Cre an-

imals (Tg(Drd1-cre) EY262Gsat, Gensat/MMRRC) with Ai14(RCL-tdT)-D mice (B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/

J, Jackson laboratory).

Human Studies

Participant Recruitment

Twenty-nine right-handed participants (age range 18 – 39, M = 26.80, SD = 5.49; BMI range 19.5 – 33.6, M = 23.94, SD = 3.86; male =

16, female = 13) were recruited from the greater New Haven area through the Yale University Interdisciplinary Research Consortium

on Stress, Self-Control and Addiction (IRCSSA) P30 Subject’s core as well as via flyer advertisement. Participants were screened

over the phone to be less than 40 years of age, free of psychiatric disorders, eating disorders, current dieting behavior, alcoholism,

use of tobacco or drugs other than alcohol, history of head injury with loss of consciousness, use of daily medication other than

monophasic birth control, chemosensory impairments, lactose intolerance or food allergies. We did not impose a BMI upper-limit.

Individuals were included so long as they felt comfortable while inserted in the scanner bore. Females provided the date of their

last period to ensure that they were not scanned during menstruation or ovulation. All participants provided written informed consent

at their first lab visit and the study was approved by the Yale Human Investigations Committee.

METHOD DETAILS

Catheter Implantation and Infusion Procedures

Surgery and central infusion were carried out as previously described (Cansell et al., 2014). Mice were anesthetized with isoflurane

and received 10mg/kg intraperitoneal injection (i.p.) of Buprécare� (Buprenorphine 0.3mg) diluted 1/100 in NaCl 0.9%and 10mg/kg

of Ketofen� (Ketoprofen 100 mg) diluted 1/100 in NaCl 0.9%. Home-made catheters were inserted in the left carotid artery toward

the brain. Importantly, no heparin was used during the study to prevent LPL activity changes. Catheters clotting was prevented

through regular flushing with small volumes of NaCl 0.9%. Infusions started after a recovery period of 7–10 days by connecting

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Intellimaze TSE Systems GmbH N/A

GraphPad Prism 6 GraphPad Software RRID:SCR_002798

R software https://www.r-project.org N/A

ImageJ NIH RRID:SCR_003070

Imaris 7.6.5 Bitplane, Zurich, Switzerland N/A

SPM8 software (Statistical Parametric Mapping,

Wellcome Department of Imaging Neuroscience)

Wellcome Trust Centre for

Neuroimaging

N/A

TDT Synapse Essentials Software Tucker-Davis Technologies N/A

MATLAB R2010b 7.11.0 The MathWorks, Inc. N/A

NeuroSynth www.neurosynth.org N/A

Other

Mono Fiberoptic Cannula MFC_400/460-0.48_5mm_

MF1.25_FLT
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catheters to a swiveling infusion device allowing animals to move freely and access water and food. After 2 days of habituation to the

infusion device, mice received NaCl 0.9% (Sal mice) or TG emulsion (TGmice) (Intralipid 20%) at a rate of 0.1-0.3 ml/min for 6 h. At the

end of the behavioral experiments, catheters viability was assessed with Etomidate injections.

Viral Production

The plasmid CBA.nls myc Cre.eGFP expressing the myc-nls-Cre-GFP fusion protein (Wu and Palmiter, 2011) was kindly provided by

Richard Palmiter (Univ. of Washington, Seattle, USA). Adeno-associated virus serotype 2/9 (AAV2/9) (6x1011 genomes/mL and

1.7x108 infectious units/ml) was produced by the viral production facility of the UMR INSERM 1089 (Nantes, France). Control

AAV2/9.CMV.GFP (titerR 13 1011 vg/mL) was produced by the viral production facility of the UMR INSERM 1089 (Nantes, France).

pAAV.CMV.HI.eGFP-Cre.WPRE.SV40 (titerR 13 1012 vg/mL) was a gift from James M. Wilson (Addgene viral prep #105545-AAV9;

https://www.addgene.org/105545/; RRID:Addgene_105545). pAAV-hSyn-DIO-mCherry (titer R 1 3 1013 vg/mL, working dilution

1:10) was a gift from Bryan Roth (Addgene plasmid #50459-AAV8; http://www.addgene.org/50459/; RRID:Addgene_50459).

pAAV.Syn.Flex.GCaMP6f.WPRE.SV40 (titerR 1 3 1013 vg/mL, working dilution 1:5) was a gift from Douglas Kim (Addgene viral

prep #100833-AAV9; https://www.addgene.org/100833/; RRID:Addgene_100833).

Stereotaxic Procedures

Mice were anaesthetized with isoflurane and received 10 mg.kg-1 intraperitoneal injection (i.p.) of Buprécare� (Buprenorphine

0.3 mg) diluted 1/100 in NaCl 0.9% and 10 mg/kg of Ketofen� (Ketoprofen 100 mg) diluted 1/100 in NaCl 0.9%, and placed on a

stereotactic frame (Model 940, David Kopf Instruments, California). Viruses (0.5 ml) were injected either bilaterally or unilaterally (fiber

photometry) into the ventral tegmental area (VTA) (L = +/�0.5; AP = �3.4; V = �4.4, mm), the nucleus accumbens (NAc) (L = +/�1;

AP = +1; V = �4.2, in mm) or the dorsal striatum (L = +1.5; AP = +0.86; V = �3.25, in mm) at a rate of 0.1 ml/min. The injection needle

was carefully removed after 5 min waiting at the injection site and 2 min waiting half way to the top. Optical fiber for calcium imaging

into the striatum was implanted 100 mm above the viral injection site.

Ex Vivo Whole-Cell Patch-Clamp Electrophysiology

Animals (8-12 weeks old) were terminally anaesthetized using isofluorane. Sagittal striatal slices (350 mm-thick), containing the dorsal

striatum and the nucleus accumbens, were cut using a VT1000S vibratome (VT1000S, Leica Microsystems, Nussloch, Germany) in

ice-cold oxygenated solution (ACSF: 125 mMNaCl, 2.5 mM KCl, 25 mM glucose, 25 mMNaHCO3, 1.25 mMNaH2PO4, 2 mMCaCl2,

1 mMMgCl2, 1 mM pyruvic acid). Slices were then incubated at 32-34�C for 60 min before returning to room temperature in holding

ACSF. For whole-cell recordings, borosilicate glass pipettes of 6-8 MU resistance were filled with a potassium gluconate-based in-

ternal solution consisting of (in mM): 122 K-gluconate, 13 KCl, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 0.3 EGTA

(adjusted to pH 7.35 with KOH, osmolarity 296 ± 3.8 mOsm). Signals were amplified using with EPC10-2 amplifiers (HEKA Elektronik,

Lambrecht, Germany). All recordings were performed at 32-34�C, using a temperature control system (Bath-controller V, Luigs&Neu-

mann, Ratingen, Germany) and slices were continuously superfused with extracellular solution at a rate of 2 mL/min. Recordings

were sampled at 10 kHz, using the Patchmaster v2x32 program (HEKA Elektronik). DRD1-MSNs (Drd1-tdTomato mice), DRD2-

MSNs (Drd2-eGFP) and mCherry-expressing MSNs (Drd2Cre/+::Lpl+/+ and Drd2Cre/+::Lplf/f mice) were visualized under direct

interference contrast with an upright BX51WI microscope (Olympus, Japan), with a 40x water immersion objective combined with

an infra-red filter, a monochrome CCD camera (Roper Scientific, the Netherlands) and a compatible system for analysis of images

as well as contrast enhancement. Current over voltage (I/V) curves were acquired in current-clamp mode with membrane potentials

maintained at �70 mV.

For the bath-applied TG experiments, triolein (4 mM) was prepared just before use and applied 15-20min before recording. 20 ml of

freshly thawed glyceryl trioleate (T7140 Sigma) was emulsionned in 1 mL of gum Arabic solution (5% in ACSF) by a 4 min probe

sonication on ice, leading to a milky white emulsion (20.3 mM glyceryl trioleate) which was stable for several h on ice and readily

dispersible in ACSF (final concentration of 4 mM) for recording. The vehicle solution was obtained by omitting glyceryl trioleate.

For experiments related to synaptic transmission, a concentric bipolar electrode (Phymep, France) was placed on the mPFC

afferent glutamatergic fibers to evoke EPSCs at 0.2 Hz, recorded in MSNs under current-clamp configuration with membrane

potentials maintained at �60 mV. Only data from fluorescent (mCherry, tdTomato and eGFP) MSNs were included in the present

study. The active and passive electrophysiological properties of MSNs were calculated according to and consistent with a previous

study (Fino et al., 2007).

Measurement of Locomotor Activity

Locomotor activity was recorded in an automated online measurement system using an infrared beam-based activity monitoring

system (Phenomaster, TSE Systems GmbH, Bad Homburg, Germany).

Pharmacological Manipulations

During two consecutive days before any procedure (habituation phase) mice were injected in their home-cage with NaCl 0.9% (i.p.).

On the test day, animals were perfused for 6 h with NaCl 0.9%or TG and received injections (i.p.) of d-Amphetamine sulfate (3mg/kg,

A5880, Sigma-Aldrich, L’Isle d’Abeau, France), haloperidol hydrochloride (0.5 mg/kg, #0931, Tocris Biosciences, Bristol, United
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Kingdom), raclopride (0.6 mg/kg, #1810, Tocris Biosciences, Bristol, United Kingdom) or SKF38393 (10 mg/kg, #0922, Tocris

Biosciences, Bristol, United Kingdom). All drugs were dissolved in NaCl 0.9%.

Catalepsy Test

Animals were centrally infused with saline or TG for 6 h and then injected with haloperidol (0.5 mg/kg) or raclopride (0.6 mg/kg) one h

before the catalepsy test. At t = 0, 15, 30, 45, 60, 75, 90 min, animals were taken out of their home cage and placed in front of a 4 cm

elevated steel bar, with the forelegs placed upon the bar while the hind legs remained on the ground surface. The time during

which animals remained still was measured. Animals that failed to remain on the bar for at least 30 s during the whole test were

excluded. A behavioral threshold of 180 s was set so the animals remaining in the cataleptic position for this duration were put

back in their cage until the next time point.

Operant Conditioning System

Lever Operandum for Pellets

Mice were food-restricted and maintained at 90% of their initial body weight to facilitate initial learning and performance during the

whole operant conditioning. Computer-controlled operant conditioning was conducted in 12 identical conditioning chambers (Phe-

nomaster, TSE Systems GmbH, Bad Homburg, Germany) during the light phase, at the same h every day until the end of the proced-

ure. The mice had intermittent access to an operant wall in their home cages. Each operant wall had two levers located 3 cm lateral

to a central pellet dispenser, with the left lever arbitrarily designated as the active lever. The reinforcer was a single 20-mg peanut

butter flavored sucrose tablet (TestDiet, Richmond, USA). Operant training was carried out daily with no interruption for 2 h under

a fixed-ratio 1 (FR1). When the discrimination score between active and inactive lever press (active lever presses/inactive lever

presses) exceeded 2, mice were shifted for 4 consecutive days to 1.5 h sessions under a progressive ratio (PR) [3 lever press

more for each subsequent reinforcer (r = 3N+3; N = reinforcer number)].

Nose-Poke Operandum for TG Self-administration

Nose-Poke (NP) Operandum

Mice were single housed on a 12 h reverse light/dark cycle (lights off 08:00 h) with water and food ad libitum. Operant conditioning

chambers (Imetronic, Pessac, France) consisted in sound-attenuated boxes equipped with two nose-pokes counterbalanced as

active or inactive across left and right. Illumination of a dim house-light signaled the start and the end of each session. 10 days

after catheter implantation, mice were first trained to explore the cages with 50 ml saccharine 0.1% delivery being contingently pre-

sented in a liquid dipper after each active hole visits on a Fixed Ratio 1 (FR-1) reinforcement schedule, then increased to FR-2 until

mice reached criterion (> 10 reinforcements in 30min and > 50%discrimination betweenNP). After saccharine pretraining, micewere

moved to TG self-administration sessions of 60 min under a fixed-ratio 2 (FR-2) schedule of reinforcement. Active NP visits delivered

10 ml of intracarotid TG accompanied by a 60 s presentation of a cue light above the active NP and followed by a 20 s time out during

which nose-poke visits had no consequences. Mice were randomly assigned to self-administer saline (n = 5) or TG (n = 13). In order to

test the role of internal states on TG self-administration, animals were tested under two conditions: food sated or 24 h deprived.

Conditioned Place Preference (CPP)

The CPP experiments were performed at the onset of the dark period on an unbiased apparatus. All the compartments were

completely cleaned before each session of conditioning. Locomotor activity was recorded with infrared beam-based activity moni-

toring system and analyzed with the provided software (Phenomaster, TSE Systems GmbH, Bad Homburg, Germany). The least

preferred compartment during the exploration phase was designated as the reward-baited compartment (biased protocol). Animals

with more than 65% of preference for a compartment on the pre-test day were removed. On day 1, animals were carefully put in the

middle of the cage and freely explored the two-compartments apparatus for 15min. The subsequent days included conditioning ses-

sions of one-h brain TG delivery conditioning alternated with one-h brain saline delivery conditioning. After 8 days of conditioning (4

sessions in each compartment), animals freely explored the two compartments for 15 min. The time spent in the reward-paired

compartment before versus after conditioning was the primary outcome variable.

For the high-fat high-sugar (HFHS) conditioning, animals were centrally infused for 6 h in their home cages prior to conditioning

sessions, for 10 consecutive days.

Binge Feeding Experiment

Animal were implanted with intracarotid catheter and single-housed oneweek prior to any experiments. Food intake and bodyweight

were measured daily at 10 AM. Intracarotid saline or Intralipid perfusion were performed 6 h prior to intermittent access to drinking

solution of high-fat high-sugar solution (Intralipid 20% enriched with sucrose 10%) daily at 10:30 AM during 10 consecutive days for

one h.

Fiber Photometry and Data Analysis

A chronically implantable cannula (Doric Lenses, Québec, Canada) composed of a bare optical fiber (400 mm core, 0.48 N.A.) and

a fiber ferrule was implanted 100 mm above the location of the viral injection site in the dorsal striatum (DS: L = +1.5; AP = +0.86;

V = �3.25, in mm). The fiber was fixed onto the skull using dental cement (Super-Bond C&B, Sun Medical). Real time fluorescence
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emitted from the calcium sensor GCaMP6f expressed by neurons with the DRD2 receptor was recorded using fiber photometry

as described previously in the literature (Lerner et al., 2015). Fluorescence was collected in the dorsal striatum using a single optical

fiber for both delivery of excitation light streams and collection of emitted fluorescence.

The fiber photometry setup used 2 light emitting LEDs: 405 nm LED sinusoidally modulated at 330 Hz and a 465 nm LED sinusoi-

dally modulated at 533 Hz (Doric Lenses) merged in a FMC4 MiniCube (Doric Lenses) that combines the 2 wavelengths excitation

light streams and separate them from the emission light. TheMiniCube was connected to a Fiberoptic rotary joint (Doric Lenses) con-

nected to the cannula. A RZ5P lock-in digital processor controlled by the Synapse software (Tucker-Davis Technologies, TDT, USA),

commanded the voltage signal sent to the emitting LEDs via the LED driver (Doric Lenses). The light power before entering the im-

planted cannula was measured with a power meter (PM100USB, Thorlabs) before the beginning of each recording session. The irra-

diance was �9 mW/cm2. The fluorescence emitted by the GCaMP6f activation in response to light excitation was collected by a

femtowatt photoreceiver module (Doric Lenses) through the same fiber patch cord. The signal was then received by the RZ5P pro-

cessor (TDT). On-line real time demodulation of the fluorescence due to the 405nm and the 465 nm excitations was performed by the

Synapse software (TDT). A camera was synchronized with the recording using the Synapse software.

Signals were exported toMATLABR2016b (Mathworks) and analyzed offline. After careful visual examination of all trials, they were

clean of artifacts in these time intervals. The timing of events was extracted from the video. For each session, signal analysis was

performed on two-time intervals: one extending from �50 to 0 s (home cage, HC) and the other from 0 to +50 s (new cage, NC).

From a reference window (from �180 to �60 s), a least-squares linear fit was applied to the 405 nm signal to align it to the 465 nm

signal, producing a fitted 405 nm signal. This was then used to calculate theDF/F that was used to normalize the 465 nm signal during

the test window as follows: DF/F = (465 nm signaltest � fitted 405 nm signalref)/fitted 405 nm signalref. To compare signal variations

between the two conditions (HC versus NC), for eachmouse, the value corresponding to the entry point of the animal in the new cage

was set at zero.

Fluorescent In Situ Hybridization

In order to delineate the expression patterns of Lpl, Th, Drd1 and Drd2 transcripts within the mesolimbic circuitry of the brain, the

RNAscope, a commercialized in situ hybridization assay was used. Adult male mice (n = 3) were euthanized and their brains were

immediately extracted and flash frozen in isopentane. Brains were sectioned at 20 mm with a Leica cryostat, and coronal sections

were probed for gene expression according to the protocols provided by Advanced Cell Diagnostics. Th and Lpl expressions

were assayed in the VTA; Drd1, Drd2 and Lpl expressions were assayed in the both the dorsal striatum (DS) and NAc. Z stacked

imageswere capturedwith a Zeiss AxioObserver fluorescentmicroscope, Zeiss Apotome 2.0 and through a 63x objective lens. Three

different rostro-caudal coronal sections for each structure (VTA, DS and NAc) were used. 3 images/section were taken from the

lateral VTA, whereas 4 images/section were taken for both DS and NAc. Counts were added per section level (according to bregma)

and per structure so as to have a representative sample. Cells that exhibited at least 4 puncta (RNA molecules) in addition to DAPI

were counted as expressing the respective gene. All error bars represent ± SEM.

Lipidomics

Seven pairs of mice were infused at 0.2 ml/min for 4 h with either saline or triglycerides. Immediately following infusion, mice were

euthanized, and had their striatal (dorsal striatum and NAc) brain tissues rapidly extracted and frozen on dry ice. Lipid and protein

analyses were performed at the UCSD Lipidomics Core. Relative abundances of individual species per sample were normalized

to protein concentration per sample.

In Vivo Electrophysiological Recordings

Adult male mice (10 weeks) perfused for 6 h with TG or saline were anesthetized with chloral hydrate (8%), 400 mg/kg i.p. supple-

mented as required to maintain optimal anesthesia throughout the experiment and positioned in a stereotaxic frame. A hole was

drilled in the skull above midbrain DA nuclei (coordinates: 3 ± 0.3 mm posterior to bregma, 0.5 ± 0.1 mm [VTA] lateral to the midline

(Paxinos and Franklin, 2003). Recording electrodes were pulled from borosilicate glass capillaries (with outer and inner diameters

of 1.50 and 1.17 mm, respectively) with a Narishige electrode puller. The tips were broken under microscope control and filled

with 0.5% sodium acetate. Electrodes had tip diameters of 1-2 mm and impedances of 20–50 MU. A reference electrode was placed

in the subcutaneous tissue. The recording electrodes were lowered vertically through the hole with a micro drive. Electrical signals

were amplified by a high-impedance amplifier and monitored with an oscilloscope and an audio monitor. The unit activity was

digitized at 25 kHz and stored in Spike2 program. The electrophysiological characteristics of DA neurons were analyzed in the active

cells encountered when systematically passing the microelectrode in a stereotaxically defined block of brain tissue including the

VTA. Its margins ranged from �2.9 to �3.3 mm posterior to bregma (AP), 0.4 to 0.6 mm mediolateral (ML) and 4 to 5 mm ventral

(DV). Sampling was initiated on the right side and then on the left side. Extracellular identification of DA neurons was based on their

location as well as on the set of unique electrophysiological properties that distinguish DA from non-DA neurons in vivo: (i) a typical

triphasic action potential with a marked negative deflection; (ii) a long duration (> 2.0 ms); (iii) an action potential width from start

to negative trough > 1.1 ms; (iv) a slow firing rate (< 10 Hz and > 1 Hz). Electrophysiological recordings were analyzed using the R

software (https://www.r-project.org). DA cell firing was analyzed with respect to the average firing rate and the percentage of

spikes within bursts (%SWB, number of spikes within burst divided by total number of spikes). Bursts were identified as discrete

events consisting of a sequence of spikes such that: their onset is defined by two consecutive spikes within an interval < 80 ms
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whenever and they terminate with an inter-spike interval > 160 ms. Firing rate and%SWBwere measured on successive windows of

60 s, with a 45 s overlapping period on a total period of 300 s. Responses to TG or Saline acute injections are presented as the Mean

of percentage of firing frequency variation from the baseline ± SEM. For statistical analysis, maximumof firing variation induced by TG

occurring 180 s after the injection are compared to the maximum of firing rate variation induced by saline occurring 180 s after the

injection by non-parametric Mann-Whitney paired test.

Tissue Preparation and Immunofluorescence

Mice were rapidly anaesthetized with pentobarbital (500 mg/kg, i.p., Sanofi-Aventis, France) and transcardially perfused with 4%

(weight/vol.) paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.5). Brains were post-fixed overnight in the same solution

and stored at 4�C. 30 mm-thick sections were cut with a vibratome (Leica VT1000S, France), stored at�20�C in a solution containing

30% ethylene glycol, 30% glycerol and 0.1 M sodium phosphate buffer. Sections were processed as follows: Day 1: free-floating

sections were rinsed in Tris-buffered saline (TBS; 0.25 M Tris and 0.5 M NaCl, pH 7.5), incubated for 5 min in TBS containing 3%

H2O2 and 10% methanol, and then rinsed three times for 10 min each in TBS. After 15 min incubation in 0.2% Triton X-100 in

TBS, sections were rinsed three times in TBS again. Slices were then incubated overnight or 72 h at 4�C with the following primary

antibodies: rabbit anti-phospho-rpS6Ser235/236 overnight (1:500, Cell Signaling Technology), goat anti-c-Fos (1:250, Santa Cruz

Biotechnology) or rabbit anti-c-Fos (1:500, Synaptic Systems) for 72 h. Sections were rinsed three times for 10 min in TBS and incu-

bated for 60 min with secondary antibodies anti-rabbit Cy3 AffiniPure (1:1000, Jackson Immunoresearch) and anti-goat Dylight488

(1:1000, Vector labs). Sections were rinsed twice for 10 min in TBS and once in TB (0.25 M Tris) before mounting.

Acquisitions were performed with a confocal microscope (Zeiss LSM 510) with a color digital camera and AxioVision 3.0 imaging

software. Images used for quantification were all single confocal sections. Photomicrographs were obtained with the following

band-pass and long-pass filter settings: A488 (band pass filter: 505–530) and Cy3 (band pass filter: 560–615). The objectives and

the pinhole setting (1 airy unit, au) remained unchanged during the acquisition of a series for all images. Quantification of immuno-

positive cells was performed using the cell counter plugin of the ImageJ software taking as standard reference a fixed threshold of

fluorescence.

Western Blotting

Mouse head was cut and immediately immersed in liquid nitrogen for 4 s. The brain was then removed and dissected on ice-cold

surface, sonicated in 200 ml of 1% SDS supplemented with 0.2% phosphatase inhibitors and 0.1% protease inhibitors, and boiled

for 10 min. Aliquots (2.5 ml) of the homogenates were used for protein quantification using a BCA kit (BC Assay Protein Quantitation

Kit, InterchimUptima,Montluçon, France). Equal amounts of proteins (15 mg) for each sample were loaded onto 10%–12%polyacryl-

amide gels. Proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were

immunoblotted with the following antibodies: rabbit anti-phospho-rpS6Ser235/236 (1:1000, Cell Signaling Technology), rabbit anti-

phospho-rpS6Ser240/244 (1:1000, Cell Signaling Technology), rabbit anti-phospho-p70S6KThr421/Ser424 (1:1000, Cell Signaling Tech-

nology), rabbit anti-phospho-p70S6KThr389 (1:1000, Cell Signaling Technology), mouse b-actin (1:5000, Sigma), rabbit anti-phos-

pho-ERK1/2 (1:2000, Cell Signaling Technology), rabbit anti-phospho-DARPP-32Thr34 (1:750, Cell Signaling Technology), rabbit

anti-phospho-THSer31 (1:1000, Cell Signaling Technology), rabbit anti-phospho-THSer40 (1:1000, Cell Signaling Technology), mouse

anti-TH (1:2000, Millipore), rabbit anti-phospho-AktSer473 (1:1000, Cell Signaling Technology), rabbit anti-phospho-AktThr308 (1:1000,

Cell Signaling Technology), rabbit anti-phospho-GSK3bS9 (1:1000, Cell Signaling Technology). Detection was based on HRP-

coupled secondary antibody binding detected using ECL as detection system. The secondary antibodies were anti-mouse

(1:5000, Dako) and anti-rabbit (1:10000, Cell Signaling Technology). Quantification was performed using the ImageJ software.

Doppler Imaging

Color Doppler scans of the brain were performed with a Vevo LAZR system (FujiFilm VisualSonics, Toronto, ON, Canada) using

the LZ201 transducer (9–18 MHz bandwith). Mice equipped with a carotid artery catheter where maintained anesthetized with iso-

flurane. Hair was removed on the head with depilatory cream and mice were positioned prone for imaging. The transducer was posi-

tioned to scan a coronal section of the whole head centered on the posterior cerebral artery. Images were acquired continuously.

Catheter was connected to an infusion device that delivered NaCl 0.9% or TG emulsion (Intralipid 20%) at rates of 0.1 ml/min;

1 ml/min or 10 ml/min. Images were exported and analyzed using ImageJ software.

Whole-Brain c-Fos Immunostaining

C57BL/6Jmalemice received a 6 h saline or Intralipid perfusion andwere sacrificed 1 h after amphetamine injection (3mg/kg). Brains

were excised and post fixed in 4% paraformaldehyde overnight at room temperature and transferred stepwise to 100% methanol

using the following protocol. 20% methanol (in ddH2O) for 1 h, 40% methanol for 1 h, 60% methanol for 1 h, 80% methanol for 1

h, and 100% methanol for 1 h twice. iDISCO staining was performed as described in Renier et al. (Renier et al., 2014) with one

exception. All the washing steps after incubation with primary and secondary antibody were extended from one to three days. Incu-

bation time for primary and secondary antibody was 4 days each. The primary antibody was Rabbit pAb anti c-Fos (Ab-5) (4-17) from

Calbiochem (1:10,000 dilution), and the secondary antibody was Cy5-anti rabbit from Jackson Immunoresearch (1:1000 dilution).

Brain samples were scanned using an UltraMicroscope II LSFM system (Lavision Biotec, Bielefeld, Germany) in 4.06 mm for the

c-Fos activation study. Auto-fluorescence was recorded at 545 nm for anatomy information, while the c-Fos signal was acquired
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with a 620 nm emission filter. Images were registered to a digital brain atlas using the Elastix software library11. A source image IS(x)

was registered to a target image IT(x) by finding a coordinate transformation T(x) that made IS(T(x)) spatially aligned with IT(x).We used

an affine coordinate transformation for initialization followed by non-rigid b-spline coordinate transformation which was iteratively

optimized with respect to the mutual information between the source and the target. Registration parameters for mapping of

LSFM data were similar to those used in Renier et al. (Renier et al., 2014). Imaris (Release 7.6.5, Bitplane, Zurich, Switzerland)

was used to generate Figure 2F. ROI based analysis of the total fluorescence signal for c-Fos heatmap intensities were computed

using multiple t tests assuming unequal variance. The heatmaps were generated as described in (Salinas et al., 2018). The statistical

analysis was performed using GraphPad Prism (Release 6, GraphPad Software, Inc., United States).

Isolation of Total RNA and Quantitative RT–PCR

Each sample consisted of the tissue deriving from onemouse brain. Mice were sacrificed by cervical dislocation. The dorsal striatum

(DS) and the NAc were quickly dissected out and placed on ice. Each tissue sample was homogenized in TRIzol with 3 mm tungsten

carbide beads (QIAGEN cat.No. 69997). Total RNA was extracted with TRIzol Reagent (Life Technologies) according to manufac-

turer’s instructions. The RNA was quantified by using the NanoDrop 1000 spectrophotometer. Between 85 and 500 ng of mRNA

from each sample were used for retro-transcription, performed with the Reverse Transcriptase M-MLV (Life Technologies) following

the manufacturer’s instructions. Quantitative real time PCRs, were performed in a LightCycler 1.5 detection system (Roche, Meylan

France) using the LightCycler FastStart DNAMaster plus SYBRGreen I kit (Roche) in 384-well plates according to themanufacturer’s

instruction. All reactions were carried out in duplicate (Striatum) or triplicate (Hypothalamus). Results are presented as normalized to

the house-keeping gene and the delta-CT method was used to obtain a FC.

Metabolic Efficiency Analysis

Mice weremonitored for whole energy expenditure (EE) or Heat (H), oxygen consumption and carbon dioxide production, respiratory

exchange rate (RER = VCO2/VO2, where V is a volume), and locomotor activity using calorimetric cages with bedding, food andwater

(Labmaster, TSE Systems GmbH, Bad Homburg, Germany).

Ratio of gases was determined through an indirect open circuit calorimeter (for review (Arch et al., 2006; Even andNadkarni, 2012)).

This systemmonitors O2 and CO2 concentration by volume at the inlet ports of a tide cage through which a known flow of air is being

ventilated (0.4 L/min) and compared regularly to a reference empty cage. For optimum analysis, the flow rate was adjusted according

to the animal body weights to set the differential in the composition of the expired gases between 0.4 and 0.9% (Labmaster, TSE

Systems GmbH, Bad Homburg, Germany).

The flowwas previously calibrated with O2 and CO2mixture of known concentrations (Air Liquide, S.A. France). Oxygen consump-

tion, carbon dioxide production and energy expenditure were recorded every 15 min for each animal during the entire experiment.

Whole energy expenditure was calculated using theWeir equation respiratory gas exchangemeasurements. Food consumption was

measured as the instrument combines a set of highly sensitive feeding and drinking sensors for automated online measurements.

Mice had free access to food andwater ad libitum. To allowmeasurement of every ambulatorymovement, each cagewas embedded

in a frame with an infrared light beam-based activity monitoring system with online measurement at 100 Hz. The sensors for gases

and detection of movement operated efficiently in both light and dark phases, allowing continuous recording.

Mice were monitored for body weight and composition at the entry and the exit of the experiment. Body mass composition (lean

tissue mass, fat mass, free water and total water content) was analyzed using an Echo Medical systems’ EchoMRI (Whole Body

Composition Analyzers, EchoMRI, Houston, USA), according to manufacturer’s instructions. Briefly, mice were weighed before

they were put in a mouse holder and inserted in MRI analyzer. Readings of body composition were given within 1 min.

Data analysis was performed on Excel XP using extracted raw value of VO2 consumed, VCO2 production (express in mL/h), and

energy expenditure (kcal/h). Subsequently, each value was expressed by total body weight extracted from the EchoMRI analysis.

Human Methods and Analysis

The procedures for the human fMRI experiment are described in detail in the Supplemental Information. In brief, 29 participants un-

derwent three days of scanning during which they were instructed to sniff pulses of food and non-food (floral) aromas while their

blood oxygen level dependent (BOLD) signal was measured. This comparison isolates BOLD responses to calorie-predictive food

cues that are independent from general experiences of pleasantness, and therefore reflect a specific measure of food cue reactivity.

Internal state was manipulated across days so that scanning occurred when subjects were fasted (HUNGRY) or fed a standard or ad

libitum meal (FIXED versus SATED). Internal state ratings and perceptual ratings of odor stimuli were assessed throughout the ses-

sions and blood samples were acquired at baseline and 30, 60, and 90 min from the start of the meal or equivalent time point on the

hungry day. Imaging data were acquired on a Siemens 3.0 Tesla TIM Trio Scanner at the Yale University Magnetic Resonance

Research Center using our standard procedures for acquisition and analysis (Sun et al., 2015; Sun et al., 2014). Responses were

considered significant corrected for multiple comparisons using family wise error (FWE) correction across the whole brain or across

the number of voxels in the NAc or its prefrontal projection region, the ventromedial prefrontal cortex (vmPFC). These regions of in-

terest (ROI) were selected based on the animal findings andwere created by searching the Neurosynth database for NAc and vmPFC

responses to food cues, followed by extraction of the centroids from the resultant peak responses. 10 mm spheres were then drawn

around the centroids to perform small volume correction.

e8 Cell Metabolism 31, 773–790.e1–e11, April 7, 2020



Participant Recruitment

Twenty-nine right-handed participants (age range 18 – 39, M = 26.80, SD = 5.49; BMI range 19.5 – 33.6, M = 23.94, SD = 3.86; male =

16, female = 13) were recruited from the greater New Haven area through the Yale University Interdisciplinary Research Consortium

on Stress, Self-Control and Addiction (IRCSSA) P30 Subject’s core as well as via flyer advertisement. Participants were screened

over the phone to be less than 40 years of age, free of psychiatric disorders, eating disorders, current dieting behavior, alcoholism,

use of tobacco or drugs other than alcohol, history of head injury with loss of consciousness, use of daily medication other than

monophasic birth control, chemosensory impairments, lactose intolerance or food allergies. We did not impose a BMI upper-limit.

Individuals were included so long as they felt comfortable while inserted in the scanner bore. Females provided the date of their

last period to ensure that they were not scanned during menstruation or ovulation. All participants provided written informed consent

at their first lab visit and the study was approved by the Yale Human Investigations Committee.

Genotyping for TaqI A1 Polymorphism

Saliva samples were obtained from the participants using Oragene Discover collection kits and DNA extraction was performed as

directed by the manufacturer (DNA Genotek). TaqIA A1 allele status was determined by amplifying a 304 bp region with PCR using

forward (5‘- CCCTTCCTGAGTGTCATCA-3‘) and reverse (5‘-CGGCTGGCCAA GTTGTCT-3‘) primers as described by Epstein et al.,

(2007). The products of the amplification were digested overnight with the restriction enzyme TaqIA. The resulting DNA fragments

were tagged with ethidium bromide and separated via gel electrophoresis. The appearance of a 304 bp band indicated the presence

of the TaqI A1 allele. Sixteen participants were carriers of the A1 allele of the dopamine D2 receptor (DRD2) gene region (A1+; age

range 19 – 37,M= 27.38, SD= 5.28; BMI range 19.5 – 33.6,M= 25.04, SD= 4.66;male = 9, female = 7), and 13were non-carriers (A1-;

age range 18 – 39, M = 26.08, SD = 5.87; BMI range 19.9 – 25.68, M = 22.59, SD = 2.00; male = 7, female = 6).

Food and Non-food Odor Stimuli

Food odors were ‘‘chocolate cookie’’ and ‘‘strawberry and cream’’ odors (6002335, 6106524 from Bell Labs Flavors and Fragrances,

Inc.). Non-food odors were ‘‘honeysuckle’’ and ‘‘lilac’’ odors (039831 Chey N-3 from Firmenich, Inc.; 31731066 Lilac 71 from Inter-

national Flavors and Fragrances, Inc.).

Stimulus Delivery

Odors were presented by a custom built, MRI compatible olfactometer programmed in Labview (National Instruments). A detailed

description of the olfactory stimulation systemcan be found in a previous publication (Stice et al., 2008). In brief, mass flow controllers

(MKS Instruments) adjust the flow of humidified and temperature-controlled air over stainless steel wells containing an odorant, al-

lowing the air to pick up vaporized odor molecules. The independent odor channels converge into a mixing manifold and exit through

1 of 2 Teflon tubes where the first is dedicated to odors and the second is dedicated to clean air. The trunk terminates in a Teflon

manifold (Teqcom) resting on the participant’s chest. A vacuum line connected to this manifold creates a closed loop to evacuate

odorized as well as odorless (OL) air, preventing head space contamination. The participants receive OL and odor stimuli embedded

in a continuous stream of clean, OL air from the manifold through a nasal mask (Philips Respironics). As air exits the mask, it is drawn

out through a final Teflon tube by another vacuum line. The mask is also coupled to a pneumotachograph to measure airflow in the

nose (Johnson and Sobel, 2007), which is in turn connected to a spirometer (AD Instruments). The signal from the spirometer is fed

into an amplifier (AD Instruments, PowerLab 4SP) and digitally recorded at 100 Hz using Chart 5.5.6 (AD Instruments).

Experimental Procedures

All participants underwent a training session, and three fMRI scanning sessions (Hungry, Fixed and Sated conditions). All sessions

were conducted on separate days and scan order was counterbalanced.

Training Session

Participants were instructed to refrain from eating or drinking anything other than water for at least an h before the session. Anthro-

pometric measurements were taken at the beginning of the session. Body weight and height were measured using a Detecto 439

balance beam scale with stadiometer at The John B. Pierce Laboratory. BMI was calculated as weight (in kilograms) divided by

the squared height (in meters) of the participant (BMI = kg/m2).

Participants were trained to make computerized ratings of their internal state as well as the perceptual qualities of our stimuli on

computerized scales. Participants rated the intensity of their feelings of hunger and fullness using adapted cross modal general

Labeled Magnitude Scales (gLMS) consisting of a 100 mm vertical line scale with the labels ‘‘no sensation’’ at the lower anchor point

and ‘‘strongest imaginable sensation’’ at the upper anchor point (Bartoshuk et al., 2004; Green et al., 1996). Stimulus ratings con-

sisted of ratings of each stimulus’s intensity, liking, wanting to eat, edibility and familiarity. Intensity was measured by adapted cross

modal gLMS. Liking was measured using a labeled hedonic scale (LHS) consisting of a 100 mm vertical line scale with the labels

‘‘most disliked sensation imaginable’’ at the lower anchor point, ‘‘most liked sensation imaginable’’ at the upper anchor point, and

‘‘neutral’’ in the middle (Lim et al., 2009). Wanting to eat, edibility, and familiarity were measured using a 20 mm cross-modal visual

analog scale. Wanting to eat labels were ‘‘I would never want to consume this’’ (�10), ‘‘neutral’’ (0) and ‘‘I would want to consume this

more than anything’’ (+10). Edibility labels were ‘‘not edible at all’’ at (�10), neutral at (0) and ‘‘very edible’’ at (+10). Familiarity labels

were ‘‘not familiar at all’’ (�10), ‘‘neutral’’ (0) and ‘‘very familiar’’ (+10).
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After training to make computerized ratings, participants participated in mock scanner training to become familiarized with the

task, and to determine whether it would be uncomfortable to be in the scanner with the nasal mask. During mock scanning, the

odor stimuli or OL were delivered using the olfactometer. First, each odor was delivered one at a time and participants verbally rated

the intensity of each presentation by telling the experimenter approximately where on the gLMS the odor’s intensity fell in relation to

the scale’s labels (e.g., ‘‘Very Strong,’’ ‘‘A little less than Weak,’’ ‘‘Halfway between Moderate and Strong’’). An experimenter then

manually adjusted the odorant concentration settings on the olfactometer so that each odor was rated moderate in intensity. This

resulted in the creation of a personalized dilution profile for each odor and each participant, allowing us to control for individual dif-

ferences in sensory acuity. Next, participants made internal state ratings as well as perceptual ratings of each of the stimuli using a

mouse on a computer monitor viewed via back projection on a headcoil-mounted mirror and then underwent a simulated fMRI run.

After completing the ratings, participants underwent odor runs in the mock scanner. At the end of this training session, participants

were then given commercially available pre-packaged granola bars (190 kcal per package) for breakfast on the day of fMRI scanning

session.

fMRI Scanning Sessions

All participants were instructed to eat the breakfast bars (1 package for women, 1.5 packages for men) in the morning at home, and

then refrain from eating or drinking, with the exception of water, until their session. Participants arrived at the scanning center at 11:45

AM. Starting at 12:15 PM, a Teflon catheter was inserted into an antecubital vein for blood sampling. Baseline blood samples were

obtained at 12:30 and 12:45 PM. Five minutes after the baseline blood sampling, participants ate a fixed-portion lunch (1 sandwich

and 1 serving of apple slices for women, 1.5 sandwiches and 1 serving of apple slices for men) for the Fixed condition, or an ad libitum

lunch (3 sandwiches and 4 servings of apple slices for bothwomen andmen and instructed to eat asmuch as they’d like) for the Sated

condition, or nothing for the Hungry condition. For a fixed-portion lunch or an ad libitum lunch, participants received apple slices

(approximately 25 kcal of apple per bag) and their choice of sandwich from the options of tuna, ham, turkey, or avocado served

on white bread with cheese, tomato, and mayonnaise. Each sandwich was designed to contain approximately 400 kcal and was

cut into quarters before serving to discourage participants from interpreting each entire sandwich as one large ‘‘portion.’’ The amount

and type of foods consumed at ad libitum lunch were recorded without the participants’ knowledge.

After eating lunch, participants were escorted to the scanner at approximately 1 PM. The second blood samples were collected at

60 min from time of meal (or no meal) onset. Internal state ratings were obtained concomitant to the baseline and second blood sam-

ples were obtained (at 12:45 PM and 1:50 PM). Temporal variability of onset of each blood sampling between each condition was

minimized.

Once inside the fMRI scanner, participants underwent four odor runs. Each odor run was 5 min 54 s long. Participants were in-

structed to breathe in through their nose after receiving the verbal cue ‘‘3, 2, 1, sniff’’ through headphones. Odor or OL delivery always

occurred immediately following the auditory cue so that delivery was time-locked to sniff onset. Olfactory stimulation lasted for 3 s

followed by a 9–19 s rest period before the next trial. There were 6 repetitions each of food odors, non-food odors, and OL stimuli.

Participants were asked to keep their eyes closed during the functional runs, and no behavioral task was required other than to expe-

rience the stimuli. Before and after the fMRI scan, participants provided their stimulus ratings in theMRI scanner. At 60min frommeal

(or no meal), participants provided internal state ratings for hunger and fullness. The odor runs were interspersed with additional

anatomical and functional scans using taste stimuli that are reported in a separate manuscript (Sun et al., 2014).

fMRI Data Acquisition

Imaging data were acquired on a Siemens 3.0 Tesla TIM Trio Scanner at the Yale University Magnetic Resonance Research Center.

High-resolution T1-weighted structural scans were acquired for each participant with the following parameters: TR = 2230 ms, TE =

1.73 ms, flip angle = 9�, matrix = 2563 256, 1 mm thick slices, FOV = 2503 250, 176 slices. For fMRI runs, a susceptibility-weighted

single-shot echo-planar sequence was used to image regional distribution of the BOLD signal. At the beginning of each functional

run, the MR signal was allowed to equilibrate over 6 scans for a total of 12 s, which were subsequently excluded from the analyses.

Acquisition parameters were: TR = 2000 ms, TE = 20 ms, flip angle = 80�, FOV = 220, matrix = 643 64, slice thickness = 3 mm. Forty

contiguous slices were acquired in an interleaved method to reduce the cross-talk of the slice selection pulse.

Data Analysis (Human Studies)

Ratings for Internal State and Stimuli

All statistics were performed in SPSS Version 21.0 (SPSS Inc., Chicago, IL, USA). Internal state ratings for each participant were log

transformed. One participant’s stimulus ratings from the Hungry, Fixed, and Sated conditions and another’s from the Sated condition

were omitted due to technical malfunction of equipment during collection. One participant’s internal state ratings from the Hungry

condition and another’s from the Sated condition were also omitted due to technical malfunction. Those missing values were

completed by inserting mean values. Amixed-design analysis of variance (ANOVA) was performed to assess the effects of condition,

time, and group, as well as interactions between the above, on internal state and stimulus ratings.

Food Intake

An unpaired t test was performed to test whether caloric intake from lunch of the Sated condition would differ between groups.
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Blood Collection and Analysis

Samples were centrifuged immediately and kept on ice for the duration of each condition, then frozen at either�80�C [free fatty acid

(FFA) and insulin] or �20�C (glucose, triglycerides). Plasma levels of insulin were measured with radioimmunoassay kits that utilize

the double antibody technique with 125I-labeled hormone and hormone antiserum (Cat. # HI-14K, EMD Millipore Corporation, Bill-

erica MA). Glucose, FFA and triglyceride concentrations were measured using enzymatic colorimetric techniques (FFA: Cat. # 999-

34691, 991034891, 993-35191,Wako Pure Chemical Industries, Ltd., Osaka, Japan. Triglycerides: Cat. # SA1023, RX1023; Glucose:

Cat. # SA1014, RX1014, Alfa Wassermann Diagnostic Techniques, West Caldwell NJ).

The effects of time, condition, and group, as well as interactions between the above, on the concentration of triglycerides were

tested using amixed-design ANOVA.We then tested the association between caloric intake and baseline triglyceride concentrations

at the Sated session in each group by Pearson’s correlation analysis.

Neuroimaging Data

Neuroimaging data were analyzed using SPM8 software (Statistical Parametric Mapping, Wellcome Department of Imaging Neuro-

science) in MATLAB R2010b 7.11.0 (Mathworks, Inc.). Functional images were time-acquisition corrected to the slice obtained at

50% of the TR and realigned to the mean image. Anatomical and functional images were normalized to the standard MNI template

brain implemented in SPM8, resulting in voxel sizes of 3 and 1 mm3, respectively. Functional time-series data were detrended

and then smoothed using a 6 mm FWHM isotropic Gaussian kernel. Motion parameters were included as regressors in the design

matrix at the single participant level.

A design matrix was created for each participant for odor runs across all scan days that produced 2 events of interest: 1) Odors

(Food + Non-food odors) and 2) OL. Event onsets were defined as the beginning of odor onset and event durations were defined as

the 3 s of odor delivery. A 270 s high pass filter was applied to the time series data to remove low frequency noise and slow signal

drifts. The general linear model was employed to estimate condition-specific effects at each model. A canonical hemodynamic

response function was used to model neural response to events of interest.

To investigate the effect of genotype on the association between postprandial serum triglyceride change (60min after lunch - base-

line) and difference in brain response to food odors (food odor - non-food odor) between conditions [(Hungry - Fixed) and (Hungry -

Sated)], individual contrast maps of [(food odor - non-food odor) Hungry - (food odor - non-food odor) Fixed/Sated] were entered

into regression models with postprandial serum triglyceride changes as a covariate. The T-map threshold was set at p uncorrected <

0.005 and a 5-voxel cluster size. Peak voxels of the unpredicted cluster were considered significant at p < 0.05 family wise error

(FWE) corrected across the entire brain for multiple comparisons. Next, region-of-interest (ROI) searches were performed using

anatomical ROIs. Peaks within these regions were considered significant at p < 0.05 FWE corrected across the individual ROI. All

ROI masks (ventral striatum and vmPFC) were selected by searching the Neurosynth database for NAc and vmPFC responses to

food cues, followed by extraction of the centroids from the resultant peak responses. 10mm spheres were then drawn around the

centroids for small volume correction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

Except for human study, all statistical comparisons were performed with Prism 6 (GraphPad Software, La Jolla, CA, USA). The

statistical tests used are listed along with the statistical values in the Supplemental Tables. In condition of intracarotid catheter

implantation, outliers were discarded based on evidence of lost tubing patent and failed perfusion. All the data were analyzed using

either Student t test (paired or unpaired) with equal variances or One-way ANOVA or Two-way ANOVA. Lipidomic results were

analyzed by simple comparisons (unpaired t test). Levels of phospho-proteins were analyzed by both simple comparisons (unpaired

t test) and multiple comparisons (Two-way ANOVA). In all cases, significance threshold was automatically set at p < 0.05. ANOVA

analyses were followed by Bonferroni post hoc test for specific comparisons only when overall ANOVA revealed a significant

difference (at least p < 0.05). All details related to statistical analyses are summarized in Table S5.

DATA AND CODE AVAILABILITY

This study did not generate/analyze [datasets/code].
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